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Editorial on the Research Topic 
From cold seeps to hydrothermal vents: geology, chemistry, microbiology, and ecology in marine and coastal environments


1 BACKGROUND
This Research Topic compiles contemporary studies on cold seeps, hydrothermal vents, mud volcanoes, and related seafloor features that are associated with focused fluid emissions and the transfer of carbon, other chemical species, and sometimes heat from the geosphere to the ocean. Because these features sometimes tap fluids and gas originating kilometers below the seafloor, they provide an important window into deep processes that are otherwise inaccessible to scientists. At the shallow portion of their journey, migrating fluids nearing the seafloor contribute to a range of unique biological, physical, and chemical processes within the sediments themselves and at the sediment-water interface.
Seafloor fluid emissions play a critical role in global biogeochemical cycles, ocean chemistry, and possibly even climate change. Seafloor leakage points often emit hydrocarbon gases (especially methane and CO2) and are sometimes the loci for deposition of seafloor minerals that have economic value. A burgeoning area of research focuses on natural products generated at these features, seeking compounds with potential pharmaceutical or other applications.
Multidisciplinary studies have become routine for characterization of seafloor fluid emission sites, attesting to the inseparability of geologic, physical, chemical, and biological processes in these settings. It is increasingly common for researchers to combine in a single research cruise: subbottom imaging and seafloor mapping; porewater and water column geochemistry and gas sampling; sediment retrieval for lithologic, biostratigraphic, and solid phase analyses; and studies of benthic and subseafloor communities at the microbial to macrofaunal scales. This multidisciplinary approach has the advantage of ensuring the spatial and temporal coincidence of surveys and samples, an important factor at highly dynamic seafloor fluid emission sites. In addition, researchers often use remotely operated vehicles (ROVs), autonomous underwater vehicles (AUVs), or human-occupied vehicles (HOVs) to record video of the seafloor, compile photomosaics, collect targeted samples, and survey with high-resolution geophysical near-seafloor systems, providing a degree of detail about seafloor fluid emission sites that is unprecedented compared to most areas of the deep ocean. While rarer, long-term cabled observatories or shorter-term deployments of portable observatories are also used at some loci for seafloor fluid flux and are particularly helpful for capturing temporal variations at these dynamic features.
Here we summarize the Research Topic’s contribution to multidisciplinary seafloor emission studies in the categories of cold seeps, mud volcanoes, and hydrothermal vents. Figure 1 shows the geographic distribution of the studies in this Research Topic and key features referred to in this Introduction.
[image: Figure 1]FIGURE 1 | Geographic focus areas for studies included in the Research Topic. Purple squares and the box on the Cascadia margin mark cold seep sites, with yellow labels indicating those on passive margins (Blake Ridge, Nyegga, and Haima). Orange circles denote hydrothermal vent sites, and yellow triangles correspond to mud volcanoes. Seafloor fluid emission features have been recognized in all oceans, on most marine continental margins (active and passive), and near all types of plate boundaries. MOR denotes mid-ocean ridge; SWIR is the Southwest Indian Ridge; and TAG is the Trans-Atlantic Geotraverse hydrothermal area.
2 COLD SEEPS
Cold seeps derive their name from seafloor fluid emissions at temperatures similar to those of the overlying seawater. Cold seeps are found in a variety of settings, and deep-sea cold seeps often originate in areas characterized by a range of processes, including deep-seated fluid overpressures or dewatering sediments, degradation of gas hydrate above salt diapirs, and suboxic or anoxic sediments in which microbial methanogenesis exceeds methane oxidation in the shallow seabed. Methane (mostly microbial) is usually the predominant gas emitted at cold seeps, but CO2 and light thermogenic hydrocarbons (ethane, propane) may also be present. Anaerobic oxidation of methane (AOM) with accompanying sulphate reduction usually cannot keep pace with rapid methane flux directly at seeps, and AOM in the surrounding sediments contributes to the formation of methane derived authigenic carbonates (MDAC). Beneath the sulphate reduction zone that extends into the sediments from the seafloor in locations slightly removed from the point of emission, gas hydrates are common. Hydrate deposits in high flux seeps can sometimes be massive, in contrast to the low saturation pore-filling hydrates common in much of the deep ocean. On the seafloor, cold seeps can be associated with pockmarks, MDAC outcrops, hydrate mounds, barite chimneys, or other features.
The widespread adoption of shipborne technologies that can rapidly detect water column gas plumes associated with active cold seeps has led to the discovery of cold seep provinces in every ocean and on most continental margins over the past 15 years. The cold seep studies included in this Research Topic highlight both active (Hikurangi, Cascadia, and Makran) and passive (Nyegga, Blake Ridge, and South China Sea) margins and encompass papers ranging from multidisciplinary investigations of cold seep processes to focused studies on microbial and benthic community characteristics.
The deliberately multidisciplinary approach for investigation of seafloor fluid emissions is epitomized in the study by Dupré et al., who explore processes associated with active seepage in the Nyegga pockmark field on the Norwegian margin. The researchers supplement seismic imagery, seafloor mapping, and sedimentologic data with ROV surveys. Their work reveals strong heterogeneity in seepage patterns, seafloor morphology, and dissolved methane concentrations across the pockmark field and uses the distribution of chemosynthetic fauna and microbial mats as markers for the vigor of gas seepage. They also offer a conceptual model for the migration of methane gas through the seabed hydrate stability zone to reach the overlying ocean as bubbles emitted at a seafloor seep.
Another type of multidisciplinary approach is adopted by Rudebusch et al. who focus on the geologic factors controlling the spatial distribution of cold seeps across the accretionary prism of the Cascadia convergent margin offshore the U.S. Pacific Northwest. More than 3,000 gas flares having been recognized in this geologically complex setting, and the researchers combine water column and seafloor data and geologic maps in a statistical approach focused on identifying the geomorphological and structural controls on seep distribution. Although some past studies have attributed concentrated seepage on this margin to degradation of gas hydrate near its landward limit of stability (e.g., Johnson et al., 2019), the province-wide analysis shows that seeps are primarily associated with deformation features (faults, anticlines) in the outer arc high, as well as with canyons and slope failures on the upper continental slope.
As evidence has emerged that cold seeps are far more widespread than had been previously known, determining their role in the marine carbon cycle has become more important. Seeps not only transfer methane carbon from below the seafloor into the ocean, but also play a critical role in transporting aged dissolved organic carbon (DOC) to ocean waters (Pohlman et al., 2011). A study by Law et al. adds to research estimating regional methane fluxes from cold seeps using the Hikurangi Margin offshore New Zealand as the study area. Instead of scaling up from bubble studies or analyses of methane plumes at individual seeps, the researchers adopt an oceanography-based approach that combines water column methane concentration measurements and constraints on ocean currents in local and regional hydrodynamic models. Their results also show that water column oxidation of emitted methane is not expected to significantly change pH or local concentrations of dissolved CO2.
While water column studies have significantly advanced understanding of the fluxes of gases and other chemical constituents across the sediment-water interface at cold seeps, the associated sediments and porewaters hold critical secrets about fluid migration, seabed biogeochemical cycling, and the formation of MDAC. In the Makran accretionary wedge seep province offshore Pakistan, Chen et al. study sulphate, dissolved inorganic carbon (DIC), and cation concentrations and δ13C-DIC in sediment porewaters at seeps and background sites. DIC flux is up to four times greater at the hydrate-bearing seep sites than at background sites, and the dominance of AOM leads to MDAC formation at the seeps. Kim et al. supplement porewater geochemical analyses with stable carbon, oxygen, and hydrogen isotopic data and petrological analyses of MDAC in cold seeps from southern Ulleung Basin in the East Sea. They infer massive gas hydrate accumulations beneath the seeps and demonstrate the influence of seawater carbonate in MDAC formation above the sulphate-methane transition.
Investigations of the synergy between microbial processes and geologic characteristics continue to be at the forefront of interdisciplinary research on cold seeps and now extend beyond the well-known connection between MDAC and AOM. Liang et al. describe significant microbial heterogeneity among cold seeps in the Haima area of the South China Sea and uncover a striking interplay between sediment mineralogy and microbial community structure. In that study, the sediment composition appears to be influencing microbial communities. Shiraishi et al. focus on the opposite relationship, in which microbial surfaces affect microdolomite deposition. Using X-ray and electron microscopy of samples from a hydrate-bearing sediment core retrieved at a pockmark in the Umitaka Spur, Sea of Japan, they demonstrate clear differences between microdolomite formed inorganically versus in association with microbes at different depths within the hydrate deposits.
Instead of the biology-physics link, Redick et al. explore the link between microbes and chemical compounds, namely, natural products associated with microbes or other living organisms and potentially useful for medicinal, antiseptic, or other purposes. Their study couples metabolomic and microbial community structure analysis of sediments collected at seeps and background locations on the Cascadia margin. The investigation demonstrates that the degree of microbial diversity and the range of associated natural products at a seep are related not only to vigor of fluid activity at the site, but also the age of the seep.
Studies of seep macrofauna have long been a cornerstone of interdisciplinary studies linking fluid migration and benthic community structure. At a large scale, Johnson et al. choose the well-known Blake Ridge seeps as the focus area for a seascape approach focused on determining the distances over which seeps affect deep sea communities. They find that seeps influence benthic taxa to distances of tens of meters, underscoring the concept that seeps are critical oases of life in the deep ocean. Other macrofaunal studies in this Research Topic describe new organisms discvered at seeps. Lin et al. discovered a new species of the genus Catillopecten, a deep-sea glass scallop, in the Haima cold seep area. Their work included morphological, anatomical, and molecular analyses to characterize the new species and to estimate its time of divergence from a known genus.
3 MUD VOLCANOES
Mud volcanoes (e.g., Mazzini and Etiope, 2017) are a special category of cold seeps associated with seafloor constructional edifices that form by the fluidization and expulsion of fine-grained sediments. They commonly emit methane-rich gases, which are sometimes of thermogenic origin, and exist both onshore and offshore and on both active and passive margins. Some mud volcanoes are associated with fluids warmer than ambient seawater but still colder than hydrothermal vents. While mud volcanoes are observed in some hydrocarbon basins (e.g., Gulf of Mexico), many of these features have formed in the accretionary wedges and forearcs of convergent margins, likely due to dewatering of wedge sediments. With one exception, studies on mud volcanoes in this Research Topic all focus on western Pacific subduction zones.
Asada et al. describe the discovery of mud volcanoes in the tectonically-complex Hyuga-Nada area east of Japan. The Kyushu-Palau Ridge is subducting beneath the Amur plate in this area (Yamamoto et al., 2013), which is just north of the junction of the Ryukyu and Nankai troughs. Fourteen mud volcanoes have been mapped in the Kumano forearc basin to the north, and the identification of 27 mud volcanoes in the Hyuga-Nada area in this study substantially expands the geographic extent of these features on this margin. The authors use geophysical data to characterize the Hyuga-Nada mud volcanoes and describe multiple bottom simulating reflections in some locations. They postulate that the Hyuga-Nada mud volcano field extends southward to the Tanegashima area of the Ryukyu trench forearc, forming a large and continuous zone of sediment fluidization.
The Sartori mud volcano is on the accretionary wedge of the Calabrian subduction zone on the northern margin of the Mediterranean Sea is in a similar position relative to the trench as the Hyuga-Nada area. Doll et al. use geophysical data and sediment, porewater, and gas samples to unravel spatio-temporal variations in mud volcanism at the Sartori site. Their results imply that mud volcanism has been largely quiescent since 10 ka, and they conclude that recent fluid migration and release are dominated by diffusive methane flux fed by mixed microbial and thermogenic sources.
Porewater geochemistry is a powerful tool for analyzing fluid dynamics and microbial processes at seeps, and the large footprint and high fluid flux at mud volcanoes make it possible to capture strong lateral gradients in geochemical signatures and to search for the influence of fluids derived from deep in the sedimentary section. Chen et al. measure dissolved organic carbon (DOC) and volatile fatty acid profiles in sediment cores from the Tsangyao Mud Volcano Group, which is set in an accretionary setting in the forearc of the Manila trench south of Taiwan. Numerical modeling indicates that in situ organic matter degradation controls DOC patterns in most locations, with fluid migration processes becoming more important in influencing DOC characteristics at loci of known active flows. The models also suggest the co-existence of sulphate reduction and methanogenesis in the sediments in this dynamic setting. Ijiri et al. focus on mud volcanoes in the Tanegashima area of the Ryukyu trench forearc and use primarily porewater chloride concentrations and isotopic data to demonstrate that fluids feeding the mud volcanoes originate deep in the sediments and are affected by clay mineral dehydration reactions. They show that the most active mud volcanoes are associated with the strongest signals for deep fluids and also highlight a component of thermogenic methane in the gas emissions. Working in the same area, Mitsutome et al. couple porewater salinity data with measurements of boron and lithium concentrations and boron isotopes. Porewaters that were fresher than seawater, but that also contained higher concentrations of boron and lithium, originate kilometers beneath the mud volcanoes, and upward advection rates are inferred to be as high as 14 cm/yr.
4 HYDROTHERMAL VENTS
Hydrothermal vents emit fluids at temperatures significantly higher than ambient seawater and are found in areas with active submarine magmatism or volcanism, including mid-ocean ridges and associated off-axis sites. While fluids emitted at these vents may be influenced by deep magmatic processes, water-rock interactions are often the primary source of gas and fluid emissions. CO2 is typically the most important component of emitted gases in these settings. Seafloor structures (e.g., minerals) surrounding hydrothermal vents result from the reaction between migrating fluids and cooler seawater, which leads to precipitation of minerals at the seafloor.
Hydrothermal vents are often emphasized as the loci for the leakage of hot fluids. However, a study by Pelleter et al. highlights the role of both high-temperature and later low-temperature flux in the formation of seafloor massive sulfide (SMS) mineral occurrences at hydrothermal vents. Working at the famous Trans-Atlantic Geotraverse (TAG) hydrothermal field (Scott et al., 1974) on the slow-spreading northern Mid-Atlantic Ridge, the researchers use observations from HOV dives, sampling, and mapping to study SMS, which are increasingly being scrutinized as potential sources for metals critical to manufacturing and industrial processes. The study highlights the role of diffuse, lower temperature fluid flow at SMS for which high temperature flow has ceased and concludes that the grades of some of the newly-discovered SMS at TAG are lower than comparable onshore volcanogenic massive sulfide deposits with respect to key metals.
Yang et al. also study mineral occurrences associated with hydrothermal vents, focusing on ferromanganese crusts near the ultra-slow-spreading Southwest Indian Ridge. They discover two new hydrothermal fields and describe mineralization processes in those and other off-axis hydrothermal areas. The study demonstrates a mixed hydrogenetic (from seawater) and hydrothermal origin for the ferromanganese crusts. These crusts contain lower concentrations of cobalt and rare earth elements than typical purely hydrogenetic crusts forming far from hydrothermal activity.
Hydrothermal vent fields at the rarely-visited Arctic Mid-Ocean Ridge (MOR) are the focus of a study that links hydrothermal and cold seep processes. While microbial sulphate reduction is a key process in near-seafloor sediments near many cold seeps, reactive organic carbon is rarely available to fuel widespread sulphate reduction in the deep sea, far from continental margins. Roerdink et al. show that sulphate reduction rates are substantially elevated near both low- and high-temperature hydrothermal vents at the remote Arctic MOR. The zones of vigorous sulphate reduction are associated with cold-seep-like flux indicators such as microbial mats and seep chemosynthetic communities.
Mao et al. and an associated commentary by Chan et al. focus on the identification and analysis of deep-sea barnacles associated with hydrothermal vent settings. Mao et al. compare a shallow water barnacle with a barnacle species (Cirripedia, Scalpellomorpha) that inhabits hydrothermal vents to discern the evolutionary adaptations to the vent species’ genome and transcriptome. The data show that the hydrothermal vent taxa have undergone selection towards refined mitochondrial energy production. The marker gene and genomic approach caried out by Chan et al. refine the species identification of the vent species analyzed by Mao et al.
Toki et al. provide insights into all the types of seafloor fluid emissions sites covered in this Research Topic. They measure dissolved methane and seawater environmental parameters along a transect from the continental shelf of the East China Sea to the Ryukyu trench. Their results reveal clear water column signatures over known cold seeps, mud volcanoes, and hydrothermal vents. However, they also detect methane anomalies that are uncorrelated with known features, implying that new seafloor emission sites may await discovery.
5 CONCLUSION
The original research papers summarized here provide a broad overview of the current state of science on seafloor emissions sites, as well as an introduction to some novel techniques and approaches. While the papers are not exhaustive in covering every component of geological, physical, chemical, and biological processes, they set the stage for future work on a wide variety of global seafloor fluid emission features.
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Catillopecten is a small genus of deep-sea glass scallops, but its diversity is poorly known in many parts of the world ocean. We described C. margaritatus n. sp. (Pectinoidea: Propeamussiidae), and performed morphological analyses and DNA sequencing, and estimated the divergence time of scallops based on samples collected from Haima cold seep in the South China Sea. Morphologically, the new species can be distinguished from congeneric species by its large shell size, relatively small auricle length, absence of monocrystal aerials, presence of longitudinal radial ridges on the left valve, and the alternated rounded striae and distal and proximal growth lines of prisms on the right valve. Anatomically, this new species can be distinguished from C. vulcani by its anteriorly located auriculate gills, compared to the centrally located lamellar gills of the latter, and the different locations of the pericardium. Sequence comparison and phylogenetic analysis based on the 18S rRNA fragments supported the placement of the new species in Catillopecten. We also report the mitogenome of C. margaritatus n. sp. as the only reported mitogenome of the family Propeamussiidae, which differs from those of other scallops substantially in gene order arrangement. Divergence time estimation revealed that Propeamussiidae and Pectinidae diverged in the early Carboniferous, while Catillopecten and Parvamussium diverged during the late Cretaceous to early Eocene. Finally, we presented a key to the species of Catillopecten.
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Introduction

Scallops in the family Propeamussiidae Abbott, 1954, commonly called glass scallops due to their thin and semi-translucent shells, are inhabitants of the deep sea, with species recorded from 200 m to more than 5,000 m (Kamenev, 2018). The genus Catillopecten Iredale, 1939 (Propeamussiidae), including 11 species (MolluscaBase, 2022), is characterized by thin, inequilateral to subequilateral valves, unequal auricles, lack of internal ribs, and a deep byssal notch (Kamenev, 2018). Members of Catillopecten are widely distributed in the global deep oceans, including one species from the Atlantic, four species from the eastern Pacific Ocean, and six species from the western Pacific Ocean (Figure 1, Dall, 1898; Smith, 1885; Dautzenberg and Bavay, 1912; Knudsen, 1970; Bernard, 1978; Schein-Fatton, 1988; Dijkstra and Marshall, 2008; Kamenev, 2018). These species have been reported from a variety of substrates, including rocky bottoms of a hydrothermal vent (Beninger et al., 2003), and muddy bottoms of continental slopes to polymetallic nodule areas in abyssal plains (Table 1).




Figure 1 | Worldwide geographical distribution of species in the genus Catillopecten and the typical habitat of the new species. (A) Locality of the species of Catillopecten, holotypes only. (B, C) Typical habitat of C. margaritatus n. sp. (indicated by red arrows), which were often found on the empty shells of Archivessica marissinica. Scale bar: (B, C) 10 mm.




Table 1 | Comparison of shell characteristics (the largest specimen of each species) and distribution of Catillopecten species.



Previous taxonomic studies of Catillopecten heavily relied on shell morphology, such as shell proportion and auricle characters. By contrast, little attention was paid to the anatomic structures. In 1978, anatomic structures of C. knudseni Bernard, 1978 and C. squamiformis Bernard, 1978 were described without specimen images (Bernard, 1978). In C. vulcani Schein-Fatton, 1985, the internal structures were illustrated by a line drawing and briefly described (Beninger et al., 2003). Moreover, Le Pennec et al. (2002) described the spermatogenesis of C. vulcani and proposed that its acrosome features could be applied in studies of scallop evolution. Molecular data of Catillopecten are also limited, with only two 18S rRNA sequences available, one from C. vulcani (Dufour et al., 2006), and the other from Catillopecten sp. (Wiklund et al., 2017), which may be a juvenile of C. malyutinae Kamenev, 2018 (Kamenev, 2019). These two sequences showed a high nucleotide similarity of 99.59% (Wiklund et al., 2017).

The Haima cold seep on the northwestern slope of the South China Sea (SCS) supports a large epibenthic fauna dominated by chemosynthetic bivalves and siboglinid tubeworms (Dong et al., 2021; Ke et al., 2022). In 2020, Ke et al. (2022) collected broken shells of a glass scallop from this area, and identified the specimen as a species of Propeamussium Gregorio, 1884. In 2022, we collected five specimens of propeamussiids from the same area, including three living individuals and two pairs of empty shells. Our preliminary analysis revealed that these glass scallop specimens all belong to a new species of Catillopecten. Therefore, this study aims to (i) describe the new species; (ii) assemble and annotate its mitochondrial genome; and (iii) determine its phylogenetic position. As the first report of propeamussiid species with detailed morphological and molecular information from the South China Sea, our study enhances our knowledge of the biodiversity of this large marginal sea of the western Pacific Ocean, and provides mitogenome and molecular data for a better understanding of the phylogenetic relationships and global biogeography of Propeamussiidae.





Materials and methods




Sample collection

The specimens were captured using a scoop net from the Haima cold seep (16°54.04’N, 110°28.47’E), at 1,433–1,441 m water depth in September 2022, using the ROV Pioneer onboard R/V Xiangyanghong 01 of The First Institute of Oceanography, Ministry of Natural Resources (Qingdao, China). The holotype was frozen with liquid nitrogen and stored at −80°C, while paratypes 1 and 2 were fixed in 4% paraformaldehyde, and paratypes 3 and 4 (empty shells) were kept at room temperature.





Morphological measurement and photography

Shell measurements were made according to Kamenev (2018). Shell length (L), height (H), anterior end length (A), auricles length (AL), anterior auricle length (AAL), and umbonal angle (UA) were measured using a vernier caliper. The shell size data of other species of Catillopecten were measured according to the scale or proportion when the specimen images were available. The ratios of these parameters to shell length (i.e., A/L, H/L, AL/L, and AAL/AL) were calculated. An EOS 5D Mark IV camera (Canon, Japan) was used for photography of the whole specimen. A digital Stereomicroscope SMZ1270 Imaging System (Nikon, Japan) was used to document the morphological details. The specimens used in this study were deposited in the Tropical Marine Biodiversity Collections of the South China Sea (TMBC), Chinese Academy of Sciences (Guangzhou, China).





DNA extraction, sequencing, and assembly

Genomic DNA was extracted from the adductor muscle of the holotype using the CTAB method (Stewart and Via, 1993). DNA quality was examined using agarose gel (1.0%) electrophoresis, and the quantity was determined using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, USA). DNA library was constructed with the NEBNext Ultra DNA Library Prep Kit for Illumina (NEB, United States) with an insert size of 350 bp. Genomic sequencing was conducted on an Illumina NovaSeq 6000 sequencer (Illumina, USA) in Novogene (Tianjin, China) to generate 150-bp paired-end reads. Raw Illumina reads were filtered using Trimmomatic v0.38 (Bolger et al., 2014) to remove adapter and low-quality reads with the following settings: LEADING = 15, TRAILING = 15, SLIDINGWINDOW = 4:20, MINLEN = 40. The clean reads were de novo assembled using SPAdes v3.14.1 (Bankevich et al., 2012) with k-mer sizes of 21, 33, 55, 77, 99, and 127. The nuclear gene 18S rRNA was identified by conducting BLASTn using BLAST v2.11.0+ (Camacho et al., 2009) to search against the available corresponding sequences of Propeamussiidae species from NCBI (https://www.ncbi.nlm.nih.gov/), with an E-value of 1e-10. The mitogenome was assembled using NOVOPlasty v3.2 (Dierckxsens et al., 2016) under default settings with a cox1 sequence of Parvamussium carbaseum Dijkstra, 1991 (AB084106) from NCBI (https://www.ncbi.nlm.nih.gov/) as the seed.





Mitogenome annotation and analyses

MITOS2 Web Server (Donath et al., 2019) was used to annotate the mitogenome under default settings. The annotated protein coding genes (PCGs) were manually examined and adjusted against the invertebrate genetic codes. The OGDRAW in the Geseq server (Greiner et al., 2019) was used to visualize the mitogenome arrangement. Phylogenetic analyses were conducted to determine the position of the new species in the tree of life of scallops, based on the mitogenome of the new species, as well as available mitogenomes of scallops from the order Pectinida, including Amusium pleuronectes Linnaeus, 1758 (MT419374), Argopecten irradians Lamarck, 1819 (DQ665851), Argopecten purpuratus Lamarck, 1819 (KF601246), Chlamys farreri Jones and Preston, 1904 (EU715252), Crassadoma gigantea Gray, 1825 (MH016739), Mimachlamys crassicostata Sowerby, 1842 (FJ415225), Mimachlamys sanguinea Linnaeus, 1758 (KF214684), Mimachlamys varia Linnaeus, 1758 (MZ520326), Mizuhopecten yessoensis Jay, 1857 (FJ595959), Pecten albicans Schröter, 1802 (KP900974), Pecten maximus Linnaeus, 1758 (KP900975), Placopecten magellanicus Gmelin, 1791 (DQ088274), and Spondylus virgineus Reeve, 1856 (MN019127), with Ostrea edulis Linnaeus, 1758 (NC_016180) as the outgroup. The PCGs and ribosome RNA sequences of these mitogenomes downloaded from NCBI were extracted. The analyses were conducted using PhyloSuite v1.2.2 (Zhang et al., 2020) with the help of several plug-in programs: MAFFT (Katoh and Standley, 2013) under the “auto” option was applied to align each gene fragment, with “Codon alignment mode” for PCGs and “Normal alignment mode” for rRNAs. Gblocks (Talavera and Castresana, 2007) was applied to remove ambiguously aligned fragments in batches, with missing genes or alignment gaps being filled with “-”. Then, the fragments were concatenated and ModelFinder (Kalyaanamoorthy et al., 2017) was used to select the best-fit model based on the BIC criterion. Bayesian inference (BI) and maximum-likelihood (ML) analyses were conducted using MrBayes (Ronquist et al., 2012) and IQ-TREE (Nguyen et al., 2015), under the best-fit GTR+F+I+G4 model for 10 million generations and the GTR+R4+F model for 1,000 ultrafast bootstraps, respectively (Minh et al., 2013). Since the order of the PCGs and tRNAs may contain phylogenetic signal (Shen et al., 2009), we compared the arrangement orders of the mitochondrial genes among the species of Pectinida.





Phylogenetic analyses and divergence time estimation

Since only two 18S rRNA sequences of Catillopecten were available in GenBank (https://www.ncbi.nlm.nih.gov/), we determined the sequence divergence between the new species and these two other Catillopecten sequences, as well as those of other genera of Propeamussiidae based on this gene fragment. In addition, we also obtained 28 fragments of 18S rRNA from the order Pectinida and four from Limidae (outgroup) from GenBank to determine the relationships between Catillopecten and other scallops (Table S1). Fragments with longer than 1,500 bp were kept and the longest sequence was selected when two or more sequences from the same species were available. The number of base substitutions per site among these sequences is calculated using MEGA7 (Kumar et al., 2016) under the Kimura 2-parameter model (Kimura, 1980). The rate variation among sites was modeled with a gamma distribution (shape parameter = 1), and all positions with less than 95% site coverage were eliminated. Phylogenetic analyses were similar to the phylogenetic tree construction of the mitogenome section except the BI and ML analyses were conducted under the best-fit K80+I+G model for 10 million generations and the K80+R2 model for 1,000 ultrafast bootstraps, respectively (Minh et al., 2013).

To estimate the divergence times, fossil ages were incorporated based on available data (Waller, 2006; and the Paleobiology Database, https://paleobiodb.org/). The ages of Pectinidae and Limidae were constrained approximately 251.3–247.2 MYA and 330.9–323.2 MYA, respectively (Smedley et al., 2019). BEAST v.2.6.6 (Bouckaert et al., 2019) was used to estimate the divergence times based on a concatenated dataset of mitochondrial PCGs, under the following settings: (i) HKY+G4 as the partition model; (ii) “strict clock” as the clock model with estimated clock rate; (iii) “calibrated Yule model” as the two prior and fossil calibration dates were set in the Pectinidae clade (“log normal” distribution, M parameter = 5.518, S parameter = 0.0033) and the Limidae clade (“log normal” distribution, M parameter = 5.792, S parameter = 0.0052); and (iv) running chain length as 10,000,000 MCMC generations with 1,000 sample frequencies. The default settings were adopted for other parameters. The convergence of the likelihood parameters in the log file was determined by Tracer v.1.7.2 (Rambaut et al., 2018) with the ESS over 200. The final tree file was generated using TreeAnnotator (Rambaut & Drummond, 2015) with 25% burn-in and plotted with FigTree v1.4.4 (Rambaut & Drummond, 2018).






Results




Systematics

	Order: Pectinida, Gray, 1854

	Superfamily: Pectinoidea Rafinesque, 1815

	Family: Propeamussiidae, Abbott, 1954

	Genus: Catillopecten Iredale, 1939

	Synonym: Bathypecten Schein-Fatton, 1985

	Type species: Catillopecten murrayi Smith, 1885



Diagnosis (adopted from Kamenev, 2018): Propeamussiidae with translucent shells, very thin, fragile and compressed, subequilateral to inequilateral. Valves smooth or undulated, sometimes with weak commarginal ribs and fine radial threads; left valve more convex. Auricles unequal; posterior auricles continuous or weakly separated from shell disc; anterior auricle of right valve distinct and sharply demarcated from shell disc. Internal ribs absent. Byssal notch rather deep; byssal fasciole narrow or absent.

Catillopecten margaritatus n. sp. http://zoobank.org/NomenclaturalActs/396CA196-5051-4A11-975F-D7A74C91568D





Type specimens

Holotype [TMBC (Tropical Marine Biodiversity Collections of the South China Sea), Chinese Academy of Sciences, Guangzhou, SCSMBC031006], paratypes 1–4 (TMBC, SCSMBC031007–SCSMBC031010), Haima cold seep in SCS, 16°54.04’N, 110°28.47’E, 1,433–1,441 m, organic sediment with empty shells of Archivesica marissinica Chen, Okutani, Liang & Qiu, 2018 (Figure 1), collected using the suction sampler of the ROV Pioneer, September 2022, ROV02, Dive 05.





Type locality

Haima cold seep, 1,407–1,441 m water depth, off southern Hainan Island, on the northwestern slope of the South China Sea (Figure 1).





Etymology

The species epithet “margaritatus” comes from “margarita” in Latin, which means pearl and refers to the pearlescent internal surface of the valves of this species.





Diagnosis

Catillopecten with a large shell up to 31 mm in length; internal shell silvery-white and pearlescent. Left valve surface slightly crumpled, with longitudinal radial ridges intersected with conspicuous, rounded, thin ribs. Right valve slightly convex with regular, rippled, and rounded commarginal striae alternated with distal and proximal growth lines of prisms. Auricles small and approximately equal in length. Left valve auricles approximate triangular, with intensive parallel ridges, connected with the rounded ribs of the disc. Right valve anterior auricle with rounded coarse commarginal ribs and ridges; posterior auricle with parallel, dense, indistinct striae and some distinct ridges.





Description

Shell (Figures 2, 3, Table 2) subcircular, external gray, internal silvery-white, iridescent, pearlescent, rayed, without internal ribs (Figures 2C, D). Length up to 31.0 mm, slightly longer than height (H/L = 0.90–0.93) and approximate equilateral (A/L = 0.52–0.53). Shell anterodorsal and ventral margins gracefully curved, posterodorsal margin slightly curved and nearly straight. Auricles small (AL/L = 0.31–0.34), approximately equal in length (AAL/AL = 0.50–0.53). Hinge line straight (Figures 3A, B), subterminal umbones with an angle of 115°.




Figure 2 | External and internal views of the left and right valves of Catillopecten margaritatus n. sp. specimens. (A–D) Holotype, TMBC, SCSMBC031006; (E–H) paratype 2, TMBC, SCSMBC031008; (I–L) paratype 3, TMBC, SCSMBC031009; (M–P) paratype 4, TMBC, SCSMBC031010. Scale bar: 5 mm.






Figure 3 | Morphological details of Catillopecten margaritatus n. sp. shells (holotype, TMBC, SCSMBC031006). (A–D) Left valve. (A) External view of auricles. (B) Internal view of auricles. (C) Umbo area of the left valve. (D) External surface commarginal undulations and fine radial threads. (E–H) Right valve. (E) External view of auricles. (F) Internal view of auricles. (G) Sculpture of the center. (H) Prismatic microstructure of the center. Scale bar: (A–G), 1 mm; H, 0.1 mm.




Table 2 | Shell measurements (mm) and ratios of Catillopecten margaritatus n. sp. specimens.



Left valve. Disc convex (Figure 2), surface slightly crumpled, with longitudinal radial ridges intersected with conspicuous, rounded, thin, ribs (Figures 3A, D); distinctly radial ridges and rounded ribs presented on the inner surface. Auricles approximate triangular, with compressed and slightly cambered surface; intensive parallel ridges clear, connected with the rounded ribs of the disc; anterior auricle disconnected with disc and with a shallow notch; posterior auricle continuous with shell edge (Figures 3A, B). Umbo clear, conical shape, convex, distinctively separated from shell disc (Figure 3C). Resilium distinct, teardrop-shaped and brownish black (Figure 3B).

Right valve. Disc slightly convex (Figure 2), thinner, more fragile and transparent than left valve. Regular, rippled, and rounded commarginal striae distinctly presented on the external and internal surfaces, intersected with longitudinal stripes of prisms (Figures 3E–G); prisms distinct, with alternating spherulitic and elongated layers, and clear distal and proximal growth lines, alternated with the rounded striae (Figures 3G, H). Auricles unequal; anterior auricle low-angle sector-shaped and inflated, with clear, rounded, coarse commarginal ribs and ridges, protruding with rounded anterior end, sharply demarcated from shell disc with a deep notch and gorge; posterior auricle triangular, with parallel, dense, indistinct striae and some distinct ridges, continuous connected to shell disc with slight turn (Figures 3E, F). Adductor muscle scar oval and clear (Figures 2D–L, 3F). Umbo very compressed and inconspicuous.

Anatomy (Figure 4). Mantle large, thin and transparent, with a row of long tentacles and velum at the margin. Unilaterally auriculate and large gills at anterior side, consisting of outer and inner demibranches. Rounded digested gland close to resilium, brown to dark color. Rectum extending from digested gland along the dorsal side of adductor muscle. Adductor muscle small, cylindrical, and robust. Foot small, covered by a pair of labial palps, connected to adductor muscle by foot contracted muscle. Gonad long scrotiform, surrounding adductor muscle on anterior side. Pericardium small, located between adductor muscle and gonad.




Figure 4 | Anatomy features of Catillopecten margaritatus n. sp. of the paratype 1 (TMBC, SCSMBC031007) left valve. Abbreviations: a, anus; am, adductor muscle; dg, digestive gland; f, foot; g, gonad; ig, inner gill; lp, labial palp; m, mantle; og, outer gill; p, pericardium; r, rectum; t, tentacle; v, velum. Scale bar: 1 mm.







Remarks

Catillopecten is similar to Propeamussium and other genera of Propeamussiidae in having translucent shells. However, Propeamussium can be distinguished from Catillopecten by the almost equivalve and laterally compressed shell, weak byssal notch, and distinct internal ribs (Dijkstra, 2013). Based on the shell characteristics, our glass scallop specimens, as well as those empty shells described as Propeamussium sp. by Ke et al. (2022) all belong to Catillopecten.

Within Catillopecten, shell shape, shell and auricle proportion, monocrystal aerials and sculpture on shell surface, and byssal notch shape have been used to distinguish the species. Among the described species, C. margaritatus n. sp. most closely resembles C. tasmani Dijkstra and Marshall, 2008—a species reported from Bounty Trough, southern New Zealand at depths of 1,373 to 1,676 m—in shell shape, proportions, absence of monocrystal aerials, auricle features, deep and sharp byssal notch, and the prism structure of the right valve (Dijkstra and Marshall, 2008). Nevertheless, C. margaritatus n. sp. can be easily distinguished from C. tasmani with its larger shell size (L: 22.1−31.0 mm vs. 10.5 mm), smaller auricle length (AL/L: 0.31-0.34 vs. 0.68), and the wide-angled umbones (UA: 115° vs. 90°). Catillopecten margaritatus n. sp. has relatively small auricles, which are about one-third of the total shell length, similar to those of C. vulcani (Schein-Fatton, 1985). Nevertheless, C. vulcani differs from the former with its small size and unique slim shell profile (H/L: 0.90−0.93 vs. 1.10). In addition, the shell surface of C. margaritatus n. sp. lacks monocrystal aerials, which differentiates it clearly from C. brandtae Kamenev, 2018, C. malyutinae Kamenev, 2018, C. natalyae Kamenev, 2018, and Catillopecten sp. (may be a synonym of C. malyutinae) (Wiklund et al., 2017; Kamenev, 2018; Kamenev, 2019; Checa et al., 2022). Significantly, in C. margaritatus n. sp., the presence of longitudinal radial ridges on the left valve and the alternated rounded striae and distal and proximal growth lines of prisms on the right valve, which are absent in all of its congeneric species, allow this new species to be distinguished from its congeneric species.

Although anatomical features have been used in the taxonomy of deep-sea bivalves (Xu et al., 2019), available data are too limited to judge whether they are useful for species delimitation in Catillopecten (Le Pennec et al., 2002; Beninger et al., 2003). Our comparison of the anatomical features with the drawing of Beninger et al. (2003) shows that C. vulcani has centrally located lamellar gills with a straight axis. By contrast, C. margaritatus n. sp. possesses a pair of large and unilaterally auriculate gills with a straight axis, located at the anterior side of the shell. Furthermore, the pericardium of C. margaritatus n. sp. is located between the adductor muscle and gonad, whereas the pericardium and heart of C. vulcani were speculated to be located at the dorsal side of the rectum (Beninger et al., 2003). Therefore, C. margaritatus n. sp. and C. vulcani can be distinguished by anatomical features. When anatomical data from other species become available, studies should be conducted to further examine their potential use in the taxonomy of these glass scallops.





Mitogenomic features, phylogenetic position, and divergence

Illumina sequencing generated 29.21 million paired-end reads. Our assembly produced a complete, circular mitogenome of C. margaritatus with a size of 17,979 bp, and an overall base composition of 40.24% for T, 10.01% for C, 27.78% for G, and 21.97% for A (Table S2). This is the first assembled mitogenome of the family Propeamussiidae. It contains 13 PCGs, namely, cox1–3, nad1–6, nad4l, atp6, atp8, and cytb; two rRNA genes; and 22 tRNA genes (Figure 5A, Table S3). There are three overlap regions between adjacent genes, including 1 bp between trnN and trnS1, 2 bp between nad2 and trnL, and 23 bp between rrnL and trnV. All these genes are encoded in the same strand (Figure 5A), similar to other species of Pectinidae.




Figure 5 | Mitogenome features of Catillopecten margaritatus n. sp. and its phylogenetic position. (A) Mitogenomic gene orders and relative lengths. (B) Phylogenetic tree of the order Pectinida based on 18S rRNA fragments. The topology is based on BI analysis, with Limidae as the outgroup. The accession numbers are presented in Table S1. (C) Mitogenomic phylogenetic tree based on protein coding genes and rRNAs and the mitochondrial gene arrangements of the superfamily Pectinidea species. The topology is based on BI analysis, with Ostrea edulis as the outgroup. Posterior probabilities values (>0.50) from BI analysis and bootstraps values (>50) from the ML analysis are given at the nodes.



Phylogenetic analyses based on the 18S rRNA fragment showed that the three Catillopecten sequences, including the one from C. margaritatus, formed a clade, which is sister to Parvamussium undisonum Dijkstra, 1995 (Figure 5B). Among the three Catillopecten species, C. margaritatus is more closely related to C. vulcani. Among the 1,835 bp aligned 18S rRNA fragment, C. margaritatus only showed 7 bp (0.38%) difference from C. vulcani, with a K2P pairwise distance of 0.18% between the two species (Table S4), while C. margaritatus showed only 0.59% divergence from Catillopecten sp. and 1.25% from P. undisonum in 18S rRNA, with genetic distances of 0.36% and 1.03%, respectively. Furthermore, the family Propeamussiidae appears polyphyletic, with Cyclopecten Verrill, 1897, currently accepted as a genus of Propeamussiidae, being placed in Pectinidae, consistent with previous studies (Combosch et al., 2017; Smedley et al., 2019). Phylogenetic analysis of 14 species of Pectinoidea based on mitogenomic PCGs showed that Spondylus virgineus is sister to a large clade of all other pectinoids, and within this clade, C. margaritatus is sister to a clade of all other 12 species (Figure 5C). Moreover, the C. margaritatus mitogenome differs substantially from those of Spondylidae and Pectinidae in the order of PCGs, rRNAs, and tRNAs (Figure 5C). Furthermore, even within Pectinidae, the gene order arrangements were very different among the species available for comparison.

The divergence times among Pectinoidea were estimated based on mitochondrial PCGs, using two fossil calibration points with horizontal bars representing the 95% highest posterior density (HPD) interval for each node (Figure 6). The results revealed the origin of the superfamily Pectinoidea in the Devonian (384.11–360.24 MYA, median value 371.42 MYA). Propeamussiidae is sister to Pectinidae and they diverged in the early Carboniferous (351.20–331.77 MYA, median value 341.03 MYA). Catillopecten and Parvamussium Sacco, 1897 diverged during the late Cretaceous to early Eocene (70.51–46.63 MYA, median value 57.68 MYA).




Figure 6 | Divergence time estimation analysis of Pectinoidea based on concatenated mitochondrial PCG gene sequences. Bottom axis represents millions of years and the internal nodes calibrated by fossil records are represented by red asterisks. The 95% highest posterior density (HPD) is indicated as node blue bars and the Bayesian posterior probabilities of all nodes are 1.00.








Discussion

Since most of the Catillopecten species lack gene sequences, and the only gene sequence available in two Catillopecten species was the 18S rRNA, a conserved gene marker that is more appropriate for deep phylogenetic study than species delimitation (Zhan et al., 2019), it was not surprising that we only found 0.38%−0.59% divergences in 18S rRNA among the three species of Catillopecten in this study. Nevertheless, the result of C. margaritatus and the other two species of Catillopecten forming a clade that is sister to P. undisonum supports that the new species belongs to Catillopecten. When sequences of more sensitive genetic markers, such as the mitochondrial cytochrome subunit I (COI) or 16S ribosomal RNA sequences, from other Catillopecten species become available in the future, molecular delimitation should be conducted in future studies to determine the genetic distances between C. margaritatus and its congeneric species.

In this study, we presented the first mitogenome of Propeamussidae. Its length (17,979 bp) is similar to that of Crassadoma gigantea (18,495 bp), Mimachlamys sanguinea (17,383 bp), and Pecten maximus (17,252 bp), but much smaller than that of Placopecten magellanicus (32,115 bp) in Pectinidae and Spondylus virgineus (30,160 bp) in Spondylidae. Among the sequenced mitogenomes of the three families of Pectinoidea, C. margaritatus presents the highest A+T bias with a proportion of 62.21%, while that of the others is from 55.39% to 58.77% (Table S2). Arrangements of PCGs may imply common ancestry (Shen et al., 2009), and such information may be useful to understand the transition from shallow-water to deep-sea habitats (Zhang et al., 2018). However, the substantially different orders of PCGs between the deep-sea C. margaritatus and other pectinoids and the bias in sequencing efforts (i.e., only one mitogenome each in Spondylidae and Propeamussiidae) make it difficult to associate these changes with the invasion from shallow water to the deep sea.

Catillopecten margaritatus is the first reported extant seep-dwelling species of this genus. These scallops usually stay on the empty shells of the vesicomyid clam Archivesica marissinica (Figures 1B, C), one of the dominant species in the Haima cold seep (Chen et al., 2018). In this seep area, bathymodioline mussel Gigantidas haimaensis Xu et al., 2019, and siboglinid tubeworms Paraescarpia echinospica Southward et al., 2002 (Sun et al., 2021) and Sclerolinum annulatum Xu et al., 2022 form huge colonies on the sea bed. Other low-density populations of bivalves were also reported in this area, including Gigantidas platifrons Hashimoto & Okutani, 1994, “Bathymodiolus” aduloides Hashimoto and Okutani, 1994, Nypamodiolus samadiae Lin et al., 2022, and other undetermined species of Malletia and Acharax (Xu et al., 2019; Guan et al., 2022; Ke et al., 2022). These siboglinid and bivalve species are endosymbiotic with chemosynthetic bacteria in their trophosome and gill epithelial cells, respectively, to provide energy and materials for the holobiont (Ip et al., 2021; Sun et al., 2021; Lin et al., 2023). These chemosymbioses allow vent and seep annelids and bivalves to flourish in the deep sea (Sen et al., 2018; Osman and Weinnig, 2021). Nevertheless, no deep-sea scallops have been reported to be symbiotic with chemosynthetic bacteria, including C. vulcani, which inhabits hydrothermal vent sites in the eastern Pacific Ocean (Schein-Fatton, 1985). This is reflected in the lack of morphological specialization of the flat and homorhabdic gill of C. vulcani, as well as the abundant particles on the gill indicating its suspension feeding trophic pattern (Beninger et al., 2003), although Le Pennec et al. (1988) observed a few bacteria in the gill filaments of this species. The gill of C. margaritatus is similar to that of C. vulcani, and therefore, we speculate that C. margaritatus also relies on filter-feeding for nutrition.

Key to species of Catillopecten Iredale, 1939:

	1a. External shell surface with monocrystal aerials……2

	1b. External shell surface without monocrystal aerials……4

	2a. Shell rounded-triangular ……C. malyutinae Kamenev, 2018

	2b. Shell D-shaped……3

	3a. Shell with fine and closely located commarginal riblets……C. natalyae Kamenev, 2018

	3b. Shell with irregular commarginal and radial undulations……C. brandtae Kamenev, 2018

	4a. Shell height larger than length……C. vulcani Schein-Fatton, 1985

	4b. Shell height slightly smaller than length……5

	5a. Byssal notch shallow and rounded ……C. knudseni Bernard, 1978

	5b. Byssal notch moderately deep or deep ……6

	6a. Byssal notch sharp……7

	6b. Byssal notch rounded……9

	7a. Small auricles, length about one-third of shell length……C. margaritatus

	7b. Large auricles, length more than half of shell length……8

	8a. Right valve with obscure radial lines……C. tasmani Dijkstra and Marshall, 2008

	8b. Right valve with sharp ribs and fine radial lines……C. graui Knudsen, 1970

	9a. Auricles subequal in length……10

	9b. Auricles unequal in length……11

	10a. Dorsal shell margin straight……C. squamiformis Bernard, 1978

	10b. Dorsal shell margin round……C. eucymatus Dall, 1898

	11a. Anterior auricles longer than posterior auricles……C. murrayi Smith, 1885

	11b. Posterior auricles slightly longer than anterior auricles……C. translucens Dautzenberg and Bavay, 1912







Conclusions and perspectives

We reported Catillopecten margaritatus as the first species of seep-inhabiting Catillopecten and described its morphological features of both shell and anatomy, mitogenome, and phylogenetic position. Morphologically, C. margaritatus can be easily distinguished from congeneric species with its largest shell size, smaller auricle length, and wide-angled umbones. Our anatomic description of the new species provides useful characteristics for the further taxonomic study of the genus Catillopecten. Our phylogenetic analyses confirm the placement of this new species in Catillopecten. As the only species of Catillopecten distributed within 10°N and 30°N in the western Pacific Ocean, our discovery of C. margaritatus enhances our understanding of seep fauna and fills a gap in the geographic distribution of Catillopecten in this region.
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Recently, microdolomite grains with a diameter of about 30–150 μm were discovered within seep-related shallow gas hydrate in the eastern margin of the Japan Sea, and the preliminary assumption has been that their formation is mediated by microbially secreted extracellular polymeric substances (EPS). To verify this interpretation, the present study investigates the characteristics of minerals and organic matter inside the microdolomite grains. Observation by polarizing microscopy reveals that the microdolomite grains generally consist of combinations of distinct cores and external cements. The cores are mostly dark or cloudy and their abundance does not show clear depth dependence, while the external cements are generally isopachous in the shallow part and polygonal in the deeper portions. To further clarify the characteristics of these cores and external cements, thin-foil sections were prepared from two major types of microdolomite, one with a dark core and polygonal external cement, and one with a cloudy core and isopachous external cement. These thin-foil sections were then analyzed by scanning transmission X-ray microscopy (STXM) and transmission electron microscopy (TEM). In the dark core, fibriform pores of about 100 nm diameter were observed to be closely related with amorphous calcium carbonate (ACC) and carboxy groups, likely created by heterogeneous nucleation on microbial EPS surfaces. The polygonal external cement is composed of monocrystalline dolomite, representing slow crystal growth in the deeper part where hydrate formation is less active. On the other hand, the observed cloudy core and the isopachous external cement are, respectively, composed of scattered and accumulated rhombohedral dolomite crystals, presumably resulting from homogeneous nucleation in saline pockets of rapidly growing hydrate and subsequent crystal accumulation on the surface of spherical oil films.
Keywords: ACC, dolomite, EPS, gas hydrate, Japan Sea, microbial carbonate, microhabitat
1 INTRODUCTION
The Joetsu Basin in the eastern margin of the Japan Sea hosts a number of areas with extensive shallow methane deposits and various related phenomena, including well-developed gas chimneys, active methane seeps and readily observed hydroacoustic plumes (Aoyama et al., 2004; Matsumoto et al., 2017). The seafloor in these areas hosts pock marks and large depressions associated with methane hydrate collapse (Matsumoto et al., 2009) as well as authigenic carbonate crusts and nodules composed of aragonite and Mg-rich calcite (Hiruta et al., 2014; Zhang et al., 2019). Recently, a new type of authigenic mineral, microdolomite, with a diameter of about 30–150 μm was discovered from hydrate-bearing cores drilled in this area (Snyder et al., 2020a).
Dolomite [CaMg(CO3)2] is a carbonate mineral, of which the euhedral crystal is rhombic (e.g., Petrash et al., 2017). Dolostones composed mainly of dolomite are widespread in the geological record, while the occurrence of dolomite is limited in modern marine settings despite the general observation that the seawater is highly supersaturated for dolomite. This is mainly because the crystallization of dolomite under relatively low temperature/pressure conditions is inhibited by various factors, including strong hydration of Mg2+ and the presence of sulfate ion (e.g., James and Jones, 2016). Dolostones in the geological records are generally thought to have formed by weakening these inhibition factors particularly during diagenesis, and dolomite precipitated as cement or replaced primary CaCO3 minerals (e.g., Tucker and Wright, 1990). On the other hand, sulfate-reducing bacteria has been reported to form dolomite primarily (Vasconcelos et al., 1995), which is accomplished by metabolic SO42− removal and dolomite nucleation on the organic matrix (Warthmann et al., 2000).
The primary growth of microdolomite grains directly associated with microbial activity is thought to occur in a number of settings, such as shallow marine lagoon sediments in Brazil (Vasconcelos and McKenzie, 1997; Bahniuk et al., 2015) and Eocene and Quaternary petroleum seep sites in Kuwait (Gunatilaka, 1989). Like other dolomite-forming settings, the voids which develop inside of massive gas hydrate accumulations are also considered favorable sites for dolomite formation because the microenvironments in close contact with gas hydrate are also limited in SO42− or sulfate-free due to anaerobic methane oxidation (AMO). In addition, water removal via rapid hydrate growth produces brine where hydration of Mg2+ is weakened. Snyder et al. (2020a) also suggested that oil-covered brine in the hydrates provides microhabitat for oil-metabolizing microorganisms and their secreted extracellular polymeric substances (EPS) supply suitable substrate for dolomite precipitation. One of the promising approaches to verify this interpretation is to detect carboxy groups and amorphous calcium carbonate (ACC) in the microdolomite. This is because the crystallization process of carbonate minerals on organic molecules is thought to proceed as follows: ACC nanoparticles are formed in the liquid phase, they accumulate on negatively charged organic matter such as EPS containing acidic groups (particularly carboxy groups characterized by a relatively low dissociation constant), and the crystalline phase nucleates from ACC precursors (Pouget et al., 2009). Carboxy groups may also facilitate dolomite precipitation by dehydration of Mg2+ (Roberts et al., 2013). Although ACC is less stable than crystalline phases, it is stabilized when it coexists with negatively charged organic matter (Addadi et al., 2003; Obst et al., 2009; Xu et al., 2018). Therefore, if microdolomite was formed by nucleation on negatively charged EPS, traces such as carboxy groups and ACC are expected to be remained inside.
These traces can be detected, for example, by analyzing a thin-foil sections with scanning transmission X-ray microscopy (STXM) and transmission electron microscopy (TEM). Actually, these methods were applied for investigating the calcification process of cyanobacteria, and revealed that the traces of ACC nanoparticles remained around EPS containing carboxy groups (Shiraishi et al., 2020). This study, therefore, aims to verify the involvement of microbial EPS in microdolomite formation by applying these methods. By doing so, this study will reveal the actual processes of primary dolomite formation by microorganisms and the characteristics of their products, which would provide essential information for interpreting dolostones in the geological past.
2 MATERIALS AND METHODS
The study site is the Umitaka Spur located in the Joetsu Basin, the eastern margin of the Japan Sea. Hydrocarbons in the region are presumably derived from gas and oil sourced from the organic-rich upper-Miocene Nanatani Formation located at several kilometers depth (Muramoto et al., 2007; Nyugen et al., 2016). The gas has subsequently migrated towards the surface forming gas chimney structures, shallow methane hydrate accumulations and active seeps (Hiruta et al., 2009; Matsumoto et al., 2009; 2017; Snyder et al., 2020b). In the course of exploration in this area, Snyder et al. (2020a) discovered microdolomite in oil-bearing hydrates and described the basic characteristics of these small mineral grains distributed within the hydrate matrix. The microdolomite grains often show dark internal cores, in which saline fluid and even the trace of microorganisms are occasionally hosted. In addition, microdolomite has positive δ13C values (from +15.60 to +41.63‰ at Umitaka Spur), which is similar to the values of dissolved inorganic carbon in the interstitial water (from −4.9 to +41.4‰ at Umitaka Spur) while it is quite distinct from the values of hydrate (from −36.6 to −34.6‰ at Umitaka Spur) and methane derived authigenic carbonates (MDACS; from −46.8 to −5.6 at Umitaka Spur). Based on these results, Snyder et al. (2020a) interpreted that the rapid hydrate growth led to the exclusion of oily and saline pockets, in which the organotrophic microorganisms metabolize the oil and produce EPS to form spherulitic microdolomite. Among the microdolomite samples examined by Snyder et al. (2020a), this study focuses on a subset contained in a core drilled at the margin of large pock mark in the central western portion of Umitaka Spur (UTCW).
These microdolomite grains were collected by dissociating the hydrate, isolating the solid phase by centrifugation, washing twice with deionized water, rinsing with ethanol, and drying at 40 °C. Sample splits of those studied by Snyder et al. (2020a) were used for our current study as well as several not yet analyzed. The morphological features of the microdolomite grains observed in each sample were first observed using plane polarized light (PPL) with a polarizing microscope (Eclipse LV100POL, Nikon). From this observation, several types of microdolomite were recognized as described later, and samples containing two typical types were selected for further examinations (samples G122 and AMI01 collected respectively from 17.23 mbsf and 66.27 mbsf). These two samples were embedded in resin (LR White, London Resin) at 60°C for 24 h, and then conventional thin sections of about 50 μm thick were prepared. From these thin sections, thin-foil sections (∼150–200 nm thick) were prepared using a focused ion beam (FIB) apparatus (SMI-4050, Hitachi) with a 30 keV Ga ion beam. Before ion milling, carbon was deposited on the sample surface for protection.
Thin-foil sections were observed using STXM and TEM mostly based on the methods of Shiraishi et al. (2020). Briefly, this study used STXM established at BL19A beamline of KEK-PF (Tsukuba, Japan). STXM is a type of X-ray microscopy using synchrotron radiation, which is capable of high-resolution mapping of the valency and chemical state of elements in the soft X-ray region. In this study, calcium L-edge and carbon K-edge NEXAFS (near edge X-ray absorption fine structure) spectra and images were obtained, and these spectra and images were analyzed using aXis 2000 software (Hitchcock, 2009). Whole images of thin-foil sections were acquired at several energy steps (345.0, 348.1, 348.5 and 352.6 eV for calcium; 280.0, 288.6, 290.3, and 301.5 eV for carbon), and their overviews were generated using the RGB composite method after subtracting the backgrounds (345.0 eV and 280.0 eV for calcium and carbon, respectively). Around the central part of microdolomite, image stacks were obtained and composition maps were generated using representative spectra with the singular value decomposition (SVD) method. Spectra of calcite, aragonite, and ACC reported by Shiraishi et al. (2017); Shiraishi et al. (2020) were used for references. In addition, reference spectra were acquired from dolomite, albumin (as a representative of protein), agarose (as a representative of saccharide without carboxy group), D-glucuronic acid (as a representative of saccharide with carboxy group), as well as artificial materials contained in the thin-foil sections, namely, LR White resin and carbon deposition. Thin-foil sections were further observed with TEM (JEM-ARM200F, JEOL) operated at an accelerating voltage of 200 kV. Apertures for obtaining selected-area electron diffraction (SAED) patterns were 0.25, 0.6, and 1.1 μm in diameter. In addition, high-angle annular dark field (HAADF) images were generated in scanning TEM (STEM) mode.
3 RESULTS
3.1 Morphological variations of microdolomite
The morphology of microdolomite grains was described previously through the microscopic observation of external morphology and the degree to which microcrystalline spheroidal aggregates are conjoined, ranging from single grains to dumbbell, chain, and cauliflower-shapes (Snyder et al., 2020a). In this study we consider both the internal and external characteristics of the microdolomite grains and classify them according to the combinations of distinct cores and external cements. The internal cores of the microdolomite aggregates can be dark, or opaque, or they can be cloudy but still capable of transmitting light in microscopic section, or they can be a combination of cloudy and dark. The external, cemented portion of the microdolomites can be polygonal or isopachous (Figure 1A). Examples of these combinations include bacilliform black cores in PPL surrounded by isopachous external cement forming a chain aggregate (Figure 1B), cloudy-cores surrounded by isopachous cement (Figure 1C), dark/cloudy cores surrounded by isopachous cement forming a paired dumbbell structure (Figure 1D). In general, the isopachous cement is relatively transparent and conformably fringes the core morphology with a slight pinching in the case of dumbbell pairs. The microdolomites with polygonal surfaces all present transparent external cement and may have dark cores (Figure 1E) although others have cloudy cores (Figure 1F). Others have no apparent core (Figure 1G), yet may present either fluid or gas inclusions.
[image: Figure 1]FIGURE 1 | Morphological variations of microdolomite. (A) Summary of typical core and external cement types. (B)–(G) Typical combinations of core and external cement. PPL images. (B) Combination of dark core and isopachous external cement. Many bacilliform dark cores are observed. Sample G122. (C) Combination of cloudy core and isopachous external cement. It looks like conjoining of four spherical cores. Fine concentric laminae are sometimes recognized in the core and cement. Sample G122. (D) Combination of dark/cloudy core and isopachous external cement. The dark core is bacilliform, but the surrounding cloudy part is dumbbell-shaped. Fine laminae are recognizable in the external cement. Sample G122. (E) Combination of dark core and polygonal external cement. The grain on the upper right is a view of the hexagonal prism from above, and the faint streaks extending radially from the core are recognizable. On the other hand, the grain in the lower left is a view of hexagonal prism from the side, and the faint parallel to wedge-shaped streaks are recognizable. The elongating directions of the hexagonal prism and the bacilliform core are the same. Sample AM101. (F) Combination of cloudy core and polygonal external cement. The core is slightly dumbbell-shaped. Sample AM09. (G) An example of other types exhibiting polygonal external cement with some gas or fluid inclusions. Sample AM63. (H) Depth distribution of core-cement combinations. The sampling depth is also shown in parentheses.
The relative abundance of each core and cement combination is shown for samples listed from shallow to deep (Figure 1H), along with the number of grains counted for each sample. Isopachous cement was observed to be dominant at the depth above ∼14–17 mbsf, while polygonal cement was found to be dominant in the deeper gas hydrates. On the other hand, the relative abundance of dark, dark/cloudy, and cloudy core types did not show a clear depth dependence.
In order to further characterize the cores and external cements, two distinct, yet fairly typical, microdolomite grains were selected for STXM and TEM observations: a dark-polygonal type (sample AMI01) recovered from gas hydrate at 66.27 mbsf and a cloudy-isopachous type (sample G122) recovered from relatively shallow gas hydrate at 17.23 mbsf.
3.2 Observation of thin-foil section: dark-polygonal type
For the dark-polygonal type, a thin-foil section was prepared so that the section included both the core and the external cemented portion (Figure 2A). However, since the core seemed to be weak when subjected to the Ga ion beam, FIB processing was stopped even though the section was relatively thick (approximately 200–300 nm). Bright-field (BF) TEM imagery shows that the obtained thin-foil section contains a cross-section of about 1/3 of the external cement in addition to the core, and that the core has cavities, while the external cement is rather structureless (Figure 2B). In the STXM-based compositional images for Ca (Figure 2C), the core is displayed in red because X-ray absorption at 348.1 eV is less significant than that at 352.6 eV, as is characteristic for ACC and aragonite (Figure 2J). On the other hand, the external cement is displayed in yellow because the absorptions both at 348.1 eV and 352.6 eV were significant (although the color was not prominent due to strong self-absorption by the relatively thick section), which is characteristic for dolomite and calcite (Figure 2J). In the STXM-based compositional images for C (Figure 2D), the external cement is displayed in purple because the absorptions both at 290.3 eV and 301.5 eV were significant. Absorptions at 290.3 eV and 301.5 eV (and also two peaks between ca. 294.0 eV and 298.5 eV) correspond, respectively, to π* and σ* carbonate resonances, and their relative intensities are sensitive to crystal orientation rather than to mineral species (Metzler et al., 2008; Brandes et al., 2010; Gilbert et al., 2011). Therefore, the uniform purple color in the external cement suggested that it was composed of single crystal of carbonate mineral at least across the observable range.
[image: Figure 2]FIGURE 2 | Characteristics of dark–polygonal type. (A) PPL image of the thin section. The red dashed line indicates the location of the thin-foil section prepared by FIB. (B–D) Overviews of the thin-foil section, showing BF-TEM image (B) and STXM-based compositional images for Ca (C) and C (D). The upper margin of the thin-foil section is protective carbon deposition (C-depo). (E–G) Magnified region from (B–D), showing a BF-TEM image (E), HAADF-STEM image (F), and STXM-based SVD mapping (G). Spots for NEXAFS spectra and SAED patterns are indicated. Red arrows in (E) and (F) represent some examples of fibriform pores. (H and I) SAED patterns taken from spots 1 (H) and 3 (I), showing the presence of amorphous phase and mono-like crystalline dolomite, respectively. (J) Ca NEXAFS spectra of four sample spots and reference materials. The spectrum of spot 1 is representative of the red areas in (G). The spectra of spots 3 and 4 are representative of the green areas in (G), exhibiting thin and thick parts of the dolomite, respectively. X-ray absorbance at spot 4 is saturated due to relatively thick sample section. (K) C NEXAFS spectra of four sample spots and reference materials. X-ray absorbance of spot 4 is also somewhat saturated due to relatively thick sample section.
In a more detailed observation around the core, BF-TEM image shows that wavy/spiral fibriform pores of about 100 nm wide are observable near the boundary between the cavity and the mineral (e.g., arrows in Figure 2E). These fibriform pores are more clearly observed in the HAADF-STEM image (e.g., arrows in Figure 2F). STXM-based SVD mapping (Figure 2G) showed Ca NEXAFS spectra characteristic of ACC surrounding the fibriform pores (red areas including spot 1), and the spectra characteristic of dolomite and calcite in the surrounding area (green areas including spots 2–4). In the SAED patterns, the area showing the Ca NEXAFS spectrum characteristic of ACC was amorphous (spot 1, Figure 2H). On the other hand, in the area showing the spectra characteristic of dolomite and calcite, the SAED pattern is indicative of mono-like crystalline dolomite (i.e., dolomite with a slightly different crystal orientation; spot 3, Figure 2I). In the C NEXAFS spectra, a weak absorption peak at around 288.6 eV is recognizable, particularly near the fibriform pores (spot 2 in Figure 2K), was as is characteristic of carboxy groups exemplified by the spectrum of D-glucuronic acid (Benzerara et al., 2004; Mitsunobu et al., 2016; and references therein). Weak absorption peaks are also recognizable around 288.2 eV near the fibriform pores (spot 2 in Figure 2K) and surrounding dolomite (spots 3 and 4 in Figure 2K), which is characteristic of protein as exemplified by the spectrum of albumin. On the other hand, the peaks around 284.9 eV and 286.5 eV in the spectra of spots 1–4 also appeared in the resin and carbon deposition, suggesting that these peaks originated from artificial materials.
3.3 Observation of thin-foil section: cloudy-isopachous type
For the cloudy-isopachous type, the thin-foil section was also prepared so that the section included both the core and the externally cemented areas (Figure 3A). BF-TEM image shows that the obtained thin-foil section contains a cross-section of about 1/4 of the spherical core and the external cement, and that the scattered minerals in the core are divided by a dense mineral layer (Figure 3B). The external cement was also consisted of similar but thicker mineral layer. The STXM-based compositional images for Ca (Figure 3C) are largely displayed in light-yellow indicating significant absorptions at both 348.1 eV and 352.6 eV, was as is characteristic of dolomite and calcite (Figure 3J). On the other hand, the rim of the scattered minerals in the core is displayed as reddish, indicating a relatively weak absorption at 348.1 eV as described above. In the STXM-based compositional images for C (Figure 3D), the section is largely displayed in red due to relatively significant absorption at 301.5 eV, indicating that the crystal orientation is similar within the observable range. However, the lower left area of the thin-foil section and some of the scattered minerals in the core are displayed in purple due to significant absorption both at 290.3 eV and 301.5 eV, indicating their different crystal orientation.
[image: Figure 3]FIGURE 3 | Characteristics of cloudy–isopachous type. (A) PPL image of the thin section. The red dashed line indicates the location of the thin-foil section prepared by FIB. (B–D) Overviews of the thin-foil section, showing BF-TEM image (B) and STXM-based compositional images for Ca (C) and C (D). The upper margin of the thin-foil section is protective carbon deposition (C-depo). (E–G) Magnified region from (B–D), showing a BF-TEM image (E), HAADF-STEM image (F), and STXM-based SVD mapping (G). Spots for NEXAFS spectra and SAED patterns are indicated. An inserted image in F is a magnification of the external cement, as shown in (B–D). (H, I) SAED patterns taken from spots 1 (H) and 2 (I), showing the presence of polycrystalline and monocrystalline dolomite, respectively. (J) Ca NEXAFS spectra of three sample spots and reference materials. The spectrum of spot 1 is representative of the red areas in (G). The spectra of spots 2 and 3 are representative of the green areas in (G), exhibiting thick and thin parts of the dolomite, respectively. (K) C NEXAFS spectra of three sample spots and reference materials.
In a more detailed observation around the core, BF-TEM (Figure 3E) and HAADF-STEM (Figure 3F) images shows that the minerals scattered in the core were generally rhombohedrons of about 0.1–2 μm in size, and that the dense mineral layer in the core and external cement are composed of aggregates of rhombohedral minerals. STXM-based SVD mapping (Figure 3G) shows Ca NEXAFS spectra characteristic of dolomite and calcite in most part of the core and external cement (green areas including spots 2 and 3). On the other hand, as with the overviewing compositional images for Ca, the rim of the scattered minerals in the core exhibits a spectrum with relatively weak absorption at 348.1 eV (red areas including spot 1), but this absorption peak is more significant if compared with the spectrum of ACC (Figure 3J). This is the crystal field peak, which is significant for crystals like dolomite, and is less significant for less-ordered crystals such as polycrystalline dolomite, and is insignificant for disordered ACC (Politi et al., 2008; Gong et al., 2012). In fact, the SAED pattern indicates that the area showing relatively weak absorption at 348.1 eV is polycrystalline dolomite (spot 1, Figure 3H). On the other hand, in the area showing Ca NEXAFS spectra characteristic of dolomite and calcite, the SAED pattern indicates monocrystalline dolomite (spot 2, Figure 3I). The C NEXAFS spectra does not show any significant peaks other than the resin, carbon deposition, and carbonate (Figure 3K).
4 DISCUSSION
The observations of this study reveal the typical characteristics of cores and external cements that constitute the microdolomite. In the dark-polygonal type, fibriform pores of about 100 nm in diameter are closely related with ACC and carboxy groups in the core areas, which are surrounded by a polygonal external cement composed of monocrystalline dolomite (Figure 2). While these pores were considerably smaller than typical prokaryotic cells (mostly 0.5–2.0 μm in diameter; e.g., Black, 2005), their size and morphology were similar to hydrogels of polysaccharides and EPS incorporated in carbonate minerals. For example, Li and Estroff (2007) reported that the fibriform pores of about 60–360 nm wide were formed in calcite if the fibers of agarose gel, a neutral polysaccharide, were incorporated into the crystal. Yin et al. (2020) also reported similar results using both agarose and microbial acidic EPS. Therefore, it is likely that the fibriform pores in the dark core represent microbial EPS containing carboxy groups, which have induced heterogeneous nucleation (i.e., nucleation on the foreign surface; De Yoreo and Vekilov, 2003) of dolomite crystals via ACC precursors. The dark core of the examined microdolomite is bacilliform, but it is about 8 μm wide and 17 μm long, which is considerably larger than a single prokaryotic cell (Figure 2A). Alternative possibilities may be an assembly of multiple cells, or an aggregate of EPS separated from the cells. In the former case, it is possible that cells were degraded naturally by diagenesis or artificially during FIB processing, because there is no morphological evidence of cells in the thin-foil section despite the presence of protein around the core. Such EPS-producing microorganisms may be oil-metabolizing organotrophs such as Flavobacteria, as suggested by the previous study (Snyder et al., 2020a), and the dark color of the core may come from the coexisting oil. In any case, acidic EPS with or without cells would provide the necessary nucleation sites for dolomite, after which the crystal growth of dolomite can occur abiotically in the supersaturated saline pockets (Figure 4A).
[image: Figure 4]FIGURE 4 | Conceptual models of microdolomite formation for (A) dark-polygonal type and (B) cloudy-isopachous type.
The cloudy-isopachous type microdolomite does not present observable fibriform pores, ACC, or carboxy groups. Instead, the core consists mainly of scattered rhombohedral dolomite (Figure 3), which is capable of dispersing transmitted light to produce the observed cloudy appearance. Scattered rhombohedral dolomite also aggregates into spherical crusts to form core-dividing dense layers and isopachous external cement (Figure 3). Such scattered euhedral crystals suggest the occurrence of homogeneous nucleation (i.e., nucleation within the bulk solution; De Yoreo and Vekilov, 2003). Since homogeneous nucleation requires much higher supersaturation of solute than heterogeneous nucleation (Stumm and Morgan, 1996), it is conceivable that the rapid hydrate growth significantly concentrates the remaining water, in which hydration of Mg2+ has weakened and a conspicuous amount of rhombohedral dolomite has crystallized in this brine. Although ACC precursors may be involved in their nucleation, such traces would not be stabilized due to the lack of EPS containing carboxy groups (Addadi et al., 2003; Obst et al., 2009; Xu et al., 2018). On the other hand, in order for rhombohedral crystals to accumulate and form a hollow spherical crust (though rhombohedral crystals are scattered inside), a spherical template is required. A possible candidate is an oil-covered brine as suggested by the previous study (Snyder et al., 2020a). Although the traces of oil film were not detected in the course of this study, it is likely that the oil has been lost because ethanol was used for washing and resin embedding. If nanocrystals (e.g., the inserted image of Figure 3F) had accumulated on the surface of such a spherical template, a spherical crust would have been formed. In fact, it has become clear that crystallization by attachment of particles such as nanocrystals is a general phenomenon (De Yoreo et al., 2015). If the spherical oil film was double-layered, a concentric structure like the sample in this study would have been formed (Figure 4B).
In this study, the observations using polarizing microscopy have revealed that the microdolomite grains exhibit distinct cores and external cements. The high-resolution observations by TEM and STXM further reveal the formation processes of these unusual grains which are potentially ubiquitous in saline, sulfate-limited environments. We hope that these data will provide the essential information for understanding the origin of small dolomite grains found in the thin sections of geological samples. To our knowledge, there have been no similar studies carried out yet, but small dolomite grains have been reported from other areas. For example, Sadooni et al. (2010) described rounded and rhombic dolomite with a diameter of ∼5 μm from sabkha in Abu Dhabi, and Perri et al. (2018) described rhombic dolomite with a diameter of 1–20 μm from sabkha in Qatar. They are smaller in diameter and different in shape if compared to the microdolomite of this study. This suggests that they have different origins, which will be confirmed by applying approaches similar to those of this study to future investigations.
5 CONCLUSION
In order to understand the formation process of microdolomite grains found within gas hydrate at an active gas chimney site, this study investigated their internal structures using polarizing microscopy, TEM, and STXM. The results reveal that dark and cloudy cores, and polygonal and isopachous external cements which are intrinsically different. The dark cores reflect heterogeneous nucleation on microbial EPS inside the hydrate microhabitats (Figure 4A). On the other hand, the cloudy core and isopachous external cement reflects homogeneous nucleation in relatively shallow depth where hydrate grew rapidly and dolomite nanocrystals accumulated on the surface of spherical oil films (Figure 4B). The polygonal external cement would reflect slow crystal growth in the deeper part, where the hydrate formation was less active. Thus, this study further strengthens the view that microdolomite is the product of interactions between methane, oil, and possibly microorganisms that have migrated upward through the sediments. Saline seep environments, such as submarine gas chimneys which host massive methane hydrate, provide the necessary conditions for the development of microdolomite grains similar to those we have observed and it is likely that similar grains exist in both presently active seep environments and are also preserved in fossil seep sites. This study revealed the characteristics of only two core-cement combinations, and while it is necessary to continue research into other types, hopefully our approach will provide a template for future investigation.
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Dissolved organic carbon (DOC) and volatile fatty acids (VFAs) play key roles in the carbon cycling of marine sediment. Both microbially or thermally activated cracking of organic matter often produces high quantities of DOC and VFAs. To uncover the distribution pattern of DOC and VFAs in sediments under both impacts, a submarine mud volcano (SMV), was chosen to denote a model system that could witness how microbial activities react under the mixing of seawater and deeply-sourced fluids in a subsurface environment. We examined the concentration profiles of DOC and several VFAs (lactate, formate, acetate, propionate, and butyrate) in pore water, covering both sulfate reduction and methanogenesis zones, and further numerically modeled six porewater species (DOC, bromide, calcium, magnesium, ammonium, and total alkalinity) to quantify their fluxes from depth as well as the rates of in-situ microbial processes. Apparently, bulk DOC concentrations fluctuated with depths, probably primarily controlled by in situ microbial processes. Lactate was detectable in some samples, while propionate and butyrate were under detection limit. Acetate and formate concentrations were consistently and uniformly low throughout all biogeochemical zones, with a slightly increasing trend with depth at the center of the SMV, suggesting active utilization and turnover by the terminal steps of organic matter mineralization. The numerical modeling suggests that most DOC patterns were primarily influenced by in-situ organic matter degradation, while the impact of upward migrating fluid become more significant at center sites. The calculation of the Gibbs energy of metabolic redox reactions reveals that acetoclastic sulfate reduction yields the highest energy throughout sediment columns and may co-exist with methanogenesis below sulfate reduction zone. In contrast, acetoclastic methanogenesis yields higher energy within sulfate reduction zone than below that region, suggesting it is thermodynamically feasible to co-occur with sulfate reduction in dynamic SMV environments.
Keywords: dissolved organic carbon, volatile fatty acids, submarine mud volcano, deep fluid, numerical modeling, gibbs free energy
1 INTRODUCTION
Organic matter stored in marine sediments has been estimated to be up to 7.8 [image: image] 107 Gt C (Mackenzie et al., 2004), constituting the most important organic reservoir involved in the global carbon cycle (Hedges and Keil, 1995). Despite its sources from terrestrial detritus and marine primary producers, the burial of organic matter beneath the seafloor proceeds with a series of remineralization pathways accompanied by the production and consumption of dissolved organic carbon (DOC) (Arnosti, 2011; Fenchel et al., 2012; Komada et al., 2013). The estimated global budget of marine benthic DOC fluxes is comparable to global riverine DOC (Burdige et al., 1999), and this benthic export of DOC into the deep ocean would exert profound effects on the marine DOC budget, nutrient cycling and even the structure of food web (Pohlman et al., 2010; Haas et al., 2011; Eickenbusch et al., 2019).
The proximity to terrestrial and nutrient sources renders continental margins the locus of organic matter remineralization. Previous estimates suggest that about 60%–80% of total organic carbon (TOC) pool, including DOC and particulate organic carbon (POC), is converted to dissolved inorganic carbon (DIC) and high molecular-weight organic complex through microbial respiration and fermentation (Kandasamy and Nagender Nath, 2016). Such degradation processes cascade to the stepwise production of low-molecular-weight DOC (such as amino acids and monosaccharides) and further downstream short-chain organic acids and alcohols (such as volatile fatty acids (VFAs) and methanol) (Heuer et al., 2010; Komada et al., 2013; Burdige et al., 2016; Komada et al., 2016; Zhang et al., 2019). These energetic intermediate products are ideal electron donors for different terminal electron-accepting processes. Based on the concentration profiles and incubation experiments, acetate has been identified to serve as an important substrate for manganese and iron reduction (Burdige, 1993; Chuang et al., 2021), sulfate reduction (Glombitza et al., 2015), methanogenesis (Wellsbury et al., 1997; Parkes et al., 2007; Heuer et al., 2009; Ijiri et al., 2018), or denitrification (Thauer et al., 1989; Amend and Shock, 2001; Yoon et al., 2013) in shallow marine sediments. Furthermore, a fraction of VFAs (particularly acetate) could be directly assimilated into biomass (Morono et al., 2011; Na et al., 2015), contributing to the pool of particulate organic carbon. The rapid turnover often enables the limited accumulation of these intermediate, energetic substrates in most marine sediments (e.g., micromolar range of acetate in marine porewater; Finke et al., 2007; Sørensen et al., 1981; Valdemarsen and Kristensen, 2010). Therefore, although observations regarding the variation in the concentration of these molecules bear great implications for subseafloor microbial processes, their distribution pattern remains rarely explored.
In addition to the input from the water column, thermally or microbially activated cracking of organic matter in subseafloor also leads the production of high quantities of DOC from strata with relatively low TOC content (<1 wt%; e.g., Parkes et al., 2007). Typical examples include submarine mud volcanoes (SMVs) and seeps, which represent the seafloor expression of conduits tapping deep fluid reservoirs (Egeberg and Barth, 1998; Nuzzo et al., 2008; Hung et al., 2016; Eickenbusch et al., 2019). Few studies have demonstrated that the concentrations of specific DOC compounds could range up to millimolar ranges (e.g., Egeberg and Barth, 1998; Nuzzo et al., 2008; Pohlman et al., 2010; Heuer et al., 2020). Although such high concentrations are confined in a narrow depth range, the strong contrast from background seawater concentrations (few μM or less) could have sustained a high flux exported to the overlying seawater. Recent studies indicated that DOC benthic fluxes from sediments near cold seeps and mud volcanoes in offshore southwestern Taiwan (28–1,264 μmol m−2 d−1) are several times higher than most DOC fluxes in coastal and continental margin sediments (Hung et al., 2016). If the estimates based on observations of near a few mud volcanoes are valid across the basin, the contribution of DOC from mud volcanoes and seeps would constitute a significant proportion of marine DOC pool and affect the biogeochemical network and ecosystem in benthic environments. As the DOC pool represents a mixture of various individual compounds, it remains unclear whether the fluxes of specific substrates are comparable with the bulk DOC pattern.
This study aims to better understand the distribution pattern of DOC and VFAs for sediments in a submarine mud volcano, TY1, offshore southwestern Taiwan. The TY1 mud volcano exports fluids and gases originating from a source depth estimated to be 4–6 km below the seafloor (kmbsf) to the seawater column (Chen et al., 2020); thus, it provides ideal materials to address how DOC associated with deep fluids is cycled through various microbial processes at shallow depths. To this aim, bulk DOC and various VFAs (acetate, formate, propionate, butyrate, and lactate) were specifically targeted and discussed together with other aqueous and gas geochemistry data obtained in a previous study (Chen et al., 2020). These results were further integrated into a reactive transport modeling to quantify how microbially dissimilative and assimilative metabolisms affect the patterns of bulk DOC.
2 MATERIALS AND METHODS
2.1 Geological settings and sampling sites
Offshore southwestern Taiwan is at the frontal area of the accretionary wedge generated during the subduction–collision between the Luzon Arc and the Eurasian passive continental margin (e.g., Teng, 1990). The boundary separating the passive from active margins is defined by the deformation front, a northward extension of the Manila trench. The active margin is further divided by the out-of-sequence thrust into the Upper and Lower Slope domains (e.g., Lin et al., 2009; Lin et al., 2014). Through the seismic reflection profiles and remotely operated vehicle (ROV) survey, a total of 13 submarine mud volcanoes (SMVs) have been identified in the Upper Slope domain of offshore southwestern Taiwan (Figure 1A; Chen et al., 2014a; Chen et al., 2014b). Two mud volcanoes fed by one mud diapir constitute the Tsangyao Mud Volcano Group (TYMV; re-named after MV12; Chen et al., 2017), the largest SMV offshore southwestern Taiwan. One of the mud volcanoes, TY1, has a conical structure and a wide flat top with a diameter of ∼500 m at a water depth of ∼370 m (Figures 1B, C; Chen et al., 2014a). Two major gas plumes, one at the west and the other at the south, were detected on the crest by a multibeam echo sounder. These gas plumes reached 367 m above the seafloor (Chen et al., 2014b). TY2 is not as active as TY1; although mud diapiric structure was found under its conical bathymetry in the seismic profile, no venting was detected (Wu, 2016). A previous study shows that three major lithologic units (mud breccia, moderate mud breccia, and massive units) were recovered in sediment cores collected from TY1 (Hiruta et al., 2017). 90% of the massive units is fine sand (63–212 μm), while moderate mud breccia, and mud breccia units are dominated by clay and silt. Chen et al. (2020) has shown that the deep fluid sourced from smectite dehydration has intruded in TY1, and these fluids mix with seawater percolating downward from the seabed, generating great salinity and other geochemical gradients in shallow sediments. The effect of fluid advection is swapped with the diffusive transport as the distance from the center increased (upward fluid velocity is also shown in Figure 2). The expedition on TY1 was conducted in offshore southwestern Taiwan by R/V Ocean Researcher I (Leg 1,118). Piston cores with lengths ranging from 260 to 450 cm were recovered along a transect from the center to the margin of the TY1 cone structure (Figure 1C). Sampling sites are listed in Table 1 and shown in Figures 1B, C.
[image: Figure 1]FIGURE 1 | Coring sites and the tectonic structures in onshore and offshore south Taiwan. (A) Submarine mud volcanoes are distributed in the upper slope domain, active margin. The light blue line near the shelf edge is out of sequence thrust (OOST), while the dark blue line denotes the Chuchau fault (CF). The green line represents the Chaochou fault (CcF) and the Hengchun fault (HF). The tectonic structures are cited by Lin et al. (2009); Lin et al. (2014). The right boundary of the upper slope is defined by Lin et al. (2009). (B, C) “modified from Chen et al. (2020)” are views of coring sites on TY1 from above and cross-section, respectively. The map was created by the open-source GMT software (Wessel and Smith, 1998), using the NOAA public database (Amante and Eakins, 2009).
[image: Figure 2]FIGURE 2 | Geochemical profiles of western and southern center, lower flank, and margin sites at the submarine mud volcano, TY1. Shaded areas denote SMTZ. Measured data are shown by squares, while the solid and dashed lines represent the best fit between the model simulated profiles and measured data (after Chen et al., 2020). The data on methane, sulfate, chloride, Alk, calcium, and magnesium were cited from Chen et al. (2020).
TABLE 1 | Information on sites cored at a submarine mud volcano, TY1, during cruise OR1-1118.
[image: Table 1]2.2 Sampling and analytical methods
Pore fluid samples for aqueous geochemistry were obtained through centrifugation and subsequently collected through filtration using polypropylene rubber-free syringes and disposable 0.2-µm Supor membranes. At least 10 mL of the filtrate was split into five fractions first for the analyses of anion, cation, total alkalinity (Alk), water isotopes, and DOC as well as VFAs. Samples for DOC and VFA analyses were kept in pre-combusted 2-mL glass vials with Teflon-coated screw caps and stored at −20oC until analyses. Prior to sample collection, all glass vials were soaked in 10% HNO3 for 3 days, rinsed with Milli-Q water, and then combusted at 550oC for 4 h. For cation samples, concentrated nitric acid (70%) was added at a volume ratio of 1:45 to preserve the valence state for elements sensitive to redox change. The data of some major ions, Alk, and water isotopes have been published by Chen et al. (2020).
The ex-situ pH was measured immediately on board while analyzing Alk (Supplementary Figure S1; Chen et al., 2020). Total dissolved manganese and iron concentrations were analyzed by an inductively coupled plasma optical emission spectrometry (ICP-OES). Bromide and ammonium were measured by an ion chromatography (IC, 882 Compact IC Plus; Chen et al., 2020; Hu et al., 2017). The concentrations of DOC were determined by the Shimadzu-TOC-L carbon analyzer (Shimadzu Corp., Kyoto, Japan) equipped with a non-dispersive infrared detector and an auto-sampler. Samples were manually diluted by 10 to 30 folds, acidified with HCl, and purged using a helium stream prior to the injection into the analyzer. Five standards (5, 10, 15, 20, and 30 μM) were prepared from the Consensus Reference Material, CRM (purchased from Hansell Lab, Miami, United States), with an uncertainty smaller than 5%. The analyses of VFAs were determined by an Agilent HPLC system, model 1,260 Infinity LC (Agilent Technologies, Santa Clara, CA, United States), equipped with a diode array detector (DAD). An ion exchange column (Agilent Hi-Plex H, 8 μm, 300 × 7.7 mm) coupled to a guard column (PL Hi-Plex H, 50 × 7.7 mm) was used to separate VFAs (targets including lactate, formate, acetate, propionate, and butyrate) at a flow rate of 0.6 mL min−1 of eluent 4.0 mM H2SO4 with a column temperature maintained at 65°C. Five standards (1, 5, 10, 25, and 50 μM) were prepared from 10 mM stocks of individual target compounds at a purity of ≥98%. Standard solutions (5 and 10 μM) were injected after every five analyses in order to monitor the drift of the retention time and signal intensity. The limit of detection (LOD) is calculated as LOD = 3.3σ/S (Borman and Elder, 2017). The σ is the standard deviation of the response derived from the calibration curve, and S is estimated from the slope of the calibration curve for the analyte. The LOD of each VFA was lower than 1.5 μM.
2.3 Numerical modeling
2.3.1 Modeling construction
To further quantify the impacts of deep fluids and heterotrophic processes on geochemical characteristics, a one-dimension reactive transport modeling, described in detail by Chen et al. (2020) and organic matter degradation simulations (Wallmann et al., 2006), was applied to generates the porewater concentration-depth profiles of Alk, calcium, magnesium, bromide, ammonium, and DOC. The simulation of VFAs is not included because VFAs are involved in many reactions but lack constraints. Since hydrogen sulfide was not measured, and thus, the modeling result of dissolved inorganic carbon (DIC = CO2 + HCO3− + CO32−) was assumed to be Alk. The model including transportation (molecular diffusion and fluid advection), bubble irrigation, and microbial reaction terms is as follows:
[image: image]
where [image: image] is the concentration of dissolved species ([image: image]) in porewater, [image: image] is porosity, [image: image] (m yr-1) is upward fluid velocity, t (yr-1) is time, [image: image] (m) is depth, [image: image] (m2 yr-1) is the diffusion coefficient at in situ temperatures (10.5oC; Boudreau, 1997; Wallmann et al., 2006), [image: image]) is the tortuosity used to correct the diffusion coefficients in porous media (Boudreau, 1997), [image: image] is the term for bubble irrigation (Chuang et al., 2013), and [image: image] defines the sum of reactions occurring in the simulated sediment column. Upward fluid velocities ([image: image] with [image: image]) and bubble irrigation parameters ([image: image], where [image: image] (mM) is the concentration of target solutes in the bottom water, [image: image] (m) is the depth of the bubble irrigation layer, [image: image] (yr-1) is the intensity of bubble irrigation, and [image: image] (m) is the parameter controlling how expeditiously this irrigation is weakened near the bottom of the irrigation zone) were obtained by fitting the model results to the observed chloride concentration profiles, which is considered to behave conservatively at the depth of sampling (Figure 2; Chen et al., 2020). [image: image] is a reaction term for porewater species i. Details are explained in next section.
2.3.2 Reactions
The mineralization reactions proceed with the POC degradation for the production of DOC through the following simple pathway:
[image: image]
where DOC plays as an intermediate product. Without constraints of carbon isotopes (e.g., Komada et al., 2013; Burdige et al., 2016), the kinetic rate law for DOC production (or POC degradation) depending on the concentration of dissolved metabolites is simplified and considered here (Wallmann et al., 2006):
[image: image]
where [image: image] is the rate of DOC production, which equals to POC degradation; [image: image] represents the kinetic constant of organic matter degradation (assumed to be 10–6 yr−1; Hong et al., 2017; Middelburg, 1989; Vanneste et al., 2011); [image: image] denotes a Monod kinetic constant; [image: image] is a parameter that converts carbon concentrations in unit of wt% C to mM (Burdige et al., 2016); Corg is the total organic carbon (TOC) content and assumed to be 0.45 wt%, considering that TOC varied between 0.3 and 0.5 wt% (Chen et al., 2020). Unlike regular marine sediments modeled by Wallmann et al. (2006), we assume the POC, originating from deep sediment columns, is relatively refractory in mud volcanoes; thus, [image: image] is set to be a constant instead of an age-dependent one.
POC degradation coexists with the release of bromide and ammonium and fuels downstream organoclastic sulfate reduction (OSR) as well as methanogenesis (ME) (see Table 2 for acronyms about all reactions). The reactions involved in the POC degradation (OSR and ME), anaerobic oxidation of methane (AOM), and carbonate precipitation (CP) are listed below:
TABLE 2 | List of acronyms about reactions mentioned in the text.
[image: Table 2]OSR:
[image: image]
ME:
[image: image]
AOM:
[image: image]
CP:
[image: image]
where [image: image] is the TOC/TN ratio in TY1 sediment (average = 5.58; Su et al., 2018); [image: image] represents the Br/POC ratio in sediment offshore southwestern Taiwan (7.6 mg-Br/g-TOC; Kandasamy and Nagender Nath, 2018). More details of other rate laws and parameters can be found in Supplementary Material S1.
2.3.3 Numerical modeling scenarios
In order to observe the variation of in-situ processes and deep fluids (advection) under different modeling settings, three cases were considered. In case 1, all reactions were involved, but only diffusion was considered (without advection term). In case 2, diffusion and advection terms were considered (without reaction terms). In case 3, all reactions and transportation terms were considered. The influence of advection could be shown by comparing case 1 and case 3, while the impact of reactions could be revealed by comparing case 2 and case 3. Only cases 1 and 3 were considered at site F6-3 because there was no significant upward fluid flow (Chen et al., 2020). As there was no apparent geochemical variation at site C-2, no simulation was conducted.
2.4 Gibbs energy calculations
The Gibbs energy (ΔG) of the chemical reaction, governed by the concentration of reactants and products and the temperature and pressure, represents the energy obtained by microorganisms through a specific catabolic pathway. The Gibbs free energy for a suite of metabolic reactions involving acetate, formate, methane, and sulfate (Eqs 9–13) was calculated by using Eq. 8 considering that acetate and formate were focused as the representative electron donors because they are present throughout the sediment column and are two of the most common microbial fermentation products.
[image: image]
where [image: image] (0.008314 kJ mol−1 K−1) is the universal gas constant, [image: image] (in K) is the temperature, [image: image] denotes the activities of the reaction participants (reactants and products), and [image: image] is the stoichiometric coefficient of the ith reactant or product. Gibbs energy of hydrogentrophic and acetoclastic methanogenesis (Eqs 9, 10), sulfate reduction (Eqs 11, 12), and acetogenic CO2 reduction (Eq. 13) were calculated:
Hydrogenotrophic methanogenesis (H2-ME):
[image: image]
Acetoclastic methanogenesis (Ac-ME):
[image: image]
Acetoclastic sulfate reduction (Ac-SR):
[image: image]
formate mediated sulfate reduction (formate-SR):
[image: image]
Acetogenic CO2 reduction (Ac-CR):
[image: image]
The activities were computed by multiplying measured concentrations of the species by their activity coefficients. Activity coefficients were calculated from an extended version of the Debye-Hückel Extended equation at an ionic strength of 0.3–0.7 (Helgeson, 1969) and with chloride-derived salinity of 13–35 psu. Temperatures in sediments were calculated based on in situ bottom water temperature (10.5oC) and a temperature gradient of 0.39oC/m at TY1 (Wu, 2016). The ex-situ measured pH values ranged from 7.7 to 8.9 (Supplementary Figure S1). The density of porewater and the concentration of hydrogen were assumed to be 1.03 g/cm3 and 2 nM, respectively. The numerical modeling results of methane concentrations were used for methanogenesis (Eqs 9, 10; Chen et al., 2020). As hydrogen sulfide was not measured, its concentration was assumed to be 1 nM and 1 mM in our calculations.
3 RESULTS
3.1 Variation of solutes profiles across TY1 submarine mud volcano
Profiles of solute concentrations for the four sampling sites are shown in Figure 2. Bromide concentrations ranged from 0.2 to 0.8 mM and decreased with depth below SMTZ at center sites (A2-2 and 24-2), while they stayed constant at lower flank (F6-3) and margin (C-2) sites. Ammonium concentrations varied between 30 and 600 μM. Unlike the trend of bromide, ammonium concentrations increased with depths at sites A2-2 and 24-2. At sites F6-3 and C-2, ammonium concentrations were typically lower than 100 μM throughout the core except for values at 72 and 256 cmbsf. Manganese ion concentrations were lower than 10 μM and decreased with depth at all sites, while the total dissolved iron concentrations were almost below the detection limit and are not shown in the profiles.
DOC concentration ranged from 100 to 1,200 μM. At center sites (A2-2 and 24-2) with the mean value around 400 μM, and generally increased with depth, with some spiked values deviating from the increasing trend. In contrast, the lower flank (F6-3) and margin (C-2) sites were characterized by high concentrations at shallow depths and low concentrations at deeper depths. At the lower flank site (F6-3), the DOC concentration increased at above 130 cmbsf (up to 1,000 μM) and decreased to around 250 μM at the core bottom; at site C-2, the DOC concentration was almost constant (around 200 μM). Of all analyzed VFAs, formate and acetate appear to be the most abundant, with the ratios of acetate to DOC ranging from 2% to 8%, from 4% to 8%, from 2% to 4%, and from 4% to 17% at sites A2-2, 24-2, F6-3, and C-2, respectively (Figure 2; Supplementary Table S1). At center sites (A2-2 and 24-2), formate concentrations ranged from 3 to 30 μM and were higher than 13 μM at above 100 cmbsf and lower than 10 μM below that depth. However, formate concentrations were nearly constant (below 6 μM) at the lower flank and margin sites (F6-3 and C-2). Acetate concentrations were generally higher than formate and lactate and ranged from 3 to 55 μM. At site A2-2, acetate concentrations increased with depth. No noticeable trend except for two peaks at 100 and 250 cmbsf was observed at site 24-2. At site F6-3, acetate concentrations varied between 10 and 20 μM, with a peak value of 40 μM observed at 220 cmbsf. At site C-2, acetate concentrations were around 20 μM and increased to 30 μM at 130 to 200 cmbsf. Propionate and butyrate were below the detection limit for all samples, whereas lactate up to 10 μM was sporadically detected for a few samples (Supplementary Table S1).
3.2 Numerical modeling
The numerical modeling results of three cases are shown in Figure 3. For bromide, case 1 (without advection) could not fit well with measured data, while case 2 (without reactions) and case 3 (transport and all reactions) could match. For ammonium at center sites, modeling results in all cases followed the trend of measured data, while the results of case 3 fit the best. For DOC at center sites, modeling results in all cases were lower than measured data above SMTZ at site A2-2 while they followed the trend of measured data at site 24-2. Below SMTZ, case 1 was much higher than measured data, while case 2 could fit well at site 24–2 but not site A2-2. Compared to case 1, both case 2 and case 3 were closer to measured data at center sites. For ammonium and DOC at site F6-3, all modeling results were lower than the data above SMTZ. For calcium, neither case 1 nor case 2 could fit measured data; although case 3 was closer to measured data than the other two cases, part of the data above 2.86 mbsf could not be fitted well. For magnesium, only case 1 could not match measured data. For Alk, the result of case 1 was much lower than measured data. Although results of case 2 could fit profiles of bottom and above SMTZ at center sites, the results were still lower than measured data at SMTZ. Only case 3 could fit the Alk profile better. To sum, by considering all reactions and transportations (case 3), the modeling results matched the observations for most ions and molecules.
[image: Figure 3]FIGURE 3 | The modeling results under different scenarios of western and southern center as well as lower flank sites at the submarine mud volcano, TY1. The scenarios include 1) without advection (case 1, gray dashed lines), 2) without reactions (case 2, gray dotted lines), and 3) best fit (case 3, solid lines) of DOC, bromide, ammonium, calcium, magnesium, and Alk. At lower flank site (F6-3), because upward fluid velocity is 0 cm yr−1 (Chen et al., 2020), there are only case 1 and case 3. Closed circles are measured values, and shaded area denoted the SMTZ at each site.
3.3 Gibbs energies of formate and acetate in sulfate reduction, methanogenesis, and acetogenesis
Gibbs free energies calculated for five microbial processes—H2-ME, Ac-ME, Ac-SR, formate-SR, and Ac-CR are shown in Figure 4. The energy yields of Ac-SR remained at constant above SMTZ at all sites but decreased below SMTZ. The highest yields (most negative ΔG values) of Ac-SR were obtained for samples above SMTZ (1.66–2.86 mbsf) with ΔG values around −50 and −90 kJ (mol acetate)−1 under 1 mM and 1 nM of hydrogen sulfide, respectively. The lowest energy yields (less negative ΔG values) were found at below SMTZ and around −38 kJ and −70 kJ (mol acetate)−1 under 1 mM and 1 nM of hydrogen sulfide, respectively. Similar to the energy yields trend of Ac-SR, the energy yields of formate oxidized sulfate reduction (formate-SR) were in the range of −15 and −30 kJ (mol formate)−1 and were higher above SMTZ and slightly decreased as sulfate decreased.
[image: Figure 4]FIGURE 4 | Gibbs free energies calculated for hydrogentrophic methanogenesis (H2-ME; opened circles), acetoclastic methanogenesis (Ac-ME; opened triangles), acetoclastic sulfate reduction (Ac-SR; solid and dashed dark gray line), formate oxidized sulfate reduction (formate-SR; solid and dashed light gray line), and acetogenesis (Ac-CR; black filled triangles). Shaded areas denote SMTZ.
The ΔG values of Ac-ME were around −5 to −50 kJ (mol CH4)−1 above the bottom SMTZ and increased rapidly to even positive values (around +3 (mol CH4)−1) below the SMTZ at all sites. Like Ac-ME, the ΔG values of H2-ME were around −10 to −12 kJ (mol CH4)−1 above the SMTZ and increased to −1.0 kJ (mol CH4)−1 below the SMTZ at all sites. Below SMTZ, energy yields of methanogenesis decreased with depth due to higher DIC and methane concentrations beneath sulfate reduction zone. By contrast, the energy yields of Ac-CR were constantly low and around −10 kJ to −15 kJ (mol acetate)−1. Its energy yield was similar to H2-ME above SMTZ and higher than all methanogenesis below SMTZ.
4 DISCUSSION
4.1 Impact of external fluid input and microbial degradation on DOC and VFAs patterns
The mud volcano represents the seafloor expression for fracture-channeled fluid flow from subseafloor and impacts the near seafloor sedimentary biogeochemistry. Chen et al. (2020) observed that chloride-depleted deep fluids rich in thermogenic methane originating from a depth of 3–5 kmbsf migrated upward at the crater center of the TY1 mud volcano. Furthermore, based on the evidence that water is more 18O-enriched and 2H- at western center site (A2-2), stronger deep fluid influence at western center site was inferred as compared to southern center site (24-2; Figure 2).
The fluctuations of the DOC and VFAs concentrations in the sediment porewater are generally influenced by the degrees of POC degradation and external fluid input. In this study, Pearson’s correlation is used to address these two factors based on the fact that chloride serves as a conservative tracer to track fluid transport whereas bromide and ammonium are indirectly linked to POC degradation (Table 3). Similar to chloride, bromide concentrations at depths shallower than SMTZ at site A2-2 were invariant. At and below SMTZ (2.3 mbsf), bromide was positively correlated with chloride at center sites (r is around +1.0). Although bromide has been considered to be released with the degradation of organic matter (e.g., Wallmann et al., 2006), the highly positive correlation with chloride suggests that bromide distribution is mainly controlled by a mixture of seawater and bromide-depleted deep fluid. In contrast, for sites F6-3 and C-2 distributed on the lower flank and margin of the TY1, respectively, bromide concentrations were invariant with depths, suggesting a limited impact of advective transport or biological activities. Same as bromide, ammonium and bicarbonate are also considered to be derived from the POC degradation, their concentration profiles suggest the in-situ POC degradation and the net accumulation of the reaction products (Figure 2), a pattern typically observed for marine sediments. However, over our studied regions, concentrations of ammonium and Alk generally increased with depth and were negatively correlated with chloride at different degrees, suggesting patterns are potentially influenced by deep fluids.
TABLE 3 | Correlation with chloride, acetate, and DOC.
[image: Table 3]The correlation between chloride and DOC/VFAs also varied site by site while the DOC concentrations were positively correlated with the ammonium concentrations at most depth intervals and sites (r > 0.5; except for below SMTZ at site A2-2; Table 3), implying the potential influence of in-situ processes. Besides, the patterns of DOC and VFAs indeed varied considerably from site to site. At center sites (A2-2 and 24-2), DOC concentrations generally increased with depth with some spiked values deviating from the increasing trend. For comparison, the lower flank and margin sites (F6-3 and C-2) were generally characterized by high DOC concentrations at shallow depths and low concentrations at depth, suggesting DOC sourced from deep fluids is not significant.
Of all investigated VFAs, acetate and formate appear to be more abundant and prevalent in all cores. Although their concentrations ranged up to around 60 μM, they either fluctuated greatly or remained at a low level along depth. Acetate concentrations were positively correlated with ammonium and DOC at center sites while they were high in the low chloride zone (i.e., negatively correlated with chloride) below SMTZ at site A2-2, suggesting acetate sourced from deep fluid (probably from thermal degradation) and produced via microbial processes at subsurface at site A2-2 where the strongest advective flow was observed. No significant correlation between acetate and ammonium or DOC was observed for the lower flank sites (|r| < 0.2). Formate was correlated better with DOC than acetate. All these lines of evidence suggest that acetate and formate metabolisms were linked with organic degradation, and that formate is perhaps more labile than acetate and rapidly turned over between different metabolisms. Acetate and formate are both competitive substrates for terminal electron-accepting processes (e.g., Hoehler et al., 1998). Culture tests have shown that metal reduction, sulfate reduction, and methanogenesis compete for these two potential substrates and hydrogen gas for metabolic energy (e.g., Oremland and Polcin, 1982). Because they are primarily produced from the fermentation of complex organic matter, their abundances in natural environments are regulated at a certain low level to fulfill the efficient energy transfer between producing and consuming metabolisms (Orcutt et al., 2013; Glombitza et al., 2015; Beulig et al., 2018). Exceptions occur particularly for petroleum or natural gas reservoirs where acetate and formate are produced by thermo-cracking, adding to those produced from biodegradation could amount up to a scale of mM (Egeberg and Barth, 1998). The scenario is complicated by the fact that acetate could be also produced by acetogenesis from hydrogen and a fraction of these two VFAs could be assimilated into cell biomass through acetyl-CoA or formate dehydrogenase (Jansen et al., 1984; Teece et al., 1999). The complex reaction network and the contribution of individual pathways or community members in SMV environments remain largely unraveled. Collectively, our correlation coefficients suggest that the VFAs and DOC in the porewater of our study sites were mostly related to the in-situ POC degradation and cycling, but their increase could be also contributed by the chloride-depleted deep fluid, which may carry thermal degradation VFAs and DOC, at the sites centered around TY1 mud volcano.
4.2 Numerical modeling evaluation
4.2.1 Quantifying microbial POC degradation rates and deep fluid inputs
The numerical modeling is constructed to quantify the effect of in-situ POC degradation and deep fluids on the pattern of bulk DOC. Our modeling results show that the model of case 3 can fit the measured data better than that of the other two cases (Figure 3). Further integration of rate over depth demonstrated that the whole depth-integrated rates of DOC accumulation were 17–47.6 mmol C m−2 yr−1 at center sites. This range is ten times higher than DOC flux from depth (4–5 mmol C m−2 yr−1), suggesting that in-situ microbial processes dominated over fluid transport in DOC cycling and that the in-situ POC degradation is vital to supply DOC for terminal electron accepting processes. However, the DOC flux of deep fluids become relatively significant with depth. Its influence can be revealed by comparing the model results for the above and below the SMTZ (Table 4). The DOC accumulation rate below SMTZ (deducting the total DOC consumption of OSR and ME) is close to 10 mmol C m−2 yr−1 while DOC flux from depth is around 4 mmol C m−2 yr−1 at site A2-2, and those two are almost the same below SMTZ at site 24-2 (around 4.8 mmol C m−2 yr−1), suggesting impact of deep fluids could not be ignored, especially below SMTZ. Additionally, the case 2 modeling derived profiles (without reactions) at center sites fit better to the DOC measured data when compared to case 1 (without advection; Figure 3), suggesting deep fluids that may carry thermally degraded DOC potentially controls the profiles. Although depth-integrated rates suggest lower impact of in-situ POC degradation at site F6-3 (Table 4), all of our modeling results could not fit DOC profile well at site F6-3 and, therefore, underestimate the influence from in-situ processes (Figure 2). Similar to DOC, the patterns of ammonium are mainly controlled by in-situ processes, but the influence of deep fluids are obvious at center sites (Table 4). The ammonium production rate above SMTZ is higher than flux from depth, while its production below SMTZ is lower than deep flux, suggesting that deep fluids primarily control the ammonium patterns below SMTZ.
TABLE 4 | Microbial activity and DOC flux derived from reactive transport simulations. Depth-integrated consumption and production rates of DOC, bromide, and ammonium. The unit of rates and fluxes is mmol C m−2 yr−1, but for rates and fluxes associated with ammonium and bromide, the units are mmol N m−2 yr−1 and mmol Br m−2 yr−1, respectively.
[image: Table 4]The small discrepancies between the modeled and measured DOC profiles could be further exploited to discuss the quality of organic matter in the sediment and the porewater at site F6-3. Because of low POC content (0.5 wt%; Su et al., 2018), a kinetic constant of POC degradation was assumed to be resemble that for recalcitrant POC (10–6 yr−1; Middelburg, 1989), making it difficult to fit the real data above SMTZ well. In addition, profiles of modeled major ions are partly controlled by bubble irrigation above SMTZ (Chuang et al., 2013; see modeling construction in Supplementary Material S1), which may enhance the seawater dilution process. And thus, the deviation of the modeled DOC above SMTZ likely suggests a more labile POC/DOC pool with higher reactivity than we expected.
DOC/NH4+ ratios could provide additional insights of POC and DOC degradation. According to rate laws of POC degradation and ammonium production in Wallmann et al. (2006), the degradative products exempted from further exploitation postdating formation would share DOC/NH4+ ratios similar to the source characteristics ([image: image]). If DOC/NH4+ ratios are lower than [image: image] and without influence of deep fluids, then microbial consumption of DOC could be more obvious by considering abiotic or microbial ammonium consumption (Schrum et al., 2009; Alshameri et al., 2018). To examine additional DOC degradation, measured DOC/NH4+ ratios and those derived from modeling results based on three cases and [image: image] ratio are plotted for comparison (Figure 5). At the margin site C-2 (no external deep fluid input), the porewater DOC/NH4+ ratios were lower than the [image: image] ratio (value of 5.58), suggesting DOC consumption. Although the decline profile of manganese (by dropping only 3 μM) could indicate POC degradation at site C-2, the contribution of manganese reduction to POC degradation should be low for the invariant sulfate profile (Figure 2). Unlike site C-2, measured DOC/NH4+ ratios at site F6-3 (fluid velocity = 0 cm yr−1) are higher than the [image: image] ratios and the DOC/NH4+ ratios derived from modeling results of case 3 (Figure 5), suggesting higher DOC accumulation or higher ammonium adsorption. The latter mechanism could be likely discarded considering that the modeling ratios are still insufficient to match the observed ones even assuming a much higher percentage of ammonium removal (20%) by adsorption than used in previous studies (e.g., Boatman and Murray, 1982; Wallmann et al., 2006). The DOC/NH4+ ratios derived from modeling at site 24-2 above the bottom of SMTZ also exceeded the observed ratios. Such a difference suggests an additional DOC degradation which was not considered in our modeling. However, DOC/NH4+ ratio may not be used alone to further infer additional POC/DOC degradation in areas where the influence of deep fluids is relatively pronounced and accounts for the production of both species. For example, the ratios of measured data and modeling results are similar at site A2-2 and the zone below SMTZ of site 24-2 where influence of deep fluid is significant (Figure 5; Table 4).
[image: Figure 5]FIGURE 5 | Profiles of DOC/NH4+ ratios for all sites. In general, this ratio is relatively high above the SMTZ and decreases below the SMTZ. DOC/NH4+ ratios derived from modeling results of case 3 (curved lines) are also plotted for comparison. Profiles are relatively invariant at site C-2 (Figure 2), indicating low microbial rates and potentially sharing DOC/NH4+ ratios similar to the source characteristics, and thus, [image: image] ratio in our study area is plotted for comparison (black solid line; Su et al., 2018). Shaded areas denote SMTZ.
Bromide production could be attributed to POC degradation (Borowski, 2004; Wallmann et al., 2006; Wei et al., 2008); however, comparisons between cases 2 and 3 suggest that bromide is mainly controlled by advection (Figure 3). Although the molar Br/C ratio used in our model (Br/TOC=7.6 [image: image] 10–3; Kandasamy et al., 2018) is not only the highest value in offshore southwestern Taiwan but also higher than the organic-rich area (Br/TOC=2–7 [image: image] 10–3; Sea of Okhotsk; Wallmann et al., 2006), the depth-integrated bromide production rate (0.3–0.7 mmol m−2 yr−1) is still lower than the bromide flux from depth (2.7–4.3 mmol m−2 yr−1; Table 4), suggesting that bromide in porewater was primarily influenced by deep fluids, a pattern consistent with high correlations of bromide and chloride.
DIC could be either produced by POC degradation, AOM, or consumed by carbonate precipitation which is also influenced by the transport of divalent ions (Eqs 4–7). The modeling indicated that the deep DIC fluxes at center sites (ca. 350 C mmol m−2 yr−1; Supplementary Table S2) are higher than the consumption rate of calcium and magnesium due to carbonate precipitation (5.0–9.0 C mmol m−2 yr−1) and POC degradation (17–40 C mmol m−2 yr−1) regardless of AOM production (700–850 C mmol m−2 yr−1) at SMTZ (Supplementary Table S2; Chen et al., 2020). The results suggest the dominance of fluid processes, such as advection and diffusion, over others in controlling the profiles of Alk, calcium and magnesium. Overall, the degradation of POC to produce metabolites and the advection of deep fluids explain most of the observations.
4.2.2 Benthic DOC flux at TY1
The venting of SMV transport not only thermogenic methane but also DOC into the ocean (Hung et al., 2016; Brogi et al., 2019; Chen et al., 2020; Amaral et al., 2021). Our simulations shows that the benthic DOC flux is in the range of 0.04–3.33 mmol C m−2 yr−1 (Table 4), which is much lower than that in the previous study (57–90 mmol C m−2 yr−1; Hung et al., 2016). However, as we mentioned before, bubble irrigation is applied in our modeling construction, which could also act as a DOC sink because it dilutes sediment porewater DOC concentrations with low DOC seawater; namely, accumulated DOC has been transported to seawater through bubble irrigation. Under this scenario, the total accumulation of DOC in porewater transported to seawater is around 47.6 mmol C m−2 yr−1 (by deducting consumption of OSR and ME from DOC production; Table 4), which is close to the previous study.
4.3 Energy limitation
The depth-integrated total DOC production rate is in the range of 34–88 mmol m-2 yr-1 with approximate half of the flux attributed to the consumption mediated by OSR and ME. The simulation results indicate that OSR is dominated above SMTZ while ME is the major process consuming DOC below SMTZ at center sites (Table 4). Although OSR is limited below SMTZ, the simulation results still suggest that OSR may occur in this zone (Table 4). This interpretation could be supported by the calculation of Gibbs free energy at center sites (Figure 4), which shows the energy yields of Ac-SR (at 1 mM sulfide) are in the range of −35 to −40 kJ (mol acetate)−1 below SMTZ. The energetic requirement of sulfate reduction was suggested to be between −33.1 and −42.8 kJ mol−1 in the culture experiments with Desulfobacter hydrogenophilus (DSM3380) consuming acetate and sulfate (Jin and Bethke, 2009). By using incubation experiments with 35S-labeled sulfate, Glombitza et al. (2015) suggests that the minimum energy requirement of Ac-SR could be around −30 kJ (mol acetate)−1 (or (mol sulfate) −1). Based on assumptions of energy cost of ATP from ADP, Glombitza et al., 2019 suggest that −20 kJ (mol acetate)−1 should be sufficient for sulfate reduction. While the co-existence of sulfate reducers and methanogens below SMTZ has been found in several areas (Leloup et al., 2007; Treude et al., 2014; Orsi et al., 2016; Chuang et al., 2021), and sulfate reducers are present below SMTZ in a terrestrial mud volcano (Cheng et al., 2012), we infer that Ac-SR might proceed at the energetic limit in the sediment below SMTZ at center sites.
The simulation results also suggest that ME may occur above SMTZ (Table 4). ΔG of Ac-ME at above SMTZ is in the range of −35 to −50 kJ (mol CH4) −1. This range is higher than that of H2-ME and suggest that Ac-ME could co-exist with sulfate reduction. Co-occurrence of Ac-SR and Ac-ME has been observed at ODP site 1,226 (Wang et al., 2008). Their modeling derived reaction rates and thermodynamic calculations (ΔG) of Ac-SR and Ac-ME suggest that these processes can co-occur because both ΔG are exergonic throughout sediment core column and are close to the values in culturing experiments (Wang et al., 2008; Wang et al., 2010; Sela-Adler et al., 2017). Furthermore, Cheng et al. (2012) has shown the existence of Ac-ME above SMTZ from incubation results of mud volcano sediments. Although the potential energy limitation of H2-ME was found to be at an even lower energy yield of −10 kJ (mol CH4)−1 (Hoehler et al., 2001), which is similar to what we derived at above SMTZ (ΔG = −10 to −12 kJ (mol CH4) −1; Figure 4), H2-ME would be easily inhibited by sulfate-reducing bacteria because of competition for hydrogen (e.g., Abram and Nedwell, 1978), suggesting that H2-ME is less likely to occur at above SMTZ. Our thermodynamic calculations show Ac-ME below SMTZ is endergonic (ΔG > 0 kJ) while H2-ME is around −2 kJ (mol CH4) −1, which is more positive than the potential limit of ME. This could be because of high methane concentration below SMTZ (at center sites: 96 mM; at lower flank site: 40 mM; Chen et al., 2020), which could strongly shift the equilibrium towards the reactant side, making ME, especially Ac-ME, energetically unfavorable.
Previous studies have shown that the existence of Ac-CR in subsurface sediment by incubation and carbon isotopes approaches (Liu and Suflita, 1993; Heuer et al., 2009). In our study, Ac-CR is exergonic throughout sediment column and even higher than methanogenesis below SMTZ (Figure 4). Although the correlation between acetate and chloride is higher below SMTZ (Table 3), suggesting an obvious input from deep fluids, the depth-integrated rate of DOC production below SMTZ (after deducting consumption from OSR and ME) is comparable to the DOC flux from depth especially at center sites (Figure 2; Table 4), suggesting that higher acetate is resulted from both deep fluids and Ac-CR.
5 CONCLUSION
The in-situ processes and intrusion of deep fluids that may transport thermally activated cracking of VFAs and DOC around the mud volcano affect the geochemical conditions of the deep subsurface. Correlation between different controlling factors reveals that in-situ POC degradation is the main controlling mechanism for DOC, acetate, and formate patterns. At sites centered around the mud volcano, the effect of deep fluids on DOC and acetate concentrations becomes more significant, which is also the case for ammonium, bromine and Alk distributions. Numerical modeling for six key metabolic reactive parameters (DOC, bromide, calcium, magnesium, ammonium, and Alk) in the porewater further shows that these dissolved materials are controlled by deep fluids. Although the DOC and ammonium produced by in-situ POC degradation is dominant, the contribution from deep fluids becomes more significant with depth, especially below the SMTZ at center sites. The benthic DOC flux resulting from bubble irrigation and deep fluids is around 48 mmol C m−2 yr−1, which was much greater than typical diffusional DOC flux into the deep ocean. Both the modeling results and the calculations of the Gibbs free energy of metabolic redox reactions suggest that acetoclastic sulfate reduction yields the highest energy and may co-exist with methanogenesis below the SMTZ. Acetoclastic methanogenesis yields higher energy and can co-occur with sulfate reduction above the SMTZ; indeed, the observed elevations in acetate concentration could be a result of input from both deep fluids and acetogenesis. Our research quantified the impacts between microbial mediated reactions and the active transport by deep fluids, demonstrating how modeling and observations can work together to unravel an extremely dynamic subsurface environment.
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Mud volcanoes are topographic features through which over-pressurized sediments are intruded upward and erupted, transporting fluids and sediments from the deep subsurface to the surface/seafloor. To understand material and biogeochemical cycling through mud volcanoes, we investigated the origins of sediments and fluids erupted by four submarine mud volcanoes off Tanegashima Island, along the northern Ryukyu Trench: MV#1–3 and MV#14. We estimated the ages of the source sequences of the mud volcano sediments to be middle to late Miocene based on nannofossils and 10Be ages. The sediments were characteristically enriched in illite. The similar mineral compositions and vitrinite reflectance values (0.42%–0.45%) of sediments erupted by the mud volcanoes strongly suggest that each is rooted in the same source sequence. Pore waters had Cl− concentrations ∼40% that of seawater and were proportionally enriched in 18O and depleted in D, indicating the addition of freshwater from the dehydration of clay minerals. However, the smectite and illite contents (<40%) in the clay size fraction ruled out in situ smectite dewatering as the cause of the pore water Cl− dilution. Thus, fluids derived from clay dewatering must have originated from deeper than the source sequence of the mud volcano sediments. Vertical Cl− profiles indicate that the upward fluid advection rate and eruption frequency decrease from MV#3 to MV#2, MV#1, and MV#14 (MV#14 being dormant). At the active mud volcanoes, the C1/C2 ratios (<100) and methane δ13C values (−56‰ to −42‰) indicate that hydrocarbon gases are mostly derived from the thermal decomposition of organic matter in deep sediments where the in situ temperature exceeds 80°C. At the dormant MV#14, high C1/C2 ratios (700–4,000) and low methane δ13C values (ca. −75‰) suggest the limited supply of thermogenic methane and the subsequent shallow methanogenesis. Because vitrinite reflectance values indicate that the source sediments are too immature to produce thermogenic hydrocarbons, the hydrocarbon gases, like the fluids derived from clay dewatering, were probably supplied from deeper than the source strata. The supply of deep fluids into the source sequence might be a universal phenomenon in subduction zones, and may play an important role in mud volcanism and associated biogeochemical cycling.
Keywords: mud volcano, porewater, hydrocarbon gases, vitrinite, Ryukyu Trench
1 INTRODUCTION
Submarine mud volcanoes, which occur along the margins of convergent plate, are vertical intrusions of low-density, deformable sediments from the deep subsurface to the seafloor (Milkov, 2000; Kopf, 2002). Pore fluids in the sediments erupted by submarine mud volcanoes are characteristically diagenetically altered by clay-mineral dehydration and the presence of hydrocarbon gases derived from the thermocatalyte decomposition of sedimentary organic matter (e.g., Martin et al., 1996; Dahlmann and de Lange, 2003; Hensen et al., 2004). These characteristics suggest that mud volcano fluids originate from deep depths in which these chemical reactions typically occur (>60°C). Therefore, mud volcanoes are an important pathway by which deeply sourced materials (especially methane, a greenhouse gas) reach the hydrosphere and atmosphere (Milkov, 2000; Dimitrov, 2002; Kopf, 2002; Wallmann et al., 2006).
Recent studies have revealed the biogeochemical and microbiological characteristics of deeply sourced mud volcano sediments, as well as their ecological roles (e.g., Hoshino et al., 2017; Ijiri et al., 2018a). In the Kumano fore arc basin, Nankai Trough, the mud volcano’s source layer is assumed to be located at the basin bottom where fluids in the accretionary prism are supplied via mega-splay faults, probably resulting high pore pressure. In this environment, water through clay dehydration, hydrogen, and other organic substrates are provided to the overlying fore arc sedimentary basin, coincidently stimulating in situ microbial activities such as hydrogenotrophic methanogenesis (Ijiri et al., 2018a). The observation indicates that the material and biogeochemical cycles through mud volcanoes are strongly related to the mechanism of the mud volcano eruption.
To understand biogeochemical cycling through mud volcanoes, it is therefore important to investigate the origins of both sediments and fluids. Excess fluid pressured is one of the key factors to explain the mud eruption (Tanikawa et al., 2010). When a fluid pressure is higher than estimated from the normal hydrostatic fluid gradient for a given depth, it is called overpressure (Duan and Flemings, 2000). The overpressure generated by the rapid sediment deposition and the lateral transfer of the pressure may cause slope failure and drive cold seeps on passive margins (Duan and Flemings, 2000). The eruption of mud volcanoes is also triggered by such overpressure. It has been debated whether the overpressure that causes the mud volcanic eruption is due to the sediments themselves, such as clay mineral dehydration in the sediments and fast sedimentation rates, or the supply of fluids to the source sequence of erupted sediments from deeper sedimentary layer (Kopf, 2002). The origin and composition of mud volcano fluids have been the subject of many studies (e.g., Martin et al., 1996; Dahlmann and de Lange, 2003; Hensen et al., 2004). However, fewer studies have included chemical and mineralogical analyses of mud volcano sediments (e.g., Schulz et al., 1997; Jurado-Rodriguez and Martinez-Ruiz, 1998; Ujiié, 2000; Alaoui Mhammedi et al., 2008; Ijiri et al., 2018b), despite the fact that the lithologies of erupted sediments are strongly related to the formation of mud volcanoes and their sediment sources.
In this study, we investigated the origins of sediments and fluids in four submarine mud volcanoes off Tanegashima Island, along the northern Ryukyu Trench, using sediment core samples retrieved from the mud volcano field. To investigate sediment origins, we determined the ages of the mud volcanoes’ source sequences based on nannofossil observations and beryllium isotopic analysis. We estimated the mineral compositions of the bulk sediments and the clay size fraction by X-ray diffraction (XRD). To examine organic matter maturity and the temperatures experienced by mud volcano sediments, we analyzed vitrinite reflectance. Finally, to investigate the origins of fluids, we analyzed the chemical and isotopic compositions of pore water and hydrocarbon gases extracted from the mud volcanoes.
2 GEOLOGICAL SETTING AND PREVIOUS STUDIES
Known submarine mud volcano fields around Japan include the Kumano fore arc basin of the Nankai Trough and the area off Tanegashima Island along the Ryukyu Trench, where the Philippine Sea Plate is being subducted beneath the Eurasian Plate (Ujiié, 2000; Nakayama et al., 2010; Pape et al., 2014; Menapace et al., 2017; Ijiri et al., 2018a; Ijiri et al., 2018b). The field off Tanegashima Island comprises more than 30 mud volcano-like mounds on the landward slope of the Ryukyu Trench (Figure 1A; Ujiié, 2000). The Ryukyu Trench is formed by the subduction of Phlippine Sea Plate to the Eurasian plate. The geological structure of deep subsurface in landward slope of the Ryukyu Trench is unclear (Ujiié, 2000). The sediments at Tanegashima Island located close to the northern Ryukyu Trench, is composed of the Paleogene Kumage Group generally correlated with the Shimanto Belt of Southwest Japan (Hayasaka, 1988). The Shimanto Belt is an old accretionary prism divided into two major tectonostratigraphic units, the Northern Belt (Lower Shimanto Group) and the Southern Belt (Upper Shimanto Group). The former is characterized by uppermost Jurassic to Cretaceous strata, and the latter by Paleogene and lower Miocene rocks (Taira et al., 1982). Between 2012 and 2014, submarine topography surveys were conducted to clarify the spatial distribution of mud volcanoes off Tanegashima, and 15 mounds (numbered MV#1–15) were identified as potential mud volcanoes (Figure 1A) (Kitada et al., 2018). Single-channel seismic reflection data indicate that the mud volcanoes are located on the mud diapir structures, which have been identified by an acoustically transparent zone (Kitada et al., 2018). However, there is currently a lack of detailed seismic data to determine the presence of subducting structures in deeper subsurface of this area.
[image: Figure 1]FIGURE 1 | (A) The locations of mud volcanoes off Tanegashima Island, Japan, and (B) the detailed topography of mud volcanoes MV#1, MV#2, MV#3, and MV#14.
Ujiié (2000) investigated foraminifera and nannofossils in mud volcano sediments obtained from MV#2 and MV#13 during 1994 survey and reported the sediments to have various ages from late Eocene to Pleistocene. They interpreted the microfossils to have been incorporated from the strata surrounding mud diapirs during their intrusion. The chemical compositions of pore waters in sediments collected from MV#1 during 2002 survey indicate that water derived from the dehydration of clay minerals is supplied to near the surface (Nakayama et al., 2010).
Recent studies have revealed the biogeochemical and microbiological characteristics and ecological roles of mud volcano sediments at depth. At MV#1 and MV#14, sedimentary Atribacteria were found in methane plumes in the overlying water column (Hoshino et al., 2017). This observation suggests that submarine mud volcanism disperses microbes from the deep sedimentary biosphere into the overlying hydrosphere.
Recently, Mitsutome et al. (2023) investigated the helium isotopic and noble gas compositions of mud volcano sediments from MV#1–3 and #14 to estimate their depths of origin. They reported that approximately 90% of the He is of crustal origin, and the experienced temperature of heavy noble gases is consistent with the range of temperature conditions required for the dehydration of clay minerals.
3 MATERIALS AND METHODS
3.1 Visual survey and sediment core sampling
Details of the obtained sediment cores are summarized in Supplementary Table S1.
3.1.1 MV#1
MV#1 is in the northern area of the mud volcano field off Tanegashima Island (30° 52.7′N, 131° 46.0′E, 1,400 m water depth; Figures 1A, B); it is ∼2.5 km in diameter and ∼280 m height. During cruise NT15-15 of R/V Natsushima in 2015, we surveyed the summit of MV#1 during two dives (#1866 and #1867) of ROV HYPER-DOLPHIN (Figure 1B). We observed a small colony of Calyptogena (Figures 2A, B). Around the summit, we observed several consolidated sandy mudstone clasts (several to several tens of centimeters in size; Figures 2C, D) that were probably mixed with sediments fractured by diapiric mud intrusion. The presence of these clasts suggests that sediments around the summit comprise erupted mud and not hemipelagic sediments. During cruise KH-15-02 of R/V Hakuho Maru in 2015, two sediment cores were retrieved from MV#1 using a piston coring system: one was used for pore water analysis; the other for sediment analysis.
[image: Figure 2]FIGURE 2 | Photographs taken near the summits of MV#1, MV#3, and MV#14. (A,B) Calyptogena spp. and (C,D) consolidated mud clasts on the summit of MV#1. Calyptogena spp. were also observed on the summits of (E) MV#3 and (F) MV#14. In (F), the dashed circle outlines a chimney-like white object.
3.1.2 MV#2
MV#2 is near MV#1 (30° 55.1′N, 131° 50.6′E, 1,430 m water depth; Figures 1A, B); it is ∼1.2–1.5 km in diameter and ∼120–170 m height. At MV#2, two piston cores and two multiple cores were retrieved for pore water and sediment analyses during cruise KH-19-5 of R/V Hakuho Maru in 2019. Since only conventional piston coring was conducted, a visual survey for MV#2 could not be performed.
3.1.3 MV#3
MV#3 is in the northern area of the mud volcano field (31° 02.5′N, 131° 41.0′E, 1,200 m water depth; Figures 1A, B); it is ∼1.5 km in diameter and ∼100 m height, making it the smallest of the studied mud volcanoes. During cruise KH-19-5, two piston cores and two multiple cores were retrieved. One of the piston cores was retrieved using the Navigable Sampling System (NSS), which allows observation of the target seafloor area during piston coring via an underwater camera coupled to the piston coring system; the other piston core (for sediment analysis) was retrieved using the normal piston coring system. These camera observations revealed a Calyptogena colony near the summit coring site of MV#3 (Figure 2E), suggesting that this mud volcano was quite active.
3.1.4 MV#14
MV#14 is situated in the southern area of the mud volcano field (30° 11.5′N, 131° 23.5′E, 1,680 m water depth; Figures 1A, B); it is ∼3 km in diameter and ∼270 m height, making it the largest of the studied mud volcanoes, and it has developed a summit caldera (Figure 1B). During cruise KH-15-2, one NSS piston core was retrieved; in the camera footage, we observed a Calyptogena colony on the eastern edge of the caldera (Figure 2F). Next to the colony, we observed a white, chimney-like object; it may have been a carbonate chimney, but the low resolution of the image precludes a precise interpretation (Figure 2F).
3.1.5 Reference site
A multiple core was retrieved from a reference site near the mud volcano field during cruise KS-21-18 of R/V Shinsei-Maru in 2021 (31° 29′N; 132° 02′E, 1,220 m water depth; Figure 1A).
3.2 Sediment samples
3.2.1 Sediment sampling
Piston core samples retrieved for sediment analyses [Length: 3.11–5.21 m, inner diameter: 75 cm (Supplementary Table S1)] were cut into 1-m-long sections and stored onboard at 4°C. Onshore laboratory, the sections were cut in half lengthwise and the sediments were subsampled from the cut surface after the scan for X-ray computed tomography. For the MV#14 core, sediments for pore water and microbial analyses were collected from the piston core onboard, and sediment analysis samples were later subsampled from the microbial analysis samples in onshore laboratory. For nannofossil observations and beryllium isotopic (10Be) and mineral compositional analyses, sediments were subsampled from the muddy matrix representing the mud volcano sediments; we avoided mud breccias because they were probably incorporated during mud diapir intrusion (Ujiié, 2000).
3.2.2 X-ray computed tomography
To observe the internal structure of the core sample, we obtained X-ray computed tomography (X-ray CT) image using Aquilion PRIME/Focus (Canon Medical Systems Corporation, Japan). For the MV#3 core, the most sediments were collected for geochemical and microbial analyses onboard. Therefore, the residual sediments on the core-liner were scanned. For the MV#14 core, all sediments were sub-sampled on board, so we were unable to scan the core.
3.2.3 Calcareous nannofossil observation
To examine the origin of the source sequence of the mud volcano sediments, the age of the mud volcano sediments was estimated based on the calcareous nannofossils in the sediments. The samples were prepared as smear slides using standard techniques (Bown and Young, 1998), and then examined with a Nikon E600 polarizing light microscope at 1,500× magnification. Species identification and their occurrence age range of each species followed Backman et al. (2012) and Nannotax3 (https://www.mikrotax.org/Nannotax3/index.html). Semi-quantitative data were collected from the samples, which contained sufficient number of calcareous nannofossils, by identifying at least 200 upper photic zone specimens in a varying number of fields of view per sample. Lower photic zone species Florisphaera profunda was counted separately in the same fields of view when encountered. Upper photic-zone species were classified into six groups (Emiliania huxleyi, Pliocene–Pleistocene taxa except E. huxleyi, Miocene–Pleistocene taxa, Paleogene–Neogene taxa, Miocene taxa, and miscellaneous) based on their occurrence age range (Supplementary Table S2), and the relative abundance of each group was calculated (Supplementary Table S3).
3.2.4 Beryllium isotopic analysis
The age of the source sequence of the mud volcano sediments was also estimated using the beryllium isotope analysis. Meteoric 10Be is formed in the atmosphere through cosmic ray interactions with oxygen and nitrogen nuclei, eventually reaching the ocean via precipitation and aerosols (e.g., Brown, 1987). In the ocean, it is incorporated into seafloor sediments through scavenging by biogenic opal, clay, carbonate, and organic materials (e.g., McHargue and Damon, 1991). It undergoes radioactive decay with a half-life of 1.36 million years, transforming into stable 10B [Nishiizumi et al. (2007)]. Therefore, unless sediments are exposed at the surface after the deposition, their age can be can be estimated by the concentration of 10Be in sediments (Amin et al., 1975).
The 0.3 g of sediment samples were decomposed at 110°C for 12 h in a tightly sealed vessel with 1 mL of HF, 6 mL of HNO3, and 1 mL of HClO4. After decomposition, 0.3 mg of Be carrier was added to the sample, which was then dried on a hotplate and converted to Cl manner by repeated drying with 2 mL of 35% HCl. To mask other interfering elements such as aluminum for the accelerator mass spectrometer (AMS) measurement, 25 mL of 21% EDTA solution with pH 6.0 was added to the sample, followed by the addition of 2 mL of acetylacetone to form the beryllium acetylacetonate complex. The Be complex was then extracted into 5 mL of CCl4 using solvent extraction, and back-extracted into 10 mL of 1 M HCl. The extracted Be solution was purified using cation exchange with a 5 mL Dowex 50 W-X8 column (inner diameter 9 mm, length 10 mm, 1 column volume = 5 mL) with 1.0 M HCl. The Be fraction, eluted between 5 and 9 column volumes, was concentrated to 1 mL and transferred to a 15 mL polycarbonate spitch centrifuge tube. The purified Be solution was then precipitated as Be (OH)2 by adding an ammonium solution. To remove 10B, which causes isobaric interference in AMS measurement, the precipitation was washed three times with Milli-Q water (>18 MΩ), and re-precipitated using ultra-pure HCl and ammonium solution. After washing, the solution was dissolved in a few drops of ultra-pure HCl and transferred to a quartz tube for drying. The purified Be (OH)2 was converted to BeO by igniting at temperatures above 800°C. The resulting BeO was mixed with Nb powder and pressed into an OFCu cathode with an inner diameter of 1 mm. The reactive 10Be abundances were measured using a National Electrostatic Corporation (NEC) accelerator mass spectrometer (AMS) with a 4.8 MV terminal voltage at the Micro Analysis Laboratory, Tandem accelerator (MALT) of the University of Tokyo (U Tokyo), following the method described by Matsuzaki et al. (2020). Absolute values were obtained using the KNB5-2 standard (10Be/9Be = 8.56 × 10−12; Nishiizumi et al., 2007) with a typical beam current of 4 micro A (9Be16O; Yokoyama et al., 2019). The ratios of 10Be/9Be in the samples ranged from (7–20) × 10−14, while the carrier blank had a ratio of 1.4 × 10−14.
3.2.5 Whole-rock and clay-fraction mineral compositions
To reveal the mineralogical characteristics of the mud volcano sediments, whole-rock and clay-fraction mineral compositions were determined by XRD using an X’Pert PRO MPD X-ray diffractometer system (Malvern Panalytical, Ltd., Malvern, United Kingdom) with CuKα radiation at 45 kV and 40 mA, 0.0083° divergence, anti-scattering slits, and a 0.15 mm receiving slit. The diffracted X-rays were counted for 10.2 s at steps of 0.0083° 2θ. For whole-rock and clay-fraction mineral compositions, we scanned 3°–75° 2θ and 3°–35° 2θ, respectively.
The whole rock mineral compositions were quantified based on relative peak intensities of XRD pattern and the Rock jock program (Eberl., 2003). The analysis procedure followed Tanikawa and Tadai (2018). Sediment samples were dried at 50°C, and then powdered using an agate mortar. Then, 1 g of powdered sample was mixed with 0.25 g of high-purity Al2O3 (AX-5HM, Hinomoto Kenmazai CO., Ltd., Tokyo, Japan), which is the internal standard for Rock jock analysis, using an agate mortar. The 0.1 g of the mixed sample was placed on a slide glass and subjected to XRD analysis.
For clay-fraction analyses, the clay size fraction (<2 μm) was separated from the bulk sediment samples by centrifugation. Clay suspensions were dropped onto glass slides and dried in an oven at 50°C to prepare oriented samples for XRD analysis. After a first round of XRD analysis, the samples were saturated with ethylene glycol vapor at 50°C for more than 5 h and reanalyzed. We also semiquantitatively estimated the proportion of major clay minerals in the clay size fraction using the method of Biscaye (1965). The proportions of illite and smectite crystallites in illite/smectite (I/S) mixed-layer clays were calculated using the angular separation (Δ° 2θ) between the composite illite-(001)/smectite-(002) reflection at 2θ ≈ 10.5° and the composite illite-(002)/smectite-(003) reflection at 2θ ≈ 16° (Moore and Reynolds, 1997).
The percentage of the clay size fraction in the bulk rock was determined by particle size analysis using a Mastersizer et al., 2020 (Malvern Panalytical, Ltd., Malvern, United Kingdom). The sediment samples were first washed through a 2-mm sieve with Milli-Q water, stirred in a dispersant (0.05% sodium hexametaphosphate solution) for 24 h, and then analyzed.
3.2.6 Vitrinite reflectance
The vitrinite reflection was analysed to examine the thermal maturity of organic matter. The vitrinite reflectance value (RO) increases exponentially with temperature and records the highest temperature experienced by organic matter (Burnham and Sweeney, 1989). We collected samples of organic matter from MV#1, #2, #3, and #14. To collect enough samples for the vitrinite analysis, sediment samples were collected from three depths in each core, and the data was combined for each mud volcano. For each sample, coal fragments were separated and concentrated using heavy liquids (a sodium polytungstate solution with a specific gravity of 1.8). The separated grains were then mounted in resin and polished using 0.06-μm alumina powder. The measurements were conducted with a silicone-diode microphotometer using 546 nm non-polarized light, in line with the regulations of the International Organization for Standardization (ISO 7404-5), the American Society for Testing and Materials (ASTMD 2798-99), and the Japan Industrial Standard (JIS M 8816). A concentrated spot beam of 1.6-μm diameter was used to measure the reflectance. We measured mean random reflectance (Rm) following ASTMD 2798-05. A linear function between mean random reflectance and mean maximum reflectance has been reported in case of lower vitrinite reflectance (<3.0%: Chijiwa, 1990; <1.7%: ASTM Standard D2798-05). Therefore, the effect of anisotropy of vitrinite reflectance should be small when it was low. A total of >41 grains per each sample were measured in the immersion oil which has a refractive index of 1.516, where a sufficient number of polished grains were present on the sample surface. The equations for calculating the maximum temperature experienced by the sample using measured Rm values were defined by Sweeney and Burnham (1990).
3.3 Pore water samples and analyses
Pore water chemistry is crucial to examine the origin of fluids within the mud volcano sediments, as well as the biogeochemical processes occurring within these sediments. After piston core recovery, wet sediments were immediately sampled at 20- to 50-cm intervals and pore water samples were extracted onboard using a stainless-steel squeezer (Manheim and Sales, 1974). For sediment samples retrieved by a multiple corer, the porous tube of a Rhizon sampler (2.5-mm diameter, 0.15-µm mean pore size) was inserted and buried in the sediment to extract pore water.
In an onshore laboratory, Cl− and SO42− concentrations in the pore water samples were analyzed using an ion chromatograph (Dionex DX-500) with an isocratic carbonate/bicarbonate eluent coupled with suppressed conductivity detection and an IonPac AS12A carbonate eluent anion-exchange column (200 mm long, 4 mm inner diameter; Dionex, United States) equipped with a guard column (IonPac AG12A, 50 mm long, 4 mm inner diameter; Dionex, United States). Based on repeated measurements of the same samples, we estimate that our analytical precision was within 0.3% and 0.4% for Cl− and SO42−, respectively. The hydrogen and oxygen isotopic compositions (δD and δ18O, respectively) of pore water samples were analyzed by laser absorption spectroscopy (LWIA-24-EP, Los Gatos Research Inc., United States). Based on repeated analyses of our laboratory standard (Indian Ocean deep seawater), standard deviations were 0.3‰ and 0.1‰ for δD and δ18O, respectively. Pore water dissolved inorganic carbon (DIC) concentrations and carbon isotopic compositions (δ13C-DIC) were analyzed by isotope ratio monitoring gas chromatography/mass spectrometry using a Thermo Finnigan Delta Plus XP isotope-ratio mass spectrometer connected to a TRACE GC as described by Ijiri et al. (2012). Values of δD and δ18O are reported relative to Vienna Standard Mean Ocean Water (VSMOW); δ13C results are reported relative to the Vienna Peedee Belemnite (VPDB) standard.
3.4 Hydrocarbon gas analysis
To examine the origin of hydrocarbon gases, we analyzed chemical and isotopic compositions of the hydrocarbon gases. Sediment samples for methane and ethane concentration measurements were collected using tip-cut plastic syringes immediately after core recovery. Syringe ends were tightly capped with silicone-rubber stoppers. The sediment samples were transferred from the syringes into glass vials in a N2-flushed glove bag, and the vials were capped with Teflon-coated rubber septa and aluminum seals, then frozen at 20°C and stored for subsequent geochemical analyses.
In an onshore laboratory, methane (CH4) and ethane (C2H6) concentrations, stable carbon isotopic compositions (δ13C-CH4), and stable hydrogen isotopic compositions (δD-CH4) were determined by isotope ratio monitoring-gas chromatography and combustion mass spectrometry using a Thermo-Finnigan Delta Plus XP isotope-ratio mass spectrometer connected to a TRACE GC via a GC COMBUSTION III combustion furnace and via a High Temperature Conversion Interface, respectively, following the method of Tsunogai et al. (2002).
4 RESULTS AND DISCUSSION
4.1 Analyses of sediments
4.1.1 X-ray computed tomography images
X-ray computed tomography (CT) images of the cores from MV#1–3 showed that mud-supported breccias are included in the muddy sediments (X-ray intensity being proportional to density; Figure 3). The observed lack of sedimentary structure suggests that clasts of surrounding rocks were ripped away from their source strata and incorporated into the intruding mud diapir via hydraulic fracturing (Ujiié, 2000). Sediments from MV#2 in particular contain relatively hard, centimeter-scale clasts, especially at greater depths. However, these clasts in Section 5, Section 6 are loosely consolidated, so that they crumbled easily in hand. Note that MV#3 core was only imaged for less than half of its width due to scanning residual sediments after on-board sub-sampling. In contrast to the mud volcano sediments, the reference core did not contain any evidence of a mud breccia.
[image: Figure 3]FIGURE 3 | X-ray CT scans of the sediment cores obtained from MV#1–3 and the reference site. The gray scale is the index scale showing CT number.
4.1.2 Sediment ages
All studied samples from the cores MV#1, MV#2, and MV#14 yielded sufficient number of calcareous nannofossils for sub-quantitative study. Samples from the core MV#3, however, varied in abundance of calcareous nannofossils. The samples from 47.5, 153.5, and 314.5 cm below seafloor (cmbsf) contained calcareous nannofossils abundantly, while the samples from 126.5 and from 263 cmbsf rarely yielded calcareous nannofossils (Supplementary Table S2).
The calcareous nannofossil assemblages of all studied samples contained long-ranged species such as the Eocene–Pleistocene species Reticulofenestra minuta and/or the Miocene–Pleistocene medium-sized Reticulofenestra species (Reticulofenestra minuta, Reticulofenestra minuta/haquii, Reticulofenestra pseudoumbilicus (5–7 µm), or Reticulofenestra producta) common-abundantly, as well as various Paleocene–modern species such as Coccolithus pelagicus in relatively low abundance. Twelve Miocene–specific species were recognized in low abundance in many samples, but the Paleocene–specific species were not recognized (Figure 4; Supplementary Table S2). These results suggest that the age of sediments of source sequence of mud volcanos is in the Miocene. Calcareous nannofossil assemblages from the uppermost sample (22 cmbsf) at MV#14 was dominated by Emiliania huxleyi, and lacked Miocene-specific species, suggesting that MV#14 is currently inactive and the uppermost sample (22 cmbsf) of the site was deposited after the end of mud–eruption activity in/before the E. huxleyi acme period (0.082 Ma–present, Raffi et al., 2006). Coexistence of E. huxleyi and Miocene–Pleistocene species in upper 40 cmbsf at MV#1 and around 120 cmbsf at MV#14 implies the incorporation of the Quaternary sediments by the movement of mud associated with the occasional mud eruption (Fesker et al., 2014). Ujiié (2000) reported that the Quaternary hemipelagic sediments, approximately 3.5 m thick, overlay the mud volcano sediments in MV#2, indicating that mud volcanism might have been inactive at the time of their 1994 survey. However, the absence of E. huxleyi in the surface sediments from MV#2 collected during 2019 survey suggests that mud eruptions may have occurred after 1994 or that the 1994 coring missed the location where mud was erupting.
[image: Figure 4]FIGURE 4 | Relative abundances of calcareous nannofossils, grouped as E. huxleyi, Gephyrocapsa spp., early to late Miocene species, and other species.
The contents of 10Be varied over a wide range across the four studied mud volcanoes (6–318 × 105 atoms g−1; Figure 5A; Supplementary Table S4). At MV#1, 10Be contents were relatively constant at ∼115 × 105 atoms g−1 regardless of depth. At MV#3, 10Be contents were ∼25–50 × 105 atoms g−1. At MV#14, 10Be contents were 144–318 × 105 atoms g−1, higher than those at the other mud volcanoes, and were greatest in the shallowest sample (22 cmbsf). At MV#2, we analyzed 10Be contents in the mud breccia (>2 mm), mud matrix (2 μm–2 mm), and clay (<2 µm) fractions separately to test for any size-dependence of 10Be contents (ages). Ujiié (2000) reported that the exotic fossils and clast shapes in the mud volcano sediments were torn off and taken into the mud diapir via hydraulic fracturing through an intrusive process. Therefore, we expected the 10Be contents are different among the mud breccia, mud matrix, and clay. However, the 10Be contents were not consistent across all particle sizes at each depth. Breccia, matrix, and clay 10Be contents at 43 cmbsf were 22 × 105, 6 × 105, and 19 × 105 atoms g−1, respectively (lowest content in the matrix, highest in the breccia); those at 216 cmbsf were 16 × 105, 34 × 105, and 30 × 105 atoms g−1, respectively (lowest in the breccia, highest in the clay); and those at 433 cmbsf were 147 × 105, 272 × 105, and 261 × 105 atoms g−1, respectively (lowest in the breccia and highest in the clay). More data would be required to investigate the 10Be age differences depend on sediment type.
[image: Figure 5]FIGURE 5 | Vertical (A) 10Be content and (B) estimated 10Be age profiles at MV#1–3 and MV#14. In (B), the red and yellow symbols represent the ages calculated using the initial concentrations of 10Be assumed from the 10Be concentrations in the surface sediments at the Sagami Bay and the reference site, respectively.
To calculate 10Be ages, we used 10Be data for surface sediments from two sites as initial concentrations: our reference site, off Tanegashima Island (4.4 × 108 atoms g−1), and one in Sagami Bay, south of Honshu, central Japan (14.0 × 108 atoms g−1), because of the wide variation in 10Be contents in surface sediments ranging from 1.2 × 108 and 16.0 × 108 atoms g−1 (Bourles et al., 1989). The calculated 10Be ages using the 10Be content at the reference site ranged from 7 to 15 Ma, and those using the Sagami Bay data ranged from 5 to 13 Ma (Figure 5B). Although the estimated ages deviated by 2 Myr because of the difference in the assumed initial concentration, they are all middle to late Miocene.
This 10Be age is consistent with the nannofossil assemblages which suggest that the age of the source sequence is the Miocene. Because the nannofossil observations indicate that the sediments comprise a mixture of sediments deposited at different ages, the 10Be ages should be mixed values and the observed age variations are likely due to differences in the mixing ratio. Indeed, we obtained the youngest 10Be age (7–5 Ma) for the highest 10Be content observed at 22 cmbsf in MV#14, consistent with the dominance of E. huxleyi in the nannofossil assemblage at that depth. Furthermore, the estimated 10Be ages for MV#1 and MV#14 (<10 Ma) were younger than those for MV#2 and MV#3 (>10 Ma), consistent with the higher abundances of Pliocene–Pleistocene taxa except E. huxleyi at MV#1 and MV#14 than at MV#2 and MV#3 (Figure 4). Thus, we attribute the young 10Be ages at MV#1 and MV#14 to increased mixing with younger sediments. We note that, at 432.5 cmbsf in MV#2, the 10Be age was relatively young (8–6 Ma). However, Minylitha convallis (Zones NN9–NN11A; ∼9.8–7.7 Ma) was abundant in the same sample (Supplementary Table S2), indicating good agreement between the 10Be and nannofossil ages. Based on the nannofossil and 10Be data, we conclude that each studied mud volcano has a middle to late Miocene source sequence. Note that depending on the proportion of younger sediments, there is a possibility that the sediments could attributed to the Early Miocene.
4.1.3 Whole-rock mineral compositions
The mud volcano sediments comprised 17–33 wt% quartz (avg. 26 wt%), 14–33 wt% illite (avg., 23 wt%), 12–19 wt% plagioclase (avg., 16 wt%), and other minerals (Figure 6A; Supplementary Table S5). Overall clay mineral contents were 32–52 wt% (illite, smectite, chlorite, and kaolinite; avg., 43 wt%), MV#1 sediments contained less pyroxene (<2 wt%) than other mud volcano sediments (3–7 wt%). MV#1 and MV#14 contained slightly more quartz (25–33 wt%) and slightly less clay minerals (32–47 wt%) than MV#2 and MV#3 (17–24 wt% quartz, 41–52 wt% clay minerals). The generally similar mineral contents of the sediments at each mud volcano (i.e., dominated by clay minerals, especially illite) implies that the mud volcanoes off Tanegashima Island are rooted in the same source sequence.
[image: Figure 6]FIGURE 6 | (A) Vertical profiles of whole-rock mineral compositions and (B) clay mineral compositions in the clay size fraction at MV#1–3 and MV#14.
4.1.4 Mineral composition of the clay size fraction
Figure 7 shows X-ray diffractograms for ethylene-glycolated samples from MV#1–3, MV#14, and the reference site; those of the clay size fraction showed similar patterns. The X-ray diffractograms of the mud volcano sediments showed high peak intensities at 2θ ≈ 9°, which represents illite (001). A small peak at 2θ ≈ 5.5°, attributed to a mixture of discrete smectite and I/S mixed-layer clay, was hidden behind the chlorite (001) peak at 2θ ≈ 6°. The overlapping peaks of chlorite (002) and kaolinite (001) at 2θ ≈ 13.5° were high. In the samples from deeper than 337 cmbsf in MV#2, the peak of discrete smectite and I/S mixed-layer clay was high. In that same sample, we could also identify the composite reflections of illite (001)/smectite (002) at 2θ ≈ 10° and of illite (002)/smectite (003) at 2θ ≈ 16°. These observations indicate that illite dominates the mineralogy of the clay fraction, whereas smectite represents only a small proportion. Peak intensities in the X-ray diffractogram of the reference site sample were much lower than those of the mud volcano sediments (Figure 7); in particular, the smectite peak at 2θ ≈ 5.5° was subtle.
[image: Figure 7]FIGURE 7 | X-ray diffractograms of the clay size fraction in sediments from MV#1–3 and MV#14.
Particle size analysis showed that the clay size fraction (<2 µm) comprises 19%–28% of the mud volcano sediments and 4%–11% of the reference sediment (Supplementary Table S6).
The relative proportions of clay minerals in the clay size fraction, estimated following Biscaye (1965), are shown in Figure 6B and listed in Supplementary Table S6. Below 58 cmbsf at MV#3, the smectite peak could not be detected; therefore, we did not estimate relative clay mineral abundances at greater depths there. In most samples from MV#2 (<337 cmbsf), MV#3, and MV#14, the clay mineralogy of the clay fraction comprised <2% smectite, 65%–79% illite (avg., 74%), and 20%–34% chlorite + kaolinite (avg., 26%). At >337 cmbsf in MV#2, the smectite content increased to as high as 43%. Sediment at the reference site comprised ≲1% smectite, ∼76% illite, and ∼23% chlorite + kaolinite. In MV#3, the integrated peak areas for illite and chlorite + kaolinite peaks below 58 cmbsf are similar to those above 58 cmbsf (Figure 7; Supplementary Table S6). Therefore, it can be inferred that the abundance ratios of illite to chlorite + kaolinite below 58 cmbsf are similar to those above 58 cmbsf.
Overall, the clay fraction at each mud volcano was characterized by similar illite-dominated clay mineralogies. Alongside the similar whole-rock mineral compositions of sediments at each mud volcano, this finding further suggests that the mud volcanoes off Tanegashima Island are rooted in the same source sequence.
4.1.5 Vitrinite reflectance
Histograms of vitrinite reflectance at each mud volcano peaked at 0%–0.5%, with consistent median values at MV#1, MV#2, MV#3, and MV#14 of 0.42%, 0.43%, 0.44%, and 0.42%, respectively (Figure 8). Considering the thresholds for oil, wet gas, and dry gas production (0.5%–0.6%, >1.3%, and >1.7%, respectively; e.g., Tissot et al., 1987), these low reflectance values indicate that the organic matter transported to the surface at these mud volcanoes is too immature to produce oil or gas. The similar reflectance values and distributions at each mud volcano also indicate that the organic matter is derived from the same source sequence. Assuming the age of the sediment to be 15 Ma (i.e., our oldest 10Be age), the experienced temperatures of organic matters for MV#1, MV#2, MV#3, and MV#14 were calculated to 81, 83, 85, and 81°C, respectively (Supplementary Table S7).
[image: Figure 8]FIGURE 8 | Vitrinite reflectance histograms in sediments from MV#1–3 and MV#14.
4.1.6 Constraints on the source sequence
The calcareous nannofossil assemblages, 10Be ages, similar illite-dominated mineralogical compositions, and vitrinite reflectance values (∼0.4%) of the sediments at the studied mud volcanoes strongly suggest that the mud volcano field off Tanegashima Island is rooted in the same Miocene source sequence containing immature organic matter. Although sediments at MV#1 and MV#14 are characterized by lower abundances of Miocene nannofossils, younger 10Be ages, and lower clay mineral contents than MV#2 and MV#3, we attribute these differences to mixing with younger sediments.
Based on the analyzed sediment data, we can constrain the origin of the mud volcano sediments. The Upper Shimanto Group, characterized by Paleogene and lower Miocene rocks, is distributed along Tanegashima Island and the southern parts of Kyushu and Shikoku Islands (Taira et al., 1982). Thus, the group should also occur in the subseafloor in the mud volcano field off Tanegashima Island. If the age of the source sequence is early Miocene, i.e., older than our estimation, the source sediments might be accreted sediments of the Upper Shimanto Group. However, if the source sequence is middle to late Miocene as estimated here, the source sequence cannot be derived from the Shimanto Belt. Based on the experienced temperatures determined from the vitrinite reflectance values (81°C–85°C) and the local geothermal gradient of 25°C km−1 (Ohde et al., 2018), we estimate the depth of the source sequence to be 3.2–3.4 kmbsf.
The illite-rich sediments in the studied mud volcanoes off Tanegashima Island contrast with the smectite-rich sediments in mud volcanoes of the Kumano forearc basin (Ijiri et al., 2018b). The difference could be explained by the distribution of illite in the present surface sediments. Southeast of Kyushu Island, including our study area, illite contents are extremely high in the clay fraction of surface sediments (Aoki and Oinuma, 1988). The illite is detrital in origin, supplied to the East China Sea from mainland China by the Yangtze and Yellow Rivers (Nittrouer et al., 1984; Aoki and Oinuma, 1988) and transported from the East China Sea by the Kuroshio Current (Yin et al., 1987; Aoki and Oinuma, 1988). If the source sequence was deposited during the Miocene, the East China Sea was not yet fully open during their deposition (e.g., Fu et al., 2022), and the illite in those sediments may have been transported directly from mainland China. Nonetheless, this variation in supply paths cannot explain the high clay mineral contents of the studied mud volcano sediments.
4.2 Porewaters and hydrocarbon gases
4.2.1 Porewater chemistry
Cl− concentrations in pore waters at all studied mud volcanoes decreased from the seawater concentration (∼560 mM) with increasing depth (Figure 9A; Supplementary Table S8). The Cl− concentrations decreased asymptotically to ∼230 mM by 250 cmbsf at MV#1, ∼250 mM by 260 cmbsf at MV#2, and ∼220 mM by 80 cmbsf at MV#3. In contrast, the Cl− concentration only decreased to ∼480 mM at the core bottom (294 cmbsf) at MV#14. The general asymptotic decrease of Cl− concentrations with increasing depth at all studied mud volcanoes suggests the upward advection of low-Cl− fluids.
[image: Figure 9]FIGURE 9 | Vertical profiles of porewater (A) Cl− concentrations and (B,C) δD and δ18O values at MV#1–3 and MV#14. Plots of (D) Cl− vs. δD and (E) Cl− vs. δ18O.
Porewater δD and δ18O profiles were consistent with the Cl− profiles (Figures 9A–C; Supplementary Table S8). The δD values decreased asymptotically from ca. −2‰ near the seafloor to ca. −9‰ by 250 cmbsf at MV#1, ca. −15‰ by 260 cmbsf at MV#2, ca. −15‰ by 80 cmbsf at MV#3, and ca. −4‰ to −3‰ by 70 cmbsf at MV#14. The δ18O values increased asymptotically from ∼0‰ near the seafloor to ca. +5‰ by 250 cmbsf at MV#1, ca. +3.5‰ by 260 cmbsf at MV#2, ca. +3‰ by 80 cmbsf at MV#3, and +1.1‰ to +1.6‰ by 90 cmbsf at MV#14.
Plots of δD and δ18O values against Cl− concentrations reveal linear relationships at each mud volcano (Figures 9D, E), with the exception of δD vs. Cl− at MV#14 (R2 = 0.01). Enrichment in 18O and depletion in D alongside depletion in Cl− is attributed to the incorporation of freshwater due to clay-mineral dehydration, such as during the smectite-to-illite transformation that typically occurs at 60°C–160°C (Yeh, 1980; Kastner et al., 1991; You and Gieskes, 2001). Indeed, this process was previously reported at MV#1 by Nakayama et al. (2010).
Assuming that the porewater isotopic compositions result from simple mixing with freshwater [(Cl−) = 0 mM], the δ18O and δD values of the freshwater component can be estimated by extrapolating from [Cl−] = 0 mM to the observed porewater data. We obtained extrapolated freshwater δD values at MV#1, #2, and #3 of −14‰ ± 1‰, −24‰ ± 2‰, and −25‰ ± 1‰, respectively (95% confidence interval); we did not extrapolate the δD value for MV#14 because δD was not correlated with Cl−. We obtained extrapolated freshwater δ18O values at MV#1, #2, #3, and #14 of +8.5‰ ± 0.3‰, +6.3‰ ± 0.4‰, +5.3‰ ± 0.4‰, and +8.0‰ ±3.0‰, respectively (95% confidence interval). The δ18O values of the freshwater components are similar at MV#1 and MV#14 (+8.5‰ and +8.0‰, respectively) and at MV#2 and MV#3 (+6.3‰ and +5.3‰, respectively). These differences in the end member freshwater values may be due to differences in the δ18O values of the source clays and/or variations in the temperature at which they dehydrated.
To constrain the reason for the different end member freshwater δ18O values at each mud volcano, we calculated the formation temperature of the fluid following the method of Hensen et al. (2004). Using the estimated δD and δ18O values of the freshwater component and previously reported clay–water equilibrium fractionation factors for δD (Yeh, 1980; Capuano, 1992) and δ18O (Sheppard and Gilg, 1996), we estimated theoretical clay mineral δD and δ18O values capable of producing the estimated δD and δ18O values of the freshwater component at different temperatures (Figures 10A, B). Then, we compared previously reported H and O isotopic variations in marine clays (shaded ranges in Figure 10; Savin and Epstein, 1970; Suchecki and Land, 1983; Yeh, 1980) to the theoretical δD and δ18O values calculated for clay minerals at different temperatures to constrain the fluid formation temperature (Figures 10A, B). The equilibrium fractionation curves for MV#1–3 and MV#14 intersect the δ18O range of marine clays at 90, 70, 60, and 85°C, respectively, representing minimum values (Figure 10A). We could not estimate maximum values based on the δ18O range because the high-temperature intersections were around 400°C, at which temperature clay-mineral dehydration should be complete. Nonetheless, we constrained the maximum formation temperature at MV#1, #2, and #3 to 145, 185, and 190°C, respectively, using the δD fractionation factor of Capuano (1992) (Figure 10B). However, that fractionation factor gives low-temperature intersections below 60°C, at which temperature clay-mineral dehydration does not occur. Therefore, we estimate that the clay minerals dehydrated at 60°C–190°C, which is generally consistent with the smectite–illite transformation temperature (60°C–160°C; Yeh, 1980; Kastner et al., 1991) and estimated equilibrium temperatures of heavy noble gases at MV#1 and MV#14 (83°C–230°C; Mitsutome et al., 2023). Given the local geothermal gradient of 25°C km−1 (Ohde et al., 2018), we estimate that clay-mineral dehydration occurred at 2.4–7.6 kmbsf.
[image: Figure 10]FIGURE 10 | Calculation of theoretical temperatures of fluid formation assuming equilibrium fractionation between the pore fluid and clay minerals, after Hensen et al. (2004). (A) Theoretical δ18O values of clays were calculated using fractionation factors from Sheppard and Gilg (1996) at different temperatures based on fluid endmembers for MV#1–3 and MV#14, and (B) theoretical δD values were calculated using fractionation factors from [Yeh (1980); dashed lines] and [Capuano (1992); solid lines]. The shaded areas indicate previously reported ranges of δD and δ18O values for marine clays.
4.2.2 Quantitative evaluation of Cl− profiles
To quantitatively evaluate the observed differences in the vertical Cl− profiles, we modeled them down to 10,000 cmbsf in 10-cm increments by using the one-dimensional unsteady diffusion/advection tracer equation:
[image: image]
where C is the porewater Cl− concentration, [image: image] is porosity, Deff is the effective diffusion coefficient of Cl− in the sediment with respect to tortuosity, and U is the pore fluid velocity. We assumed [image: image] = 0.5, the average porosity of MV#1 sediments. We used the relationship (Van Loon and Mibus, 2015)
[image: image]
where D0 = 2 × 10−9 m2 s−1 is the diffusion coefficient of Cl− in water and m1 = 2.4, m2 = 1, and B = 10−11 are constants, to obtain Deff = 4.3 × 10−10 m2 s−1. As the initial state of the Cl− profile just after a mud eruption, we assumed the Cl− concentration at the bottom of the MV#1 and MV#3 cores (∼230 mM) to be the original value of the deep fluid, and that the Cl− concentrations were constant from depth to the surface immediately after the eruption (dashed lines in Figure 11). Then, we estimated fluid advection rates and the time since the most recent mud eruption by comparing the numerically simulated and observed Cl− profiles. We obtained respective advection rates and times since the most recent eruption of 10 mm y−1 and 100–500 years at MV#1, 1 mm y−1 and 100–200 years at MV#2, 100 mm y−1 and 4–20 years at MV#3, and 0.1 mm y−1 and 2,000–10,000 years at MV#4. At MV#3, the simulated Cl− profiles change little from 4 to 20 years, indicating that the fast advection rate there mainly determines the vertical profile at steady state. In contrast, the slow advection rate and downward diffusion of seawater from the seafloor mainly determine the profile at MV#14. These results indicate that the relative levels of activity at each mud volcano are, in order of decreasing activity, MV#3, MV#2, MV#1, and MV#14, which is dormant. This result is consistent with our nannofossil observations and the conclusions of Mitsutome et al. (2023). The Cl−profile in MV#1 sediment obtained during the 2002 survey (Nakayama et al., 2010) is similar to that obtained in this study during the 2015 survey, suggesting the activity of MV#1 has remained unchanged from 2002 to 2015.
[image: Figure 11]FIGURE 11 | Modeled Cl− profiles after a mud volcano eruption calculated using the one-dimensional unsteady advective diffusion model for MV#1–3 and MV#14. Dashed blue lines indicate the initial, constant Cl− profiles just after a mud eruption.
4.2.3 Hydrocarbon gases, dissolved inorganic carbon, and sulfate
Porewater SO42−, CH4, and DIC concentrations and δ13C-CH4 and δ13C-DIC values are shown in Figures 12A–D and reported in Supplementary Tables S8, S9. At MV#1, pore water contained <1 mM CH4 at 40 cmbsf and >5 mM below 90 cmbsf. The δ13C-CH4 values increased from −58‰ at 40 cmbsf to −42‰ at 290 cmbsf. Porewater SO42− concentrations decreased from 25 mM at 25 cmbsf to 3 mM at 75 cmbsf and <2 mM below 125 cmbsf. Based on the CH4 and SO42− profiles, we interpret that the sulfate–methane transition zone (SMTZ), where most methane is consumed by microbial anoxic methane oxidation and microbial sulfate reduction) at MV#1 is at 70–90 cmbsf. DIC concentrations generally increased from 3 mM at 25 cmbsf to ∼45 mM below 270 cmbsf, and δ13C-DIC values increased asymptotically from ca. −20‰ near the surface to +1‰–2‰ below 220 cmbsf.
[image: Figure 12]FIGURE 12 | Vertical profiles of (A) SO42−, (B) CH4, and (C) DIC concentrations, and of (D) δ13C values of methane and DIC in MV#1–3 and MV#14.
At MV#2, CH4 concentrations were 5–10 mM and δ13C-CH4 values varied from −56‰ to −52‰, respectively, largely regardless of depth. SO42− concentrations were ∼28 mM near the seafloor and decreased to <1.5 mM below 60 cmbsf. The CH4 and SO42− profiles indicate that the SMTZ is within the upper 60 cmbsf. DIC concentrations varied within 10–18 mM and δ13C-DIC values increased asymptotically from 0‰ at 60 cmbsf to +7‰ below 210 cmbsf.
At MV#3, CH4 concentrations were 3–7 mM and δ13C-CH4 was stable at ca. −52‰ regardless of depth. SO42− concentrations were 28 mM near the seafloor, 1 mM at 13 cmbsf in the piston core, and 0–2 mM at greater depths, placing the SMTZ near the seafloor. DIC concentrations generally increased from ∼10 mM near the seafloor to 17 mM at the bottom of the core, except for an exceptionally high value of 25 mM at 130 cmbsf, and δ13C-DIC values increased asymptotically from +3‰ near the seafloor to ca. +20‰ below 130 cmbsf.
At MV#14, CH4 concentrations were <1 mM in the upper 70 cmbsf and increased to 2–5 mM below 90 cmbsf (except for a deviation to 0.7 mM at 219 cmbsf). δ13C-CH4 values decreased from −63‰ at 22 cmbsf to ca −76‰ at greater depths (again, except for a deviation to −57‰ at 219 cmbsf). SO42− concentrations decreased from 28 mM at 20 cmbsf to <3 mM below 95 cmbsf. The CH4 and SO42− profiles place the SMTZ at 70–90 cmbsf. DIC concentrations generally increased from 3 mM near the seafloor to ∼18 mM at the bottom of the core. The δ13C-DIC values decreased from −5‰ near the seafloor to −34‰ at 94 cmbsf, then increased to −17‰ at the bottom of the core.
Based on the methane/ethane concentration ratios (C1/C2) and δ13C-CH4 and δD-CH4 values below the SMTZ, hydrocarbon gases at MV#1 are mostly derived from the thermal decomposition of organic matter in deep sediments (Figures 13A, B). At MV#14, these data indicate that most methane is of biogenic origin, i.e., produced by hydrogenotrophic methanogenesis. Based on the C1/C2 ratios and δ13C-CH4 values at MV#1 and MV#14, we developed a two-end member mixing model between biogenic and thermogenic methane (Figure 13A). As the biogenic end member, we used the sample with the highest C1/C2 value (4,414) and the lowest δ13C-CH4 value (−76‰) from MV#14. We used two different thermogenic end members: the lowest C1/C2 ratio (8; associated δ13C-CH4 = −47‰) and the highest δ13C-CH4 value (−42‰; associated C1/C2 = 20) from MV#1. This mixing scenario constrains the thermogenic contribution to 60%–80% of the methane at MV#2. In contrast, methane at MV#3 plots above the mixing line because of its high C1/C2. Below the SMTZ at MV#3, the δ13C-DIC values are high (ca. +20‰), and the isotope separation between δ13C-CH4 and δ13C-DIC (expressed as the C isotopic separation factor εC ≈ δ13CDIC − δ13CCH4) was >70‰ (Figure 13C). Despite the relatively 13C-enriched CH4 at MV#3, the large εC value indicates hydrogenotrophic methanogenesis (Whiticar, 1999). The addition of methane produced by hydrogenotrophic methanogenesis in a high-δ13C-DIC source sediment to thermogenic methane derived from greater depths was observed at a mud volcano in the Kumano forearc basin (Ijiri et al., 2018a). Such “secondary methanogenesis” may have occurred in the MV#3 mud reservoir (Milkov, 2011; Milkov and Etiope, 2018). As at MV#1–3, thermogenic methane should have been supplied to MV#14. However, because MV#14 is inactive, the present supply of thermogenic methane from deep sediments should be limited, and methanogenesis in shallower sediments likely overprinted the thermogenic signals at MV#14. Consequently, we assume that thermogenic methane was supplied to all studied mud volcanoes during their active periods, indicating that the supply of thermogenic hydrocarbon gases from a deep and hot sedimentary layer is characteristic of mud volcanism off Tanegashima Island. At IODP Site C0002 in the Kumano fore arc basin of the Nankai Trough, drilling to ∼2 kmbsf reached temperatures of ∼81°C–85°C, but the mixed thermogenic gas at that horizon was delivered from deeper and thus hotter sediments, indicating that no in situ thermogenic gas production occurs at that level (Hammerschmidt et al., 2014). Therefore, we infer that thermogenic gas production below the studied mud volcanoes does not occur below 80°C.
[image: Figure 13]FIGURE 13 | (A) C1/C2 ratios and δ13C-CH4 values below SMTZ compared to methane sources (Bernard et al., 1976) at MV#1–3 and MV#14. Black solid lines represent the two most plausible two-end member mixing scenarios between biogenic and thermogenic hydrocarbons; percentage labels represent the contribution of thermogenic methane to the total methane content. (B) δ13C-CH4 and δD-CH4 values below SMTZ compared to methane sources (Whiticar, 1999). (C) δ13C-CH4 and δ13C-DIC below SMTZ compared to methane sources (Milkov and Etiope, 2018). In MV#1 and MV#14, pore water sample and gas sample were collected different depths. Therefore, samples collected from similar depths were considered as the same sample, and plotted.
4.3 The difference between the depths of origin of sediments and fluids
We estimated the formation temperature for water derived from clay-mineral dehydration to be 60°C–190°C (2.4–7.6 kmbsf under the local geotherm). In contrast, the supply of thermogenic gases requires a hot temperature (>80°C), and vitrinite reflectance data and 10Be ages indicate the source sediments experienced temperatures of 81°C–85°C (3.2–3.4 kmbsf under the local geotherm). The estimated temperature and depth of the source sequence are near the shallow limit for those of the fluid. However, the vitrinite reflectance values (0.42%–0.45%) indicate the source sediments to be too immature to produce thermogenic gases. Therefore, the thermogenic methane observed at the mud volcanoes off Tanegashima Island must have originated in a hotter and deeper sedimentary layer than the source sequence.
The smectite–illite transformation should also have occurred deeper than the source sequence because the smectite and illite contents in the mud volcano sediments are too small to produce the observed dilution of Cl− in pore water by in situ clay diagenesis. The maximum observed porewater Cl− depletion (∼60%) in the mud volcano sediments requires the production of ∼0.3 g of water per cubic centimeter of sediment at a porosity of 50% (the mean porosity measured at MV#1). Smectite in marine sediments has been found to bind 17.7–27 wt% water (Saffer and Tobin, 2011; Hüpers and Kopf, 2012), depending on environmental conditions. Assuming 20% smectite-bound water (Menapace et al., 2017), 1.5 g of smectite per cubic centimeter of sediment is required to produce 0.3 g of water per cubic centimeter of sediment. Given the mean bulk density (1.8 g cm−3) and porosity (50%) of MV#1 sediments, such a smectic content exceeds the dry bulk density (1.3 g cm−3). Even if all smectite was transformed to illite, the illite contents (<33 wt%) at the studied mud volcanoes are too small to produce so much water. Based on these results, we conclude that both the water and the thermogenic methane erupted by the mud volcanoes originated from greater depths than the source sequence (Figure 14).
[image: Figure 14]FIGURE 14 | Schematic figure showing origins of sediments and fluids in MV#1–3 and MV#14.
Ijiri et al. (2018a); Ijiri et al. (2018b) reported the supply of abyssal fluids, such as water derived from clay-mineral dehydration and thermogenic gases, into the mud reservoir (i.e., the source sequence of the erupted mud) via a mega-splay fault in the accretionary prism at a mud volcano in the Kumano fore arc basin. Similarly, supply of fluids from deeper sedimentary layers to the mud reservoir was suggested in the mud volcanoes off Tanegashima Island by our study. Thus, fluids originating at greater depths than the source sediments might be typical of subduction-zone mud volcanoes. Indeed, the supply of abyssal fluids to clay mineral-rich sediments would promote mud intrusion and eruption by increasing pore water pressure. In addition, the supply of abyssal fluids has been demonstrated to stimulate microbial activity such as hydrogenotrophic methanogenesis in the mud volcano reservoir in the Kumano basin (Ijiri et al., 2018a). We also inferred such additional methanogenesis at MV#3, suggesting that fluid migration and subsequent mud volcanism in subduction zones broadly influences the deep subsurface biosphere.
5 CONCLUSION
We investigated the origins of sediments and fluids erupted by mud volcanoes off Tanegashima Island based on analyses of sediments and fluid obtained from four mud volcanoes, MV#1–3 and #14. Based on our results, we drew the following conclusions.
1) Using calcareous nannofossils and 10Be ages, we constrained the age of the source sequence of the mud volcanoes off Tanegashima Island to the middle to late Miocene. At MV#14, Quaternary nannofossil species dominated in the surface sediment, indicating that MV#14 is dormant. The similar mineral compositions and vitrinite reflectance values of sediments erupted by the mud volcanoes strongly suggest that each is rooted in the same source sequence. Vitrinite reflectances (0.42%–0.44%) indicated that the sediments had experienced temperatures of 81°C–85°C, placing the source sequence at 3.2–3.4 kmbsf under the local geotherm.
2) Porewaters extracted from the mud volcano sediments contained ∼40% the Cl− concentration of seawater and had proportional enrichments in 18O and depletions in D, indicating the addition of freshwater derived from clay-mineral dehydration. The estimated temperature, 60ºC–190°C using the δD and δ18O values of a freshwater end member and known equilibrium isotopic fractionation factors consistent with the optimal temperature range for the smectite–illite transformation. The smectite and illite contents (<40 wt%) in the clay size fraction rule out in situ smectite dewatering as the cause of the pore water Cl− dilution. Thus, fluids derived from clay dewatering must have originated from greater depths than the source sediment.
3) We examined the relative level of activity at MV#1–3 and MV#14 based on pore water Cl− concentration profiles and a one-dimensional unsteady advective diffusion model. In order of decreasing activity, they are MV#3, MV#2, and MV#1, whereas MV#14 is dormant (consistent with nannofossil observations).
4) At the active mud volcanoes MV#1–3, C1/C2 ratios (<100) and δ13C-CH4 values (−57‰ to −42‰) indicate that hydrocarbon gases are mostly derived from the thermal decomposition of organic matter in deep sediments at >80°C. At MV#3, the C1/C2 ratios were relatively high (40–100) and the δ13C-DIC was high (ca. +20‰), corresponding to εC > 70‰, indicating the addition of biogenic methane produced by hydrogenotrophic methanogenesis to the thermogenic methane. At the inactive MV#14, C1/C2 ratios were in the range 700–4,000 and δ13C-CH4 values were ca. −75‰, suggesting a limited supply of thermogenic methane and overprinting by subsequent shallow methanogenesis.
5) Combining these results, we concluded that that both the water and thermogenic methane in surface sediments of mud volcanoes off Tanegashima Island originate from deeper than the source sequence, as observed at mud volcanoes in the Kumano fore arc basin, Nankai Trough.
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Previous margin-wide studies of methane seep distribution along the Cascadia Subduction Zone indicate peaks in seep density within the landward limit of the of gas hydrate stability zone (GHSZ; ≤500 m depth), suggesting a link between current ocean warming, acceleration of hydrate dissociated, and methane emissions. This inferred connection, however, may not account for regional geologic and/or structural complexities driving methane seepage. Expanding upon an existing seep database by adding new seep data, we conducted statistical and spatial analyses to determine margin-wide distribution trends and offer a tectonic framework for understanding the tendency toward non-normality and spatial clustering. We then highlight the role of local-scale drivers of seep formation in addition to the first-order tectonic framework, using systematic geologic/geomorphic characterization of seep emission sites in southern Cascadia and case studies using meta-attribute analysis of seismic reflection data. Seep distribution along the margin is non-random, but instead of clustering along the 500-m isobath, regions of high seep density occur in canyons and topographic highs. New findings from this study conclude that co-location of the outer arc high (OAH) and the landward limit of the GHSZ may explain high concentrations of seeps where deformation is the greatest and hydrates are unstable. Detailed analysis of the spatial relationships between seep sites and geologic-geomorphic features in southern Cascadia reveal a link between seeps and anticlines, with 52% of the seeps found in association with anticlines, 36% found at faults, 16% associated with canyons, and 11% at seafloor failure scarps. Given that a majority of anticlines are located along or seaward of the OAH in the actively deforming outer wedge, we suggest that the location of the OAH is a primary structural control on seep distribution. This scenario is supported by neural network analysis of multichannel seismic data revealing zones of probable fluid migration along vertical pipes, faults, and chimneys in the vicinity of active seep sites on anticlines. Determining linkages between seeps and submarine tectonic geomorphology is a crucial first step for understanding and forecasting the distribution of methane seepage, but also a necessity for evaluating causal relationships between ocean warming and gas hydrate stability.
Keywords: methane plume, cold seep, hydrate, Cascadia, fluid-trapping, gas chimney
1 INTRODUCTION
Warming of ocean-bottom waters has been linked to hydrate dissociation at the landward limit of the gas hydrate stability zone (GHSZ) in the Southern Ocean (Ketzer et al., 2020) and Arctic Ocean (Westbrook et al., 2009; Berndt et al., 2014), and has been suggested as a mechanism to explain the high frequency of seep emissions along the 500-m isobath off the Oregon and Washington coasts (Hautala et al., 2014; Johnson et al., 2015). For example, Merle et al. (2021) reported a nearly bell-shaped normal distribution curve in the depth-frequency of over 1,300 emission sites along the Washington and northern/central Oregon margin that correlates with the landward limit of the GHSZ, suggesting a link between methane release and ocean warming. Emissions of hydrogen sulfide, methane, and other hydrocarbon-rich fluids into the sediment and water column are well documented and widespread along the Cascadia margin (e.g., Johnson et al., 2015; Riedel et al., 2018; Merle et al., 2021), with precipitates of slow growing methane-derived authigenic carbonates suggesting fluid seepage over thousands of years (Bohrmann et al., 1998; Suess et al., 1999; Teichert et al., 2003; Torres et al., 2009; Johnson et al., 2015; Paull et al., 2015). In addition, the occurrence of bottom simulating reflectors (BSRs), the boundary between hydrate-containing sediment overlying sediment that contains free gas (Trehu et al., 1995), over large areas suggests a high abundance of hydrates and trapped free gas below along the Cascadia margin accretionary complex (Tréhu et al., 2004; Torres et al., 2009). Gas hydrates are stable over moderate-pressure (P) conditions and a range of low temperatures (T) found close to the seafloor at deepwater continental slopes sites with sufficient methane saturation (Canfield et al., 2005; Collett, 2009). Changes to the P-T stability conditions, such as ocean warming, can drive the breakdown (e.g., dissociation) of hydrates (see review by Ruppel and Waite, 2020). However, these temporal processes are superimposed on long-lived geologic controls of fluid migration that define seep characteristics and help explain the driving mechanisms of fluid expulsion (Judd and Hovland, 2007; Suess, 2014). Therefore, a detailed geospatial analysis of seep distribution, including newly acquired data from southern Cascadia, is needed in order to determine if there is a link between current ocean warming and seep distribution along the Cascadia margin.
To address this knowledge gap and further explore geologic controls on focused seep distribution along the Cascadia margin, we examine new water-column data from U.S. Geological Survey (USGS) seafloor mapping activities on the National Oceanic and Atmospheric Administration (NOAA) Hydrographic Survey Vessels Rainier and Fairweather from 2018 to 2021, as well as from both active and relict (or dormant) seep indicators such as authigenic carbonates and microbial mats to supplement the existing seep composite database (Merle et al., 2021). To develop a tectonic framework of seep emissions based on geologic controls, along-margin variation in seep distribution is investigated in the context of morphotectonic regions and seismogenic behavior. In particular, we integrate new multibeam bathymetry, backscatter data, and seismic reflection profiles in southern Cascadia to determine potential controls on focused fluid flow in an area with previously sparse coverage. With this updated composite dataset, we examine regional variation in the depth distribution of methane seeps along the Cascadia margin and test our hypothesis that seep distribution is fundamentally tied to first- and second-order geological phenomena that operate independently of gas hydrate dissociation in response to contemporary ocean warming.
1.1 Geologic setting
The Cascadia Subduction Zone (CSZ) is an active plate boundary where the Juan de Fuca, Gorda, and Explorer plates subduct beneath the North American plate. This convergent boundary extends over 1,300 km from the Nootka fracture zone offshore British Columbia (Canada) in the north (Audet et al., 2008) to the Mendocino triple junction offshore northern California (United States) in the south (Figure 1). A large accretionary wedge composed of both terrigenous and marine sediments has been accreted to the North America plate along the CSZ. This wedge contains a series of folded and thrusted ridges striking subparallel to the continental slope that form large anticlines (Cochrane and Lewis, 1984; Goldfinger et al., 1991). There is also significant along-strike geophysical and geologic heterogeneity that has been linked to different modes and rates of stress accumulation and release along the margin (see summary in Walton et al., 2021). Such variability could reflect differences in sediment and pore-fluid properties that ultimately influence fluid migration due to rapid compaction and dewatering rates (Tréhu et al., 2004; Han et al., 2017). For example, high glacial sediment flux during the Pleistocene significantly expanded the size of the outer wedge in northern Cascadia, between Juan de Fuca and Astoria Canyons (Silver, 1972; Barnard, 1973).
[image: Figure 1]FIGURE 1 | Regional overview map of the Cascadia convergent margin with the locations of seeps according to the data reference source. Inset shows the extents of the multibeam sonar surveys from which seep data were derived and that was used as a bounding polygon of the analysis extent. Topo-bathymetry is from Ryan et al. (2009). Black arrows indicate relative plate between the Juan de Fuca and Gorda plates and North America (DeMets et al., 2010); white arrows, relative plate motions between the Juan de Fuca and Gorda plates and Oregon Coast Range (Wells et al., 2002; McCaffrey et al., 2007). Isobaths (gray contour lines) are set at 200 m depth intervals from zero.
Broadly, the offshore accretionary wedge can be divided into two margin-parallel zones separated by the outer arc high (OAH), which is defined as a broad structural high that bounds the seaward edge of the shelf forearc basins (e.g., von Huene and Scholl, 1991; Clift and Vannucchi, 2004; McNeill and Henstock, 2014). While the OAH typically follows the shelf break along the 200-m isobath in Cascadia, deviations from the shelf break, both landward and seaward are observed, and may be linked to regional variations in the width of the outer wedge. Watt and Brothers (2020) identified four distinct morphotectonic regions based on careful examination of geophysical examination of seismic profiles to describe variable accretionary wedge width, shape, and structural vergence. These four regions include: (1) Vancouver Island, British Columbia, Canada (average width, linear wedge, seaward and mixed vergence); (2) Washington, United States (higher width, concave wedge, landward and mixed vergence); (3) northern and central Oregon, United States (average width, linear and convex wedge, mixed and seaward vergence); and (4) southern Oregon and northern California, United States (lower width, convex wedge, seaward and mixed vergence). Regional patterns and differences in the tectonic evolution of the outer accretionary wedge are also linked to Cascadia margin-wide heterogeneity in the distribution and character of the BSR (Tréhu and Phrampus, 2022). For example, BSRs were observed beneath anticlines where internal deformation of the wedge replenishes the supply of methane to the GHSZ at the crest of the anticlines by compacting sediments and providing pathways to the shallow subsurface (Tréhu and Phrampus, 2022). Therefore, tectonic factors influencing the occurrence and disruption of the BSR and associated fluid expulsion are also important in constraining the spatial distribution of cold seeps along the Cascadia margin.
2 DATA AND METHODS
2.1 Seafloor mapping and seep database
The seep database includes previously published data documenting over 2,850 active seep flares on the seafloor using ship-based multibeam echo-sounding (MBES) sonar (Johnson et al., 2015; Riedel et al., 2018; Merle et al., 2021), and 902 new seep flares identified during surveys by the NOAA Ships Rainier in 2018 (surveys H13117, H13118, H13119, H13137, and H13206) and Fairweather in 2019 and 2021 (surveys W00474, W00475, and H13549) (Conrad and Rudebusch, 2023; Supplementary Table S1). Bubble plumes associated with seeps were mapped in the MBES water column backscatter data using QPS FMMidwater software, using techniques and identification criteria similar to those described by Merle et al. (2021). The geologic setting of the bubble plume locations was determined from interpretation of the morphologic and bottom characteristics of the seafloor from multibeam bathymetry and backscatter data (https://www.ncei.noaa.gov/maps/bathymetry/) and from subbottom data derived from seismic reflection profiles (Balster-Gee et al., 2023a). In addition, evidence for both active and relict (or dormant) seep indicators including authigenic carbonates, vesicomyid clams, tubeworms, and microbial mats, were included from seafloor observations and collections made using remotely operated vehicles (ROVs) (Supplementary Table S1). The inclusion of seep evidence from ROVs proved useful for revealing additional seep locations that were not detected by traditional ship hull-mounted multibeam echosounders. Therefore, seep-distribution reported here is a presence-pseudoabsence dataset, not presence-absence. Diffuse seepage, where gas concentrations are not sufficient for gas phase emissions, was not included given the difficulty in identifying diffuse seepage acoustically. Following previously published methods of Johnson et al. (2015) for removing possible double-counted seeps due to overlapping surveys, we aggregated seeps found within 300 m of each other into single seep “emission site,” yielding a dataset of 880 seep emission sites for a new composite database (Supplementary Table S1). To account for variance in surface area of the depth contour polygons and the effect of unequal survey effort across depth bins, we included only seeps detected via MBES so that we could normalize the number of seeps with the corresponding area mapped and determine seep density.
2.2 Statistical analysis
Survey footprints derived from the bathymetry of the corresponding MBES surveys used to acquire seep locations were loaded into a GIS and merged into a single polygon layer. This layer was then used as a mask to extract a continuous 100-m resolution depth surface from a global multiresolution bathymetric elevation model (Ryan et al., 2009), representing the area mapped corresponding with the seep location data. Depth contour polygons were created from this layer at 100-m intervals and seep emission sites were spatially joined to their respective depth contour polygon. Seep density (per sq. kilometer) was calculated for each 100-m depth contour. A smoothed kernel density estimation curve was fitted to the data for the margin-wide (Figure 2), as well as at the regional scale (Figure 3), in order to investigate seep distribution per morphotectonic region. To test for normality in the seep depth distribution we used normal Q-Q plots and a Shapiro-Wilk test (Shapiro and Wilk, 1965; Wilk and Gnanadesikan, 1968). Patterns in seep distribution were further explored in order to identify significant seep clusters along the margin (Optimized Hot Spot Analysis tool in ArcGIS Pro 3.0, Esri). Optimized Hot Spot Analysis was used to spatially interrogate the dataset to optimally aggregate coincident features into hexbins based on the Global Moran’s I statistic of spatial autocorrelation, and then calculate a Getis-Ord Gi* statistic for each hexbin to compare the aggregated counts of seeps within each hexbin against those of its nearest neighbors. Cluster predictions are determined by the aggregation of seeps within neighboring hexbins as compared to the null hypothesis of a random distribution. We used an analysis cell size of 10 km and a fixed distance band of 20 km, as determined by the initial steps run by the Optimized Hot Spot Analysis tool to identify the optimal scale of analysis. All aggregation hexbins had a minimum of 8 neighbors, and on average 16 nearest neighbors were used with a moving window analysis to determine statistical clusters. The resultant z-scores for each aggregation hexbin identified the intensity of the clustering, with larger positive z-scores (p-value<0.05) indicating more significant seep clusters. We included only the clustering for features significant at the 95%–99% confidence levels.
[image: Figure 2]FIGURE 2 | Kernel density estimation (KDE) of seeps (blue line) calculated as the number of emission sites per square kilometer of MBES-surveyed area in 100-m interval depth bins overlaid on the percentage of the seafloor mapped (gray bars) with MBES and co-located water-column data for each depth bin, as compared with the total area of the depth contour (area mapped/total area). Depths with values close to 100 signify near-complete survey coverage, whereas values close to 0 represent data deficiencies with regards to sparse MBES and water-column survey coverage.
[image: Figure 3]FIGURE 3 | (right) Locations of the seven seep clusters (red) identified in Cascadia, and their spatial relationships with the landward limit of the gas hydrate stability zone (blue contour line), the outer arc high (purple shaded region) as defined in Watt and Brothers (2020) and significant associated submarine canyons or structural highs. Seep emission sites (circles) color coded by depth bin (0–200 green; 200–500 white; >500 yellow). Location for Figures 4, 5 and seismic line for Figure 6 (yellow line) are shown (left). Variability in seep depth distributions according to morphotectonic region (Watt and Brothers, 2020) as shown with violin plots inset with box plots. Violin plots show a kernel density estimation curve representing the probability of occurrence of seep emission sites at a given depth. Box-and-whisker plots display five-number summary statistics of seep depth, with both median (vertical line) and mean (diamond) depth values displayed inside the boxes. The landward limit of the gas hydrate stability zone for the Cascadia margin is indicated with the red dashed lines (500-m isobath).
2.3 Geologic-geomorphic attribute
In order to determine potential controls on focused fluid flow in southern Cascadia, an area with previously sparse coverage, we systematically assigned a primary (and in some cases, secondary) geologic/geomorphic attribute to each seep emission site in region 4 of Watt and Brothers (2020) Seafloor expressions of fluid expulsion or other indicators of fluid flow, such as pockmarks or authigenic carbonates but otherwise lacking evidence of active seepage, were not included. Instead, we integrated new multibeam bathymetry, backscatter data, and seismic reflection profiles to identify attributes previously inferred to be associated with substrate fluid flow: anticline, fault, failure scarp, shelfbreak, channel, bedding outcrop, and canyon (e.g., Skarke et al., 2014; Crutchley et al., 2018; Riedel et al., 2018; Prouty et al., 2020). Locations of these attributes were determined from their geomorphic expression on the seafloor (Supplementary Figure S1) and supplemented with seismic reflection profiles where available. For example, bubble plume locations were combined with the multibeam bathymetry and backscatter data (https://www.ncei.noaa.gov/maps/bathymetry/) and seismic reflection profiles (Triezenberg et al., 2016) for visualization and interpretation of the local geologic/geomorphic setting within a 50-m buffer of the seep occurrences and logged using a geographic information system (GIS) (ArcMap 10, Esri). Information on anticline locations was derived from previously published neotectonic maps in southern Cascadia (Clarke and Carver, 1992; Goldfinger et al., 1992; Goldfinger et al., 1997) but is currently unavailable for northern Cascadia.
In addition to examining seep distribution in the context of regional controls in southern Cascadia, margin-wide seep distribution was evaluated with respect to the landward limit of the GHSZ and the OAH. The OAH was designated as the location of broad structural high with a ±10-km buffer that runs along the seaward edge of the shelf forearc basins (Watt and Brothers, 2020). Joung et al. (2022) showed the landward limit of gas hydrate determined for the northern Cascadia margin based on bottom water temperatures recorded by CTD data. This type of analysis is hard to adapt for the whole margin due to lack of complete data coverage (C.D. Ruppel, USGS, written commun., 07/04/23) and we instead adopted the 500-m isobath as the nominal the landward limit of the GHSZ (Tréhu and Phrampus, 2022).
2.4 Seismic reflection data
Multichannel seismic reflection datasets were utilized to reveal subsurface structure and stratigraphy under mapped seeps where available (e.g., Triezenberg et al., 2016). Additional seismic surveys were collected in 2018 aboard the R/V Coral Sea using an 88-channel Geometrics GeoEel digital hydrophone streamer and Applied Acoustic Delta Sparker sound source (Balster-Gee et al., 2023a) and in 2019 onboard the R/V Rachel Carson and utilized a 72-channel Geometrics GeoEel streamer and the Delta Sparker sound source (Balster-Gee et al., 2023b). Both sparker datasets were processed following processing procedures laid out in Kluesner et al. (2019) and included SEGD to SEGY conversion, geometry correction, UTM conversion, common mid-point (cmp) binning, FK filter, spike removal, bandpass filtering, velocity analysis, normal move-out correction, trim static corrections, cmp stacking, post-stack migration, gap deconvolution, water column mute, and automatic gain control. In addition to the workflow above, the 2019 sparker dataset included prestack deterministic deconvolution using shot-to-shot source signature information recorded during acquisition.
2.5 Chimney analysis
To optimize the detection of gas and fluid migration pathways in the vicinity of active seep sites with focused fluid flow (Heggland, 2005; Ligtenberg, 2005; Kluesner et al., 2013; Brothers et al., 2014; Connolly, 2015), a fully connected multi-layer perceptron neural-network approach was applied to 2-D high-resolution multichannel seismic (MCS) profiles at seep sites in region 4. Within the OpendTect software package, twenty-one attributes were used as input nodes into the supervised neural-network chimney calculation, and each node was weighted during the neural-network training (for details see Kluesner and Brothers (2016). The chimney meta-attribute results were projected onto seismic cross-sections using a gradational color scale with transparency that reveals only the highest (∼80% and above) chimney probabilities, yielding a measurement of the probability between 0 (lowest) to 1 (highest) for presence of a chimney structure. Two types of features were identified, zones of probable fluid migration (e.g., vertical pipes, faults, and chimneys) and gassy sediments. The frequency-dependent reflectivity of gassy sediments due to scattering and absorption has been previously documented (e.g., Wood et al., 2008). The chimney meta-attribute analysis described above therefore represents a powerful method to discern subtle patterns of gas-related attenuation and their spatial relationships with the surrounding structure and stratigraphy in areas of focused fluid flow (Kluesner and Brothers, 2016; Prouty et al., 2020).
2.6 Methane-derived authigenic carbonates
Powdered carbonate samples for stable carbon (δ13C) and oxygen (δ18O) isotopic analysis were collected using a hand-held pneumatic drill to sample various components of authigenic carbonates collected along the Cascadia margin as a proxy for potential fluid sources. Isotopic composition was determined via ThemoScientific Kiel IV carbonate device interfaced to ThermoScientific MAT-253 dual-inlet isotope ratio mass spectrometer (IRMS) at the University of California, Santa Cruz, Stable Isotope Laboratory. Stable isotope values are reported in per mil (‰) relative to the international reference Pee Dee Belemnite (PDB). Analytical uncertainties (1σ) are 0.05‰ for δ13C and 0.10‰ for δ18O. Mineralogy was determined by X-ray diffraction (XRD) using a Philips XRD with graphite monochromator at 40 kV and 45 mA as described in Prouty et al. (2016). Step scans were run from 5° to 65° 2θ with 0.02° steps, using CuKα radiation and a count time of 2 s per step following Hein et al. (2013). XRD digital scan data were analyzed using the Philips X'Pert High Score search-and-match function to identify minerals. The XRD 100 intensity peaks at 20 for calcite: 29.4, dolomite: 30.8, quartz: 26.6, and aragonite: 26.2 in order to determine major (>25%) carbonate phase. Results from new analysis were combined with previously published results from Cascadia (Torres et al., 2009).
3 RESULTS
3.1 Margin-wide and regional seep distribution
Margin-wide seep depth distribution is shown in Figure 2, based on results from the smoothed density estimation curve of seep sites per 100 m depth intervals overlaid on the relative percent-area surveyed of each depth contour (Table 1). The MBES survey coverages varies with depth and is lowest in the very shallow water on the continental shelf from 0 to 200 m, where the narrowing of the swath width makes collecting large surface areas exceedingly difficult for the typical MBES systems. In most other depth bins, however, coverage is between 60%–95%. The margin-wide seep depth distribution is left-skewed with bimodal peaks at 200–300 m and 500–600 m and long-tailed showing numerous observations of deep seeps up to 3,100 m. Non-normality of the distribution was confirmed using normal Q-Q plots, which show significant deviation of the sample points from the linear model especially in the lower and upper quantiles, and a Shapiro-Wilk test (W=0.5457, p-value<0.05; Supplementary Figure S2).
TABLE 1 | Number of seep emission sites and summary statistics of seep depth (m) including depth range, median depth, first and third interquartile, and interquartile range (IQR) per morphotectonic region as defined in Watt and Brothers (2020).
[image: Table 1]Given that margin-wide plots of seep depth distribution can mask along-margin variation in seep depth trends, we evaluated the depth distribution of the seep emission sites within four morphotectonic regions of the Cascadia margin (Watt and Brothers, 2020). The depth-distribution of each of the four morphotectonic regions shows considerable variation (Figure 3), especially compared to the margin-wide depth distribution (Figure 2). In addition to displaying the median and quartiles (i.e., inset box-and-whisker plots), the violin plots use a kernel density estimation to show the distribution shape of the data (i.e., position and relative amplitude) and probability of seep distribution along the depth range (Table 1). In regions 1 and 2, 39%–42% of seeps are found on shallow continental shelf (0–200 m), with 23%–26% on the upper slope and landward limit of the GHSZ (200–500 m), and 35% found in deeper waters and within the GHSZ (>500 m) (Figure 3). In region 3, 42% are located on the upper slope up to the landward limit of GHSZ, characterized by an interquartile range of 300–600 m, but equally 42% are found within the GHSZ, and a smaller portion on the shelf (15%). In contrast, seeps in region 4 were found in deeper water, such that 68% of the seeps are within the GHSZ (interquartile range = 600–1,000 m), 15% on the upper slope and landward limit GHSZ, and the remaining 17% on the shelf. In summary, only the median seep depth in region 3 coincides with the depth range of the landward limit GHSZ. The probability of seeps occurring within the depth range of the landward limit GHSZ is only valid in region 3. In contrast, the median seep depth in regions 1 and 2 are shallower with respect to the landward limit of the GHSZ and deeper in region 4, suggesting a margin-wide seep distribution trend toward deeper water southward along the margin (Figure 3). Similar to the margin-wide analysis, seep depth-distribution displayed non-normality in each of the respective regions, as highlighted by the shape of the violin plots (i.e., multimodal data distribution), illustrating scatter rather than concentrated around the median (Figure 3). This nonuniform distribution is consistent with previous observations (Johnson et al., 2015; Riedel et al., 2018).
3.2 Cluster analysis
Testing for patterns in spatial distribution margin-wide revealed that seeps exhibit spatial clustering, as opposed to random or dispersed distributions. Along the margin seven distinct clusters (i.e., hot spots) of high-density seeps were identified (Figure 3). All of the major clusters, except the cluster at Heceta Bank, are in areas where the OAH and landward limit of the GHZS coincide (Figure 3), as discussed in more detail below. In region 1, a single cluster was identified from 200 to 900 m depth at the head of Nitinat Canyon. At this site the OAH and the landward limit of the GHSZ converge (Figure 3 and Supplementary Figure S4), in contrast to the majority of region 1 where the landward limit of the GHSZ has a seaward offset relative to the OAH (Supplementary Figure S3). Region 2 exhibited the highest incidence of clusters, where each of the three clusters occurred at the heads of major submarine canyons, Quinault and Quillayute, Grays, and Astoria Canyons, that incise the shelf at 200 m. However, seeps in Astoria Canyon extend into the canyon and occur at a range of depths along the canyon thalweg. In contrast to regions 1 and 2, region 3 is devoid of canyons and clusters in this region occur on local structural highs, at Cascade Bench and Heceta Bank. In addition, the highest probability (i.e., peak in kernel density estimation curve) of seeps occurring within the depth range of the landward limit GHSZ is only valid in region 3, as discussed in detail below. A cluster at Coquille Bank was identified in region 4 where the OAH and landward limit of the GHSZ converge. Notably, this cluster is located where an inferred backstop boundary fault (Watt and Brothers, 2020) intersects a unique seafloor seep characterized by gas bubbles containing mantle-derived helium suspected to be sourced from the subducting Gorda plate (Baumberger et al., 2018). In comparison, no cluster was detected directly offshore Coos Bay, despite convergence of the OAH and the landward limit of the GHSZ. However, pockmarks were observed in the bathymetry in this area, suggesting potential fluid seepage in the past. South of Rogue Canyon, the OAH deviates seaward to a depth range of 800 to 2,000 m, where seeps appear to be strongly associated with the OAH rather than the landward limit of the GHSZ (Figure 3). A second cluster was identified around the head of Eel Canyon at the southern terminus of the Cascadia margin and is also where the OAH rejoins with the landward limit of GHSZ.
3.3 Seep site geomorphology in southern Cascadia
The seep depth distribution in southern Cascadia is unique, as captured in the violin plot of region 4 (Figure 3), where most seeps (62%) occur within the GHSZ (>500 m deep), and in an area where there is a distinct seaward divergence of the OAH into deeper water (Supplementary Figure S3). Given the lack of overlap between the OAH and landward limit of the GHSZ in southern Cascadia, the deeper distribution of seeps was investigated in the context of site specific geologic-geomorphic controls. Seeps could have associations with multiple geologic-geomorphic attributes and were therefore assigned up to two primary attributes (Supplementary Table S2). Of the seven types of geologic-geomorphic attributes evaluated for facilitating fluid flow, more than half (52%) of the 278 seep emission sites in southern Cascadia occur on anticlines, with the majority of anticlines located within or seaward of the OAH (Figure 3). In comparison, 16% of seeps were associated with canyons, 14% with the shelfbreak, 11% with seafloor failure scarps, 7% in channels or gullies, and 7% at sites of bedding outcrop. While assigning site specific geologic attributes to all seeps on the Cascadia margin is outside the current scope of the study, we did find that 44% of the seep emission sites in region 3 were located on anticlines, suggesting the strong association of seeps on anticlines carries to morpho-tectonic regions other than region 4.
3.4 Fluid-flow pathways
To further investigate the link between the occurrence of seafloor seepage and underlying geologic structure in southern Cascadia, we combined high-resolution bathymetry, water-column, and two-dimensional MCS data at two seep flare sites in region 4 as representative examples of detection of gas reservoirs and fluid migration pathways. The first example is based on water-column data from 2018 NOAA Ship Rainier MBES survey, where three seep flares were detected at ∼638 m depth, with fluid emissions reaching a height of 260 m above the seafloor (Figure 4A). Bathymetry from the associated MBES survey revealed an uplifted and rough seafloor character underneath the seep cluster and the high-intensity backscatter values accompanying these patches suggests the rough seafloor consists of authigenic carbonate precipitation. The seafloor morphology is mostly likely controlled by a broad anticlinal structure, as depicted in the MCS data (line 39 from the R/V Coral Sea). Within the anticline and beneath the active seep there is a zone of chaotic reflections and acoustic wipe-out located below the hinge line (Figure 4B). Chimney analysis reveals a broad high-probability zone below the seep field, indicating probable fluid-pathways (Figure 4B). Additional pipe-like zones of disturbance on both sides of the seep field are also highlighted as high-probability chimney zones. Fluids appear to be focused toward the hinge line where vertical pipes or faults provide a pathway to the seafloor, resulting in seafloor emissions.
[image: Figure 4]FIGURE 4 | (A) Three-dimensional visualization of seep bubble plumes detected in water-column data from a 2018 NOAA Ship Rainier survey using QPS Fledermaus FMMidwater software. Location of multi-channel seismic reflection profile data used for subsurface investigation (Figure 4B) into seep expression is shown in relation to the seeps. Collocated color-shaded relief bathymetry shows uplifted and rough-textured seafloor underneath the seeps. (B) Two-dimensional multichannel seismic reflection profiles coincident to this seep site collected in 2018 on the R/V Coral Sea. Upper panel shows the uninterpreted profile, while the lower panel shows the application of the multilayer perceptron neural-network used to identify high-probability zones of fluid migration pathways and gas-filled sediments. Additional interpretations added with arrows and labels noting the locations of acoustic wipeout/chimneys, faults, bottom-simulating reflectors, and the seep location on the seafloor surface.
The second example is from a seep site identified from water-column data derived from a 2017 E/V Nautilus MBES survey at a water depth of ∼995 m depth and flare rising 430 m into the water column. By rotating the 3D perspective from north-south orientation to east-west, a long, thin “bubble curtain” with a horizontal extent of 500 m across is revealed (Figure 5A). Bathymetric shaded relief reveals uplifted and rough seafloor character underneath seep cluster. As depicted in the MCS data (line 38 from the R/V Rachel Carson), this seep site is above a normal fault on the flank of a broad anticlinal structure (Figure 5B). As described above, chimney analysis indicates the presence of probable fluid-pathways beneath a hydrate cap (BSR) and likely updip fluid migration through a chimney zone to the seafloor (Figure 5B). The seismic profile shows that at depth, disruption of the BSR coincides with the location of a deeper fault, as well as the presence of a relic (“double”) BSR.
[image: Figure 5]FIGURE 5 | (A) Three-dimensional visualization of seep bubble plumes detected in water-column data from a 2017 E/V Nautilus survey using QPS Fledermaus FMMidwater software. Location of multi-channel seismic reflection profile data used for subsurface investigation (Figure 5B) into seep expression is shown in relation to the seeps. (B) Two-dimensional multichannel seismic reflection profiles coincident to this seep site collected in 2018 on the R/V Rachel Carson. Upper panel shows the uninterpreted profile, while the lower panel shows the application of the multilayer perceptron neural-network used to identify high-probability zones of fluid migration pathways and gas-filled sediments. The semi-transparent color overlay displays results from only the highest probability of occurrence results. Additional interpretations added with arrows and labels noting chimney areas, anticline hinge, and the seep location on the seafloor surface.
3.5 Authigenic carbonates
Authigenic carbonate δ13C values range from −56.73‰ to 10.03‰ with an average value of −25.21‰ ± 15.39‰ (n=324), whereas δ18O values range from −1.85‰–9.15‰ with an average value of −3.70‰ ± 1.67‰ (n=324) (Supplementary Table S3). Aragonite is the dominant carbonate phase of the authigenic carbonates and is the major component in 57% of the samples, with low and high-Mg calcite accounting for 29% and dolomite present at 13%. There is a δ13C range of over 60‰ from samples collected along the margin, and δ13C values correlate with both depth and latitude, with statistically significant (p<0.01) Pearson-Product Correlation Coefficient (p<0.01) of −0.49 and −0.48, respectively. In contrast, no correlation was found between authigenic carbonate δ18O values with either depth or latitude. Based on the aragonite-temperature equation of Grossman and Ku (1986) and seawater δ18O value of 0.08‰ SMOW (Bohrmann et al., 1998), the average δ18O-derived temperature is 5.0°C ± 3.7°C, overlapping with CTD bottom water temperatures at a depth range between 150 and 1,600 m (Baker and Prouty, 2022; Prouty and Baker, 2022).
4 DISCUSSION
4.1 Margin-wide seep depth distribution and cluster analysis
The identification of new seep sites in central and southern Cascadia in this study extends our understanding of seep depth distribution along a subducting margin. The margin-wide depth distribution presented here is consistent with other findings that seep density peaks around 500-m depth (Merle et al., 2021), but the non-normality contradicts the assumption of symmetrical probability distribution around ∼500 m. Instead of exhibiting symmetrical probability distribution around ∼500 m, the margin-wide depth distribution is left-skewed with a long-tail highlighting numerous observations of deep seeps up to 3,100 m. On a regional basis, the probability of seeps occurring within the depth range of the landward limit GHSZ is only valid in region 3 (Figure 3). While the seep distribution is non-random, the clustering described above is not restricted to the 500-m isobath but rather at distinct clusters with unique geologic and geomorphic characteristics. Whereas Merle et al. (2021) normalized seeps to percent area mapped for only a subset of eight multibeam surveys, we normalized seep occurrence to area mapped using all the co-located footprints from 30 multibeam surveys. Between 200–1,500 m depth, MBES mapping coverage was consistently high (80%–95%), such that our results and interpretation were not significantly hindered by data gaps in survey coverage at different depth bins. Increasing multibeam data acquisition in the 0–200 m water depth range would further refine our estimation of seep density in shallow waters along the margin. The opportunistic discovery of seeps and seep-indicators (i.e., chemosynthetic biota) using ROVs at sites where MBES did not detect seeps is a reminder that, in addition to the temporal ephemerality of seeps releasing detectable gas bubbles, an absence of seeps recorded in MBES surveyed area does not indicate a true absence of seeps.
In regions 1 and 2, the majority of seeps are on the shallow continental shelf (<200 m), with the seep clusters at the heads of canyons in northern Cascadia (Figure 3). Given that the canyons incise the shelf at (or less than) 200 m, it is not surprising that seeps in regions 1 and 2 have the highest probability of occurring at depths less than 200, consistent with previous observations (Johnson et al., 2019). Seep clusters are located at the heads of major submarine canyons except in Astoria Canyon, where seeps span a depth range from 109 to 300 m at the canyon head to 480–1,026 m in the canyon. As suggested by Merle et al. (2021), the large seep distribution in Astoria is likely linked to a combination of factors, with Astoria Canyon deeply incising into the shelf, resulting in steep canyon walls, facilitating massive sidewall and channel levee failures and exposing bedding planes on the mid to lower slope (Hill et al., 2022), thus promoting seepage pathways within the permeable sediment layers. In addition to a high occurrence of seep clusters in canyons in region 2, this region is also characterized by landward migration of the OAH, most likely in response to active extensional faulting. As a result, the OAH overlaps with the landward limit of the GHSZ (Figure 3), which most likely further facilitates focused fluid in these clusters.
Seep depth distribution in the south is progressively deeper but also signifies the only region (region 3) devoid of canyons and where the probability of seeps occurring within the depth range of the landward limit GHSZ is valid (Figure 3). The predominant cluster in region 3 is at Cascade Bench, a topographic high situated between Cascade Head and Tillamook Bay at depth of 400–600 m and inferred to be a paleo–shelf edge formed during the Pleistocene lowstand (McNeill et al., 2000). A second cluster was identified at Heceta Bank, a structural high along the outer shelf caused by subducting seamounts (Tréhu et al., 2012). Within this region, the OAH is co-located with the landward limit of the GHSZ except at Heceta Bank, suggesting some discrepancy of cluster behavior on structural highs with regards to convergence of the OAH and landward limit of the GHSZ.
The overlap between the OAH and the landward limit of the GHSZ may help explain the occurrence of the two clusters in region 4, one at Rogue Canyon and Coquille Bank, a north-south trending double plunging, asymmetrical anticline (Kulm and Bales, 1969), and the other around the head of Eel Canyon. Both sites are places where the OAH and landward limit of the GHSZ converge, along with the presence of submarine canyon heads (the importance of which was discussed above). Seafloor fluid emission at Coquille Bank may also be further facilitated by a backstop fault formed from the subducting Gorda Plate (Watt and Brothers, 2020) with access to mantle-derived fluids (Baumberger et al., 2018), and associated with a mafic ridge buried beneath the sediments of the accretionary complex from about 43° to 45°N (Fleming and Tréhu, 1999). In the rest of region 4, the OAH and the landward limit of the GHSZ are separated from each other by an average of 23 ± 6.1 km as the OAH deviates seaward around the Eel River Basin. As noted in this study, many seeps occurred in the deep water in association with the OAH, and prolific seep activity was also observed proximal to the channel heads of Trinidad Canyon where a north-south trending fault cuts across the channel heads and the shelfbreak (Balster-Gee et al., 2023a), but there was a dearth of seeps in the basin between. We posit that the lack of seeps here may be due to high sedimentation rates in the Eel River Basin that cause deposition of mud and silt to drape over the Basin and Trinidad Canyon (Nittrouer, 1999; Sommerfield and Nittrouer, 1999), which may limit sufficient porefluid methane saturation. Whereas gas hydrates tend to concentrate in coarser-grained sandy/silty turbidite sediments (Torres et al., 2008), high sedimentation rate of fine-grained sediment may preclude sufficient porefluid methane saturation. This scenario is consistent with observations by Tréhu and Phrampus (2022) to explain the absence of BSR and extension of the seaward edge of the Eel River Basin well to the west of the theoretical landward edge of the GHSZ. Therefore, we suggest that the lack of overlap between the OAH and the landward limit of the GHSZ and sedimentation history precludes development of seep cluster anywhere else in region 4.
The discussion above provides an interpretive framework for understanding and potentially predicting seep clusters along a subducting margin and helps address the unresolved origin of seeps at 500 m by identifying processes and characteristics that facilitate focused fluid independently of gas hydrate dissociation in response to contemporary ocean warming. While canyons and structural highs are critical geomorphic features facilitating seep occurrence, overlap between the OAH and the landward limit of the GHSZ may be required for statistically significant clustering of seep emissions. In Cascadia, there is co-occurrence of the OAH (and shelf break) with the downdip end of seismic ruptures and interseismic coupling (McNeill et al., 2000; Booth-Rea et al., 2008; Malatesta et al., 2021). Therefore, there may be links between seep distribution and seismogenic patterns given the release and drainage of fluids from clay dehydration in the transition between locked and seismogenic zone (Saffer and Tobin, 2011). Low permeability and porosity of marine sediment could lead to significant overpressure in these environments and trapping of fluids (Sahling et al., 2008; Saffer and Tobin, 2011). In other words, there is upward/updip fluid migration from zones of peak dehydration and/or elevated pore pressure toward that OAH along permeable stratigraphic layers and fault conduits. The OAH acts as a first-order anticlinal trap that focuses fluid flow along individual faults and bedding plane (Figure 6), as supported by sub-surface data showing where widespread folds channel fluids and gases toward the anticlinal crests, as seen in the structurally controlled seeps offshore Costa Rica (Kluesner et al., 2013). This may not apply to seeps away from the deformation front since dehydration may occur at a shallow depth and near the deformation front (Hyndman and Wang, 1993; Hyndman, 2007), given the high temperatures of the very young hot subducting plate (e.g., Hyndman, 2007). In contrast, near Hydrate Ridge, Torres et al. (2004) and Teichert et al. (2005) found an increase in deep freshening eastward (i.e., relative to the toe), whereas accretion at the westernmost sites is too recent for the sediments to have undergone significant illitization. While differentiating fluids from dehydration relative to hydrate dissociation requires analysis of porefluids, the co-location of the seep clusters with the OAH and inferred downdip end of interseismic coupling in Cascadia is intriguing and warrants further investigation.
[image: Figure 6]FIGURE 6 | Cross-sections of the southern Cascadia margin in Region 4 (location shown in Figure 3), showing the subsurface structure of the outer arc high (OAH) in (A) uninterpreted, (B) interpreted migrated industry seismic profile, Line W675NC-524 (Triezenberg et al., 2016). The OAH in this region forms a broad structural high (10s of km wide) comprised of numerous imbricated thrust faults and associated folds. The OAH bounds the seaward edge of the forearc basin. The seafloor multiple is indicated by “m”. (C) shows a conceptual model depicting the OAH as a first-order anticlinal trap that focuses fluid flow along individual faults and bedding planes. Note that within this region the outer arc high and upper limit of hydrate stability are spatially distinct features that each play an important role in focusing fluid seepage at the seafloor. Depth of Franciscan basement is estimated based on nearby interpretations from Gulick et al. (2002).
4.2 Fluid source
As a proxy for the composition of fluids, the authigenic carbonate isotope values suggest a range of sources, including thermogenic decomposition of organic matter and biogenic mediation from microbial activity (Claypool et al., 1985). The average authigenic carbonate δ13C values (−53.53‰ ± 1.95‰) at the Astoria deep sites (>800 m) are depleted relative to carbonate δ13C values at the shallow site (500 m; −28.51‰ ± 2.26‰), yielding a difference of 25‰, similar in magnitude between gas samples at the shallow versus deeper Astoria sites (Baumberger et al., 2018). As described in Baumberger et al. (2018), anerobic oxidation of methane (AOM), as well as incorporation of dissolved inorganic carbon (DIC) and co-existing CO2 and its associated shift in isotope composition, can produce heavy δ13C values that mimic a thermogenic origin (Pohlman et al., 2009). Given gas isotopic and hydrocarbon composition indicative microbial methane at Astoria (Baumberger et al., 2018), the heavier carbonate δ13C values at the shallow site are in line with 13C-enrichment by AOM.
In contrast, at Coquille the presence of only thermogenic methane (Collier and Lilley, 2005; Baumberger et al., 2018) provides an opportunity to calibrate the range in carbonate δ13C values (−26.50 to −17.76‰) in the absence of mixing with microbial sources. Taken together, data from Coquille and Astoria can be used as endmember values for estimating contribution from microbial and thermogenic methane sources to carbonate δ13C values at other sites where both sources are identified, such as at Heceta Bank (Baumberger et al. (2018). For example, carbonate δ13C values greater than the range reported at Coquille can be explained by oxidation of methane and DIC incorporation, whereas carbonate δ13C values less than this range reflect mixing with microbial methane. Assuming endmember microbial and thermogenic δ13C values from Baumberger et al. (2018), mixing with a microbial methane at Heceta Bank could contribute to a depletion of 15‰, equivalent to a contribution of less than 10% from microbial methane.
The inverse correlation between δ13C values and depth supports earlier views that seeps from within the gas hydrate stability zone are of microbial origin and seeps from the upper slope and the shelf have a thermogenic source (e.g., Collier and Lilley, 2005; Heeschen et al., 2005; Baumberger et al., 2018). However, the discussion above also demonstrates how processes impacting fluid chemistry, such as mixing and AOM, can impact the fluid isotopic composition (Pohlman et al., 2009) and ultimately alter the archived fluid-source signature in the authigenic carbonates. In addition, gas hydrate dissociation can provide a potential source of 18O-enriched fluids, which releases hydrate water and contributes to enrichment by up to 3.5‰ (Maekawa, 2004). Samples with 18O-enriched carbonate values yield unrealistically cold temperatures (<2°C) relative to CTD bottom water data (Baker and Prouty, 2022; Prouty and Baker, 2022), indicating influence from 18O-enriched fluid source. Margin-wide carbonate δ18O values and mineralogy, however, support shallow precipitation of aragonite driven by AOM and in isotopic equilibrium with seawater.
4.3 Anticlines as trappings for focused fluid flow
While the occurrence of seep clusters and the justification for their distribution may help explain the spatial distribution of seeps along the Cascadia margin, it does not explain the range or probability of seep depth distribution across the four regions. Instead, the site-specific investigation of region 4 reveals quantitative links between seafloor geomorphology/geology and seep occurrence. As reported above, over half of the seeps in region 4 occur on anticlines. This characteristic of region 4 helps to explain the probability depth distribution of seeps within the GHSZ. As shown in Figure 3 the OAH diverges seaward, representing a unique feature of southern Cascadia not observed elsewhere along the margin. According to Tréhu and Phrampus (2022), this region is also marked by the greatest distance between the landward-most BSR pick and 500 m contour (Supplementary Figure S4). Given that the OAH is an actively deforming portion of the margin, younger anticlines are formed from west to east (i.e., seaward or within the OAH) by uplift and horizonal compression as the deformation front steps seaward (Carson et al., 1974; McNeill et al., 1999; McCrory et al., 2002). In this region, the BSR is also tens of km seaward of the landward limit of the GHSZ where accretion of trench sediments forms a thick accretionary wedge (Tréhu and Phrampus, 2022). This spatial pattern highlights the potential role of the OAH on not only seep distribution but hydrate formation, where accretionary wedge tectonics and seafloor morphology serve as structural controls on fluid reservoirs, trapping, and transport. The 2-D conceptual model shown in Figure 6 demonstrates fluid flow paths and seafloor seepage features that are dependent on folds and fault patterns. Whereas convergence rates are similar along the Cascadia margin, the structural style and width of the actively deforming outer wedge varies along-strike, with a narrower wedge in the south relative to wider wedge in the north (Watt and Brothers, 2020). As a result, the narrower wedge forms a steeper accretionary prism with closely spaced faults/anticlines that stack on top of one another (i.e., imbricate faulting). In contrast, the wide wedge in northern Cascadia forms widely spaced anticlines. Region 3 is also characterized by a relatively high occurrence of seeps on anticlines characterized by mixed or dual vergence (Watt and Brothers, 2020), resulting in more-symmetrical fold structures and steeper seafloor gradients along the fold limbs evident in seismic data (Booth-Rea et al., 2008; Phrampus et al., 2017).
The occurrence of seeps on anticlines follows the conceptual models of focused fluid flow and gas migration along the crest of an anticline described by Paull et al. (2008), such as observed offshore north Panama (Reed et al., 1990), Costa Rica (Kluesner et al., 2013), and along the Queen Charlotte Fault (Prouty et al., 2020), where folding, thrust faulting, and sedimentation along a deformation front may facilitate fluid flow and seafloor venting. This relationship has been previously noted on the Cascadia margin, where the development of anticlinal ridges controls the location of seepage and are strongly correlated with vertical fluid migration paths (Carson et al., 1991; Carson et al., 1994; Johnson et al., 2003). Similarly, Tréhu et al. (1999) speculated positive feedback between gas hydrate formation and anticlines. Merle et al. (2021) also noted that deeper seeps (>525 m) were coincident with major compressional anticlinal (and diapiric ridges) within the accretionary prism. The efficiency of anticlines to trap and focus fluid flow is clearly seen in the MSC data and chimney analysis (Figures 4, 5), where broad high-probability zones of fluid migration and areas of chaotic reflections and acoustic wipe-out are located below the anticline hinge line. At depth, disruption of the BSR coincides with the location of a deeper fault, which is likely channeling fluids and causing breakdown of the hydrate cap. Upon intersecting the first fault up-dip, the gas/fluid presumably migrates upward along a path of least resistance to the seafloor. The seismic profile also shows the presence of a relic (“double”) BSR (Figure 5), possibly caused by episodes of uplift leading to shoaling/reestablishment of the BSR due to changing thermal conditions. This analysis also illustrates how faults disrupt the BSR (and presumably hydrate stability) and provide a pathway for fluids and gas to reach the seafloor, resulting in seafloor emissions. Hydraulic fracturing can also serve as a gas conduit. For example, along the southern Hikurangi margin in Aotearoa/New Zealand, anticlines act as a focusing mechanism for the fluids, where there is sufficient upward pressure to overcome the lithostatic load of the overburden and blow-out, or fracture, leading to a vertical pathway to the seafloor (Crutchley et al., 2021).
4.4 Tectonic framework for seep distribution
Taken together, this quantitative approach has identified characteristics/features as well as processes along the margin that facilitate seep emissions that operate independently of gas hydrate dissociation in response to contemporary ocean warming. In doing so, this study provides an expanded interpretive framework for understanding the controls and influencing factors on the depth and spatial distribution of seeps along the Cascadia margin and is consistent with stable gas hydrate occurrences even under future scenarios of warming bottom waters (Ruppel, 2011; Ruppel and Kessler, 2017). This interpretive framework may also be applied to other subduction margins that are dominated by accretion, such as the southern Hikurangi margin offshore Aotearoa/New Zealand (Barnes et al., 2010), where high fluid pressures play an important role in maintaining thrust wedges (Saffer and Bekins, 2002). For example, the majority of seeps on the southern Hikurangi margin were detected on crests of thrust-faulted anticlinal ridges at 700–1,200 m and where a network of near-surface faults and chimneys facilitates fluid expulsion and a breakdown in BSR (Mountjoy et al., 2009a; Barnes et al., 2010; Law et al., 2010; Crutchley et al., 2018; Watson et al., 2020). While seeps along the Hikurangi margin are consistently located above the deforming backstop, seep distribution based on MBES water column backscatter data is not uniform, and similar to the Cascadia margin, no evidence was found to suggest clustering of seeps near the landward limit of the GHSZ (650 m; Supplementary Figure S5). Instead, seeps in the north are concentrated near the shelf break within the Tuaheni Landslide Complex, where a combination of factors have contributed to slope instability, including earthquake ground shaking and gas release (Mountjoy et al., 2009b; Mountjoy et al., 2014; Gross et al., 2018; Carey et al., 2022; Crutchley et al., 2022). In comparison, seeps in the south occupy deeper water depths and are found to cluster along the crests of parallel ridges (Supplementary Figure S6), where gas is trapped beneath large sedimentary folds/anticlines formed by deep-seated thrust faults, and focused fluid flow is facilitated by both faults and hydraulic fractures (Crutchley et al., 2021).
This comparison highlights the role of regional geologic structures influencing clusters of focused fluid flow, as well as detailing margin-wide variability in seep distribution along both margins. For example, the largest depth range of seeps is located in the relatively narrow southern end of both margins where there is a transition from subduction to strike-slip deformation (Barnes et al., 2010; Watt and Brothers, 2020). At this transition, strike-slip faults that trend across the slope (Gulick et al., 2002) may provide additional near-vertical pathways for fluid flow across a range of water depths. The importance of the geometry of geologic structures to influence spatial location and character of seeps has been previously documented (Kulm et al., 1986; Le Pichon et al., 1992). However, results from our study, which demonstrate the importance of both geometry of geologic structures and the role of the margin-wide morphotectonics, may expand previous models of the distribution of fluid expulsion along subduction zones.
5 CONCLUSION
By applying a spatial and statistical analysis to an expanded seep database, coupled with multibeam bathymetry and chimney meta-attribute analysis of seismic reflection profiles, we show that gas hydrate stability is one of many other controls, primarily morphologic and tectonic, on seep distribution in Cascadia. Seep distribution along the margin is non-random, but instead of clustering along the 500-m isobath, seep clusters are dominated by the presence of canyons and topographical highs. New findings from this study suggest that co-location of the outer arc high (OAH) and landward limit of the gas hydrate stability zone (GHSZ) may be a prerequisite for seep cluster development in Cascadia, where a broad area of deformation overlaps a zone where hydrates are particularly vulnerable to dissociation, such as in areas with focused uplift and in headward-eroding canyons. The wide range in seep depth distribution, and in particular the trend toward deeper depths in southern Cascadia can also be linked to the location of the OAH where the development of thrust-faulted anticlines along the seaward edge of the Eel River forearc basin plays a crucial role in facilitating focused fluid flow and seep emissions despite being within the GHSZ. Refining models of fluid expulsion is critical, given the importance of fluid flow on plate boundary seismogenesis, global carbon budgets, and supporting sensitive seafloor ecosystems.
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In the ultra-slow spreading mid-ocean ridge, seafloor hydrothermal ventings mostly occur in the off-axis region. The plume of hydrothermal venting provides Fe, Mn and other metal materials for the growth of ferromanganese crust in the surrounding seamounts, showing unique geochemical characteristics that are different from that of hydrogenetic crust. Based on five samples of ferromanganese crusts, major, trace and rare earth element analysis was carried out to identify their material sources. Combined with the investigation data of water column and seafloor camera photos by deep towed hydrothermal detection system, the potential of hydrothermal activity in the 29–30 ridge segment of the Southwest Indian ridge was evaluated. The results showed that the ferromanganese crust in the study area had significantly higher Fe/Mn value (average 1.9), relatively higher Si and Al contents, and significantly higher Ca/P value (average 9.3),without significant phosphorylation. ferromanganese crust in the study area have significantly lower Co and Ni contents (about 1600 mg/kg on average), and relatively lower Sr, Ba, Pb, Cu, Zr and Mo contents (between 100-1000 mg/kg on average). The contents of W, Th and Te are also relatively low (average content between 10–50 mg/kg); The total rare earth element content of the crust in the study area is relatively low (about 928 mg/kg on average), and the light rare earth is relatively enriched. The standardized rare earth curve of the shale shows a left-leaning pattern as a whole, showing the enrichment of heavy rare earth relative to the shale. The Co content and rare earth element content of the ferromanganese crusts in this area are significantly lower than those of hydrogenetic crusts. The discrimination diagrams of ternary and bivariate material sources reveal that they have mixed hydrothermal and hydrogenetic origins. The three crust samples of S1, S2, and S5 are located within 2 km of the known hydrothermal fields, indicating a correlation between ferromanganese crust and the location of hydrothermal activity. There is no known hydrothermal field near the S3 and S4 stations. Altered rocks and water column turbidity anomalies were found near S3 station, and large areas of altered rocks and suspected hydrothermal biological remains were also found near S4 station, indicating that hydrothermal activity may exist in both areas. In addition to the two new hydrothermal fields identified in this article, the spatial frequency of hydrothermal activity in the study area reaches 15 sites/100 km, which is significantly higher than other well investigated oceanic ridges. Out of the eight hydrothermal fields in the study area, seven are located in the off axis region, mainly because the hydrothermal activity in this area is controlled by high angle and large offset normal faults and one-way detachment faults. This also indicates that the off-axis region of the Southwest Indian Ridge has high potential for hydrothermal activity.
Keywords: Southwest Indian Ridge, ultra-slow spreading, off-axis, hydrothermal activity, ferromanganese crust, tectonic-controlled
1 INTRODUCTION
Seafloor polymetallic sulfide deposits are layered or strat-abound sulfide deposits formed at or near the seafloor hydrothermal vents (Hannington et al., 2005). The deposits are formed at the hydrothermal vent by high-temperature, metal-rich and sulfur-rich fluid mixed with cold seawater and precipitated sulfide minerals (Hannington et al., 2011). Since the first discovery of seafloor hydrothermal vents, it has been known that seafloor hydrothermal ventings may occur in all mid-ocean ridges and ocean basins (Beaulieu et al., 2015). The discovery of seafloor hydrothermal fields is mainly concentrated in the slow-fast spreading ridges, such as the East Pacific Rise, the Central Indian Ridge, the Mid-Atlantic Ridge, etc. (Baker et al., 2016), but relatively few hydrothermal fields were found in ultra-slow spreading ridges, such as the Southwest Indian Ridge. In the slow-ultra slow-spreading ridge, “too many” high-temperature hydrothermal venting fields have been found, which may be because tectonic activity plays a greater role in the hydrothermal circulation than the magma supply (Beaulieu et al., 2015; German et al., 2016). It has been found that half of the high-temperature hydrothermal venting of the North Mid-Atlantic Ridge is controlled by tectonic activities (Escartín et al., 2008; Fouquet et al., 2010). In the slow-ultra slow-spreading ridge, the tectonically controlled seafloor hydrothermal activity often deviates from the ridge axis by 0–10 km. They have stable hydrothermal circulation fluid channels and stable heat sources and can maintain long-term hydrothermal activity for tens to hundreds of thousands of years (Tivey et al., 2003; Tao et al., 2020; Wu et al., 2021). This type of hydrothermal system will play an important role in both the formation of large-scale polymetallic sulfide deposits and the stable and long-term input of a large number of trace elements into the ocean.
The seafloor hydrothermal activity survey was initially started by the on-site observation of manned or unmanned submersibles on the seabed (Baker et al., 2016). The scope of the survey is very small, and there are few hydrothermal activity areas found. The plume of seafloor hydrothermal venting has unique physical, chemical and optical characteristics that are different from the surrounding seawater: such as temperature, salinity, turbidity, oxidation-reduction potential, methane and other abnormal parameters (Baker, 2017). Near-bottom detection of hydrothermal plumes is the most widely used technical method to investigate seafloor hydrothermal activities at present (German et al., 2016). In the database of seafloor hydrothermal fields published by Inter Ridge, about 80% of them were discovered by hydrothermal plume detection (Beaulieu and Szafrański, 2020). However, all hydrothermal activities will eventually stop. For inactive seafloor hydrothermal fields, there is no signal of hydrothermal plume, which is difficult to find. In the database, only 54 are identified as inactive. These inactive hydrothermal areas have undergone a complete hydrothermal circulation, and the accumulated polymetallic sulfide deposits are larger in scale and can avoid the risk of damaging the ecosystem near the active hydrothermal vents, which is conducive to marine mining and has attracted more attention (Jamieson and Gartman, 2020).
Ferromanganese crusts are commonly found on seamounts or ridges in ocean basins, which are precipitated by hydroxyl iron oxide and manganese oxide in seawater, and are rich in Fe, Mn, Co, Cu, Ni, rare earth elements (REE) and other metal elements (Hein and Koschinsky, 2014). In the vicinity of ocean ridges or hot spots, seafloor hydrothermal ventings provide rich Fe and Mn for the formation of ferromanganese crusts. Due to the high growth rate of crusts, the contents of metal elements such as Co, Cu, Ni and REE are depleted, showing unique geochemical characteristics (Kuhn et al., 1998; Josso et al., 2017). Fe-Mn crusts farther away from the hydrothermal field are more likely to be of hydrogenetic origin (such as increased Co and REE content) (Manheim and Lane-Bostwick, 1988; Surya et al., 2020). Therefore, through the investigation and sampling of ferromanganese crusts in the area to be investigated, geochemical research can indicate whether there is hydrothermal activity in the area.
Based on the geochemical analysis of five ferromanganese crust samples collected from the 29–30 ridge segment of the Southwest Indian Ridge, combined with the survey data of the hydrothermal activity in the region, this paper reveals its relationship with the hydrothermal activity in the vicinity.
2 GEOLOGICAL SETTING
The Southwest Indian Ridge is the boundary between the Antarctic plate and the Indian Ocean plate, with a total length of about 7,700 km, accounting for about 10% of the total length of the mid-ocean ridge (Dick et al., 2003). The full spreading rate of SWIR is about 14–16 mm/yr, belonging to the ultra-slow spreading ridge (Dick et al., 2003). The Andrew Bain transform fault divides SWIR (0–70°E) into two sections, with the western section (0–30°E) having an overall NEE trend and the eastern section (30–70°E) an overall NE trend (DeMets et al., 1990). Our study area is located in the middle of the eastern section of the Southwest Indian Ridge, between the Indomed and Gallieni transform faults. The thickness of the oceanic crust varies greatly. Basalt is mainly exposed on the seabed, and deep oceanic crust and mantle materials are exposed in some areas (Zhou and Dick, 2013). There are 10 central volcanic ridges (AVR) in this region, numbered 25–34 from east to west (Cannat et al., 1999; Li et al., 2020). AVR is offset by nine non-transform discontinuities (NTDs) from 0 to 35 km. The study area is located between 29 and 30 AVR, two AVRs are divided by an NTD, and there is a mode-E type fault on both sides of the ridge axis, with a length of more than 25 km (Liu et al., 2020) (Figure 1). Among them, there are many studies on the mode-E fault located on the south side of the ridge axis. The main part of the fault is oceanic basalt, and the ultramafic rock is exposed at the bottom of the fault, which is in the early stage of detachment fault development.
[image: Figure 1]FIGURE 1 | Sampling station and geological background. (A–C) Topographic map and sampling location of the study area; (D) a-b topographic profile; (E) c-d topographic profile; (F) e-f topographic profile. The white solid line represents the ridge axis, and the white thick dotted line represents the non-transformed discontinuities (NTDs). The white thin dotted line represents the deep-towed survey line. Ridge segmentation and NTDs delimitation are from refs (Cannat et al., 1999; Li et al., 2020). The location information of the seafloor hydrothermal field (HF1-HF6) is from refs (Li et al., 2020; Yue, 2020; Zhang et al., 2022).
3 MATERIALS AND METHODS
Five ferromanganese crusts used in this paper were collected by the Chinese “Da Yang Yi Hao” ship in the 29–30 segment of the Southwest Indian Ridge using a television grab during the 2014–2019 marine survey. The sampling location is located on the rift wall 5–7 km away from the ridge axis, and the sampling depth ranges from 1,500 to 2,700 m (Figure 1). The sample sampling station information is shown in Table 1.
TABLE 1 | Sampling station information.
[image: Table 1]After cleaning and drying the sample, take a photo of the original sample (Figure 2) and describe the sample. Cut the sample into thin slices using a cutting machine, and perform optical microscopy observation and photography, as shown in Figure 3. The size of the hand specimen to which the ferromanganese crust belongs ranges from 4 to 10 cm, and the thickness of the crust ranges from 5 to 10 mm (Figure 2). The crusts are all black brown in colour, with micro papillary surface morphology. The microscopic observation of ferromanganese crusts in the study area mainly presents parallel layered structures, without obvious sedimentary discontinuities, indicating that the formation environment and material transport of these samples are relatively stable (Figure 3).
[image: Figure 2]FIGURE 2 | Photos of ferromanganese crust samples.
[image: Figure 3]FIGURE 3 | Microstructure of ferromanganese crust.
After the ferromanganese is peeled off from the original rock, it is cleaned by an ultrasonic cleaning machine with deionized water and ground in an agate mortar to 200 mesh (74 μm). The geochemical analysis of ferromanganese crust samples was carried out in the ALS Laboratory in Guangzhou. The major elements were analyzed by X-ray fluorescence (PANalytical PW2424). Before analysis, each sample is fully mixed with a flux containing Lithium nitrate and heated at 1,000°C for about 1 h. After melting, each sample is transferred to a platinum mould to form a flat glass plate. Three standard samples (GBW07105, NCSDC47009, and SARM-4) were used to monitor the accuracy of data during analysis. The precision of the analysis was better than that of ±5%. Analyze trace elements in Agilent 7700x ICP-MS. Weigh approximately 250 mg of each sample and digest it with HClO4, HNO3, and HF. Evaporate the solution until dry, discharge the residue, dissolve with dilute HCl, and analyze the dissolved sample. In the spectrum, the results were adjusted based on inter-element interference. The reference samples GBM908-10 and MRGeo08 are used as internal standards for data quality control, the precision of the analysis was better than that of ±10%.
The deep towed hydrothermal detection system (DHDS) was used to investigate the hydrothermal activity of the 29–30 ridge segment of the Southwest Indian Ridge during the 2014–2015 sea survey by the Chinese “Da Yang Yi Hao” ship. The DHDS system includes two cameras that can be used to photograph the seabed and a series of hydrothermal plume detectors (redox potential sensors, turbidity sensors, etc.); among them, the camera was placed on the towed body near the seabed (3–5 m from the bottom), and the hydrothermal plume detectors were placed on the cable of the towed body. Four groups were placed at 50, 100, 150, and 200 m from the bottom, respectively. The deployment test line of DHDS is shown in Figure 1.
4 RESULTS
4.1 Major element
The composition of the bulk chemical major elements of the five ferromanganese crust samples in the study area is shown in Table 2. Among them, the content of Fe and Mn is the highest, and the element content is mostly greater than 10%. Among them, the Fe content ranged from 19.54% to 24.12%, with an average of 22.16%; the Mn content ranges from 6.14% to 15.44%, with an average of 11.58%. The Fe content of crust samples in the study area is significantly higher than that of hydrogenetic ferromanganese crusts in the Northwest Pacific and Indian Ocean, and also higher than that of global ferromanganese nodules (Figure 4). The Mn content is lower than that of hydrogenetic crusts in the Northwest Pacific and Indian Ocean, and also lower than that of global ferromanganese nodules. The Fe/Mn ratio of ferromanganese crusts in the study area is 1.37–4.00, with an average of 1.91, which is significantly higher than that of northwest Pacific crusts (0.68) and Indian Ocean crusts (1.13), and also higher than that of global ferromanganese nodules (0.88) (Figure 4).
TABLE 2 | Major element composition.
[image: Table 2][image: Figure 4]FIGURE 4 | Comparison of the bulk chemical major and trace element content of samples in the study area with other samples. The data of Fe-Mn crusts (NW Pacific) are from ref Jamieson and Gartman (2020). The data of Fe-Mn crusts (Indian ocean) are from ref Hein et al. (2016). The Fe-Mn nodules (world ocean) data are from ref Mukhopadhyay et al. (2008). The data of UCC, PAAS and NASC are from ref Ray and Paul (2021). The data of calcareous sediment (SWIR) are from ref Dasong et al. (2016).
The secondary elements are Si, Ca, Al, Mg, and Na, and the element content is mostly between 1% and 10%, with an average content of 8.51%, 4.21%, 2.53%, 1.93%, and 1.42%, respectively (Table 2). Among them, the Si content of the crusts in the study area is significantly higher than that of the hydrogenetic crusts in the Northwest Pacific and Indian Ocean, which is comparable to the global ferromanganese nodules. The Ca content of the crusts in the study area is comparable to that of the Northwest Pacific crusts, slightly lower than that of the Indian Ocean crusts, and significantly higher than that of the global ferromanganese nodules. The Al content of crusts in the study area is significantly higher than that of crusts in the Northwest Pacific and Indian Ocean, which is comparable to that of global ferromanganese nodules. The Mg and Na contents of the crusts in the study area are comparable to those of the Northwest Pacific and Indian Ocean crusts, as well as global ferromanganese nodules. The average contents of Ti, K and P elements in the crust of the study area are lower than 1%, which are 0.63%, 0.54%, and 0.45%, respectively (Table 2).
Among them, the Ti and K contents of the crusts in the study area are equivalent to those of the crusts in the northwest Pacific Ocean and the Indian Ocean, as well as global ferromanganese nodule; The P content of the crusts in the study area is significantly lower than that of the crusts in the Northwest Pacific Ocean and the Indian Ocean and is equivalent to the global ferromanganese nodule. The average Ca/P value of the crusts in the study area is 9.30, which is much higher than that of fluorocarbon Apatite (less than 2), and also significantly higher than that of the crusts in the northwest Pacific Ocean and the Indian Ocean (about 3.4), indicating that there is no obvious phosphorylation of the crusts in the study area (Beaulieu et al., 2015; Surya et al., 2020).
4.2 Trace element
The composition of the bulk chemical trace element of the five ferromanganese crusts in the study area is shown in Table 3. The average content of Co and Ni in ferromanganese crusts in the study area is more than 1,000 mg/kg, and the average content is about 1,600 mg/kg, which is far lower than that in the northwest Pacific, Indian Ocean and global ferromanganese nodule (Figure 4). The average content of Sr, Ba, Zn, Pb, V, Cu, Zr, and Mo in the ferromanganese crusts in the study area ranges from 100 to 1,000 mg/kg. Except for Zn and V, the content of other elements is significantly lower than the hydrogenetic crusts of the Northwest Pacific and Indian Ocean. The Zn content in the crusts of the study area is equivalent to that of the hydrogenetic crusts of the Northwest Pacific Ocean and the Indian Ocean, but significantly lower than that of the global ferromanganese nodule. The V content of crusts in the study area is comparable to that of hydrogenetic crusts in the Northwest Pacific and Indian Ocean, as well as global ferromanganese nodules. The content of Sr in the study area is slightly higher than that of global ferromanganese nodules, and the content of Ba, Pb, Cu, Zr and Mo is significantly lower than that of global ferromanganese nodule. It is worth noting that the Cu element content of S5 is significantly higher, reaching 1.43 wt%, which is 15–31 times the content of the other four samples. Moreover, the Zn content of S5 is significantly higher, approximately twice that of the other four samples. The average content of Nb, W, Th, Te, Li, and Sc in the ferromanganese crusts in the study area ranges from 10 to 50 mg/kg, while the average content of Rb, U, and Hf ranges from 1 to 10 mg/kg. The content of Ta is below 1 mg/kg, with an average of 0.33 mg/kg; Among them, except for the significantly lower content of W, Th, and Te compared to hydrogenetic crusts in the Northwest Pacific and Indian Ocean, the content of other elements is equivalent to that in hydrogenetic crusts in the Northwest Pacific and Indian Ocean.
TABLE 3 | Trace element composition.
[image: Table 3]4.3 Rare earth elements and yttrium
The composition of bulk chemical rare earth elements and yttrium (REY) of the five ferromanganese crusts in the study area is shown in Table 4. The total REE content ranges from 3,208 to 1,415 mg/kg, with an average content of 928 mg/kg, which is lower than that of hydrogenetic ferromanganese crusts (Figure 5). Among them, the total REE content of S5 is very low, which is 320 mg/kg, 2.5–4 times lower than the other four samples. The contents of light rare earth (LREE) and heavy rare earth (HREE) are 285–1,274 mg/kg and 35–140 mg/kg, respectively. LREE/HREE values range from 8.14 to 11.18, with an average of 8.90, which shows light rare earth enrichment. δCe value is 1.50–2.53, with an average of 1.94, indicating that the crust growth environment is partial oxidation. From the normalized distribution curve of rare earth elements of Post-Archean Australian Shales (PAAS) (Figure 5), it can be seen that the five ferromanganese crusts in the study area have a similar distribution trend with hydrogenetic ferromanganese crusts, Ce and Eu elements show obvious positive anomalies and Y elements show obvious negative anomalies except S5. The rare earth curve shows a left-dipping type as a whole, with LaSN/YbSN values ranging from 0.58 to 0.91 and an average of 0.78, showing the enrichment of heavy rare earth relative to shale.
TABLE 4 | Composition of rare earth elements and yttrium.
[image: Table 4][image: Figure 5]FIGURE 5 | Range of shale-normalized rare-earth element (REE) and Y. Shales data of Post-Archean Australian comes from ref Pourmand et al. (2012). The data of hydrothermal Fe-Mn oxides are from refs Ye (2010) and Hu et al. (2022). The data of hydrogenetic ferromanganese crusts are from ref Bau et al. (2014). Data on Fe-Mn crusts influenced by hydrothermal venting come from refs Kuhn et al. (1998) and Surya et al. (2020).
5 DISCUSSION
5.1 Identification of the material source
Fe-(Co + Ni + Cu) × The 10-Mn ternary discriminant diagram is often used to distinguish the material sources of ocean ferromanganese deposits, which are mainly divided into three types of hydrogenetic, hydrothermal and diagenetic genesis (Bau et al., 2014). The ferromanganese crusts of S1-S4 in the study area are in the hydrogenetic origin region of the ternary diagram but are closer to the hydrothermal origin region compared to the hydrogenetic ferromanganese crusts, similar to the ferromanganese crusts affected by the hydrothermal activity (Figure 6A). Among them, the Cu content of S5 is very high, causing a significant deviation from the hydrogenetic region of the ternary diagram. Recently, Josso et al. (2017) used Fe, Mn, Cu, Ni elements, high field strength elements Zr, and rare earth elements Ce, Y to distinguish the material sources of ferromanganese deposits, avoiding the problem of traditional ternary diagrams that are difficult to distinguish between types of hydrogenetic and diagenetic origins. The S1–S4 is in the mixed region of hydrothermal and hydrogenetic genesis, indicating the possible influence of hydrothermal activity (Figure 6B). S5 is close to the diagenetic region due to its high Cu content.
[image: Figure 6]FIGURE 6 | Ternary discriminant diagram of ferromanganese crust. (A) Fe-(Co + Ni + Cu) × 10-Mn ternary discriminant diagram, modified from ref Bonatti et al. (1972); (B) 15 × (Cu + Ni)-(Zr + Y + Ce) × 100-(Fe + Mn)/4, modified from ref Josso et al. (2017). Data on hydrogenetic ferromanganese crusts from refs Yu et al. (2013), Bau et al. (2014), and Yu et al. (2021); Data of Fe-Mn crusts influenced by hydrothermal venting are from refs Kuhn et al. (1998), Surya et al. (2020), Staszak et al. (2022), and Zawadzki et al. (2022).
Different types of oceanic ferromanganese deposits have different REY distributions. Bau et al. (2014) distinguished different oceanic ferromanganese deposits using Nd content, Ce and Y anomalies (Figures 7A, B). Among them, hydrothermal deposits have low Nd content, negative Ce anomalies, and positive Y anomalies; Hydrogenetic crusts exhibit high Nd content, positive Ce anomalies, and negative Y anomalies (Bau et al., 2014). In the ferromanganese crusts in the study area, S3 exhibits weak Ce negative anomalies, while S1, S4, and S5 exhibit weak Ce positive anomalies, between typical hydrogenetic crusts and hydrothermal ferromanganese oxides, indicating that they may be affected by hydrothermal activity (Figure 7A). The Ce positive anomaly of S2 is slightly higher than that of the other four samples, but it is also significantly lower than typical hydrogenetic crusts, and the Nd content is also significantly lower than that of hydrogenetic crusts, indicating that it may be affected by hydrothermal activity (Figure 7A). All five crusts in the study area exhibit weak Y negative anomalies, Ce weak positive or weak negative anomalies, and are in the transition zone between hydrogenetic crusts and hydrothermal ferromanganese oxides, indicating the possible influence of hydrothermal activity (Figure 7B). The Co and REE elements in ferromanganese crusts mainly come from seawater, which is often enriched in hydrogenetic crusts and depleted in hydrothermal crusts (reference). In addition, there are significant differences in Mn/Fe values among ferromanganese deposits of different origins. Hydrothermal ferromanganese deposits often exhibit significant differentiation between Fe and Mn, with high Fe and low Mn being common, indicating low Mn/Fe values (Manheim and Lane-Bostwick, 1988). The Co and REE content of crusts in the study area is between the hydrogenetic crusts and the hydrothermal ferromanganese deposits, with the characteristics of hydrogenetic and hydrothermal mixing (Figures 7C, D). The Mn/Fe value of the crust in the study area is slightly lower than that of typical hydrogenetic crusts, indicating possible hydrothermal activity effects (Figure 7C).
[image: Figure 7]FIGURE 7 | Bivariate discriminant diagram of ferromanganese crust. (A) CeSN/CeSN* ratio vs. Nd content; (B) CeSN/CeSN* ratio vs YSN/HoSN ratio; (C) Mn/Fe ratio vs Co content; (D) Total REE content vs Co content. The data of hydrogenetic ferromanganese crusts are from Bau et al. (2014); The data of Fe-Mn crusts influenced by hydrothermal venting are from refs (Kuhn et al., 1998; Surya et al., 2020; Zawadzki et al., 2022); The data of hydrothermal Fe-Mn oxides are from refs (Zhigang et al., 2007; Ye, 2010; Bau et al., 2014; Hu et al., 2022).
5.2 Indication of off-axis hydrothermal activity
Previous investigations have shown that there is one confirmed Yuhuang-1 hydrothermal field (Figure 1, HF6) and five inferred hydrothermal fields (Figure 1, HF1-HF5) in the study area (Li et al., 2020; Yue, 2020; Zhang et al., 2022). Among them, three are inferred active hydrothermal fields (HF2: S30 hydrothermal field, HF3: Yuhuang-3 hydrothermal field, HF5: Yuhuang-2 hydrothermal field), and there are also water turbidity anomalies and ORP anomalies (Li et al., 2020). There are also two inferred inactive hydrothermal fields (HF1: Baidi hydrothermal field and HF4: Chunxi hydrothermal field). Alteration rocks and hydrothermal products (opals) related to hydrothermal activity were found, but no turbidity anomaly of the water column was found (Tao et al., 2012). Except that the HF2 hydrothermal anomaly field is located near the ocean ridge axis (<3 km), the other hydrothermal fields or hydrothermal anomaly fields are located in the off-axis area (5–10 km) on both sides of the ocean ridge axis.
The previous investigation showed that the diffusion range of the hydrothermal plume in the Southwest Indian Ridge was not more than 10 km, and most of them were less than 5 km (Yue et al., 2019; Chen et al., 2021). After being more than 10 km away from the hydrothermal activity field, many parameters for tracing the hydrothermal plume decrease to lower levels, close to the background seawater (Yue et al., 2019; Chen et al., 2021). In addition, the geochemical analysis of the surface sediments around the hydrothermal field also shows that the chemical anomaly of the sediments affected by the hydrothermal substances has significantly decreased to the level close to the background sediments after being more than 10 km away from the hydrothermal activity field (Liao et al., 2018; Liao et al., 2019).
Among the ferromanganese crusts sampled in the study area, S1 was taken from the vicinity of the Baidi hydrothermal field (∼2 km), S2 was taken from the vicinity of the Chunxi hydrothermal field (∼2 km), S5 was taken from the confirmed Yuhuang-1 hydrothermal field. To sum up, the content of Cu and Zn in S5 is significantly higher, especially the very high content of Cu, which may be related to the abundant supply of Cu and Zn in the hydrothermal field. In addition, the REE content of S5 is significantly lower than that of aqueous crusts and the other four crusts, which is also similar to that of hydrothermal products. In addition to S5 affected by hydrothermal activity, the other four crust samples may also be affected by hydrothermal activity to a certain extent, thus showing characteristics different from common hydrogenetic crusts (Figures 6, 7). S3 and S4 are more than 10 km away from the known hydrothermal field or hydrothermal anomaly field, which exceeds the diffusion range of the hydrothermal plume in this region. The influence of hydrothermal activity on these two ferromanganese crusts may come from the undiscovered hydrothermal field.
On DHDS survey line 2, adjacent to the S3 station area, a large area of yellowish-brown breccia covered by thin sediment layers was observed in seabed photography (Figure 8), suspected to have been modified by surrounding hydrothermal fluids. The hydrothermal plume sensor deployed on the survey line did not record any water column anomalies. On DHDS Line 3, adjacent to S3 station, the hydrothermal plume sensor deployed recorded a significant sudden increase in water turbidity and a sudden decrease in oxidation Reduction potential near 2,200 m water depth (Li et al., 2015); In summary, there is a high possibility of an unknown hydrothermal field near the S3 station, and we have temporarily named it the 49.05°E hydrothermal field.
[image: Figure 8]FIGURE 8 | Photographs of altered rocks near the S3 station.
On the DHDS survey line 1, a large area of yellowish-brown rock was observed in the seabed camera near the S4 station (Figure 9), which is different from the mid-ocean ridge basement rock dominated by grey-black oceanic basalt and is suspected to be modified by the surrounding high-temperature hydrothermal fluid (Tao et al., 2012; Chen et al., 2021). The hydrothermal plume sensor did not record the water chemistry and water turbidity anomalies, indicating that the hydrothermal activity in this area may be inactive. In addition, the seabed camera also observed a large area of dead shell remnants (Figure 9), suspected to be mussels living near the hydrothermal field (Tao et al., 2012). This also further proves that there is seafloor hydrothermal activity in this area, which has ceased. In summary, there is a high possibility that there is an unknown hydrothermal field near the S4 station. We temporarily named it the 49.11°E hydrothermal field.
[image: Figure 9]FIGURE 9 | Photographs of seabed near S4 station. (A,B) Altered rocks; (C,D) Suspected hydrothermal biological remains.
Together with the two off-axis hydrothermal fields identified in this paper, a total of eight hydrothermal fields were found in the 29–30 ridge segment of the Southwest Indian Ridge, of which only one was near the ridge axis and the remaining seven were located in the off-axis 5–10 km region (Figure 1), showing high off-axis hydrothermal activity abundance. In the region with a total length of about 52 km, the spatial frequency of hydrothermal activity (Fs) is 15.4 sites/100 km. It is significantly higher than the well-investigated ocean ridge and 14 times higher than the linear fit prediction (Fs: 1.1 sites/100 km) (Figure 10). Compared to other detailed hydrothermal activity surveys on the Southwest Indian Ridge, the Fs of the study area is at a high level. Among them, the Fs of the study area is twice as high as that of the adjacent SWIR 48.1–48.7°E region located on its western side, which is 44% higher than the highest prediction of the SWIR 27 segment on the east side of the study area. The study area also had a higher Fs than other well-investigated spreading centres, one time higher than the Galapagos spreading centre, but significantly lower than the North East Pacific Rise. This means that the off-axis hydrothermal activity of the Southwest Indian Ridge is still underestimated compared to past understanding.
[image: Figure 10]FIGURE 10 | The relationship between the spatial frequency of hydrothermal activity and the spreading rate of the oceanic spreading ridge. The grey circle data is from ref Beaulieu et al. (2015), representing the well-surveyed area; The purple square data comes from ref Baker et al. (2016), representing the area of detailed optical and ORP survey. CGSC is the Galapagos spreading centre, EGSC is the east side of Galapagos spreading centre, and NEPR is 9–10°N of the East Pacific Rise; The black diamond is the data of the study area; The grey triangle data is from ref Chen et al. (2021), which represents the area between SWIR 30 and 31 ridge segments of the detailed optical and ORP survey; The white triangle data is from ref Yue et al. (2019), representing the SWIR 27 ridge segment of the detailed optical and ORP survey; The blue diamond is a synthesis of the research results of this paper and the publicly reported data of the hydrothermal fields in the SWIR 48–52°E area. The black line represents the linear regression fitting line of the well-surveyed ridges, and the black dotted line represents the ±95% confidence interval.
5.3 Factors controlling the distribution of hydrothermal activity
The seafloor hydrothermal circulation is ultimately driven by heat sources, and magmatic activity can provide sufficient heat sources for hydrothermal activity. The variability of magma supply is the main controlling factor affecting the distribution pattern of hydrothermal activity on the mid-ocean ridge, and hydrothermal activity increases linearly with the increase of magma supply (Beaulieu et al., 2015; Baker, 2017). Due to the influence of segmentation and local magma supply characteristics, there are differences in the amount of magma and the proportion of tectonic activity between different ridge segments in the Southwest Indian Ocean. This in turn leads to the diversity of heat sources and channels in the hydrothermal circulation system, ultimately resulting in a rich diversity of hydrothermal activities (Tao et al., 2020; Wu et al., 2021; Zhou et al., 2022; Tao et al., 2023). Tao et al. (2023) divided the hydrothermal circulation of the Southwest Indian Ridge into four types: localized strong magmatic supply-controlled type, high angle large offset fault controlled type, one-way detachment fault controlled type, and flip-flop detachment fault controlled type. In this study area, the Baidi hydrothermal field (HF1) is classified as a localized strong magmatic supply-controlled type, the Yuhuang-1 hydrothermal field (HF6) is classified as a one-way detachment fault-controlled type, and the Chunxi hydrothermal field (HF4) is classified as high angle large offset fault controlled type (Tao et al., 2023).
According to the above classification method of Hydrothermal circulation, other hydrothermal fields in this study area are classified as follows, and the model of the hydrothermal circulation system in this study area is summarized in Figure 11. Yuhuang-2 hydrothermal field (HF5) and Yuhuang-1 hydrothermal field are located on the Yuhuang detachment fault (Chen et al., 2023), both controlled by detachment faults and should be classified as one-way detachment fault controlled Hydrothermal circulation. Yuhuang-3 hydrothermal field (HF3), 49.05° E hydrothermal field and 49.11° E hydrothermal field are all located on Mode-E fault (also can be expressed as high angle and large offset normal fault), similar to Chunxi hydrothermal field, and should be classified as high angle large offset fault controlled Hydrothermal circulation; Among them, the Yuhuang-3 hydrothermal field, Chunxi hydrothermal field, and 49.11°E hydrothermal field are all located on the same Mode-E fault on the north side of Nontransform discontinuity (N30), while the 49.05° E hydrothermal field is located on the Mode-E fault on the south side of N30. The heat source of one-way detachment fault-controlled Hydrothermal circulation is similar to that of high angle large offset fault-controlled Hydrothermal circulation. It is a local high-temperature Gabbro intrusion or deep high-temperature mantle, and the hydrothermal circulation channels are respectively deep detachment faults and high angle and large offset faults (Tao et al., 2023).
[image: Figure 11]FIGURE 11 | Hydrothermal circulation system model in the study area [Modified from Tao et al. (2023)].
The S30 hydrothermal field (HF2) is similar to the Baidi hydrothermal field, both located near the neovolcanic ridge of the #30 segment, and should be classified as a localized strong magmatic supply-controlled type; Among them, the Baidi hydrothermal field is located on the north side of #30 segment, and the S30 hydrothermal field is located on the south side of this ridge segment. In this kind of localized strong magmatic supply-controlled Hydrothermal circulation, the magma intruded from the axis becomes the heat source of the hydrothermal circulation system, and the axial fault provides a channel for fluid migration (Tao et al., 2023).
6 CONCLUSION
In this paper, the abundant off-axis hydrothermal activity of the 29–30 ridge of the Southwest Indian Ocean Ridge was studied. By analyzing the chemical composition and REE composition of ferromanganese crusts, the influence of hydrothermal activities on the origin and evolution of ferromanganese crusts and the controlling factors of the distribution of hydrothermal activities were discussed. The main conclusions are as follows:
1. The crust samples in the study area have low Co and rare earth element contents, and the material source discrimination diagram reveals that they have a mixed hydrogenetic and hydrothermal origin;
2. Identify two unknown seafloor hydrothermal fields, one of which is an inactive hydrothermal field, and obtain evidence from seabed camera images. Based on the geochemical survey of ferromanganese crusts, it can be an effective means of investigating inactive seafloor hydrothermal activity;
3. The spatial frequency of hydrothermal activity in the study area reaches 15 sites/100 km, which is significantly higher than other well-investigated oceanic ridges, indicating that the Southwest Indian Ridge still has high potential for hydrothermal activity investigation;
4. The control factors of hydrothermal activity in the study area are diverse, including localized strong magmatic supply-controlled type, high angle large offset fault controlled type, one-way detachment fault controlled type.
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Mud volcanoes can cause various geohazards, so it is very important to know their activity level and their distribution. Surface sediments were collected from four submarine mud volcanoes (MVs) off Tanegashima (SW Japan), namely, MV1, MV2, MV3, and MV14. We extracted pore water from the surface sediments and investigated its chemical and isotopic compositions. The sodium (Na) and chloride (Cl-) concentrations decreased and the boron (B) and lithium (Li) concentrations increased with increasing depth, suggesting that some fluids with lower Na and Cl- concentrations and higher B and Li concentrations than seawater were supplied upward from the deep sub-seafloor. The fluid advection velocities estimated from the pore-water profiles differed for each MV, and those of MV3 were the fastest (14 cm/yr) in this study. The estimated equilibrium temperature with clay minerals using Na and Li concentrations were 93-134°C, corresponding to the temperature of environments around 3.7 to 5.3 km below the seafloor. This indicates that these components originated from these depths and that the origin depth did not reach the plate boundary in this area. The B isotope ratio in the pore water was extremely high up to +57 ‰, suggesting that it was strongly affected by adsorption onto the surface of the sediments. A higher B isotope ratio (+57 ‰) was detected in MV3, which was considered to be more active, indicating that more B was adsorbed onto clay minerals supplied from deeper depths.
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1 Introduction

Mud volcanoes (MVs) are structures formed by the eruption of mud breccia from below the surface to the surface owing to increased pressure and buoyancy (Mazzini and Etiope, 2017). The number of MVs on land is probably approximately 103 (Etiope and Milkov, 2004); conversely, that on the seafloor was estimated to be 103-105 as the sedimentation rate is high (Milkov, 2000). The ejected materials comprise gas, mainly CH4 and CO2, mud, rock fragments, and water (Kopf, 2002), which are thought to be related to natural gases, petroleum, and/or gas hydrates (Etiope et al., 2009; Tinivella and Giustiniani, 2012). Some studies have indicated that earthquakes trigger MV activities (e.g., Tsunogai et al., 2012), but not all earthquakes are associated with MVs (Manga et al., 2009; Tingay et al., 2018; Wang and Manga, 2021). To investigate causal relationships, it is essential to monitor MV activity. On land, detailed topographical changes can be monitored using satellites (Kopanina and Shvidskaya, 2021). However, seafloor monitoring is difficult. Feseker et al. (2014) installed a submarine observation station at the Håkon Mosby MV off the coast of Norway, monitored it for 431 days, recorded four major events, and observed a rapid sediment uplift of 1 m (Feseker et al., 2014). Topographical changes on the seafloor can cause submarine landslides, which can lead to accidents involving the disconnection of communication cables (Carter et al., 2012; Carter et al., 2014; Gavey et al., 2017). Therefore, understanding the activities and distribution of submarine MVs and identifying the factors that determine the effects of earthquakes and subducting seamounts on MVs are vital (Kioka, 2020).

The indexes of the activity of submarine MVs can be estimated from the CH4 flux directly in surface water (Tsunogai et al., 2012), sedimentary activity analysis using microfossil age (biostratigraphy) and 14C age (Ujiié, 2000), and determination of the depth of origin using various geothermometers (Hensen et al., 2004; Nishio et al., 2015; Lalk et al., 2022; Mitsutome et al., 2023). The greater the depth of origin, the greater was the amount of energy that migrated through the material, suggesting the existence of large-scale mud volcanic activity. Hensen et al. (2004) estimated the temperature at which water reaches equilibrium with clay from water isotope ratios. Nishio et al. (2015) estimated the temperature at which lithium equilibrates with clay using lithium isotope ratios. Lalk et al. (2022) used clamp isotopes of methane to estimate the temperature of methane formation. Mitsutome et al. (2023) used the solubilities of Ar, Kr, and Xe to estimate the depths at which those heavy noble gases were present immediately before. Boron isotope ratio also has the potential to be used as a geothermometer (Palmer, 1991; James et al., 1999; Williams et al., 2001; You and Gieskes, 2001).

Boron (B) has two isotopes with mass numbers of 10 and 11. The B isotope ratio, which is the abundance ratio, indicates that B in fluids released at equilibrium from silicates undergoes smaller isotope fractionation at higher temperatures (Deyhle and Kopf, 2005). In contrast, MVs represent the progression of clay mineral alteration (Kopf and Deyhle, 2002). Deyhle and Kopf (2005) investigated B isotope fractionation in fluid and solid phases in nature and found that the B isotope ratio in the fluid was influenced by multiple factors, such as the weight ratio of the fluid to solid phases in the reaction field, B isotope ratio in the solid phase, reaction temperature, and pH in the reaction field. Chao et al. (2011) investigated the B isotope ratios in the pore water of MVs in Taiwan and found that after high-temperature release from the solid phase at depth, B re-adsorption during the ascent of the fluid resulted in an extremely high B isotope ratio. However, they did not specify on its usefulness as a geothermometer (Chao et al., 2011).

In this study, to verify the method of evaluating the activity of each MV using the B isotope ratio, we did the following. First, we collected pore water from the surface sediments of the MVs off Tanegashima Island and investigated their chemical and isotopic compositions. Next, we estimated the advection velocity using the vertical distribution of the chloride (Cl-) concentration. Subsequently, we estimated the depth of origin from the equilibrium temperature with clay minerals using sodium (Na) and lithium (Li) concentrations. Finally, we discussed the relationship between the origin temperature and isotopic fractionation of the B isotope ratios in the pore water and sediments.




2 Geological setting

Tanegashima is located in southwest Japan (Figure 1A) in the plate convergence zone where the Philippine Sea plate subducts below the Eurasian plate at a rate of 4.6 cm per year (Seno and Maruyama, 1984). The plate boundary off Tanegashima is at the northern end of the Ryukyu Trench, which is roughly classified as an erosion type, and the Nankai Trough, which extends eastward from the Ryukyu Trench into the accretion type (Clift and Vannucchi, 2004). A wedge of approximately 8 km was observed in the forearc region of the plate boundary off Tanegashima (Ujiié, 2000). The basement around Tanegashima comprises the Eocene Kumage Group, corresponding to the Shimanto Belt and exhibiting thrust faults and folds associated with subduction (Okada and Whitaker, 1979). Although the Kumage Group is not always distributed under the seafloor in the MV area, a layer of the same age as the Kumage Group was distributed below because Eocene foraminifera were obtained from the surface layer of the MV (Ujiié, 2000). The side-scan sonar survey conducted in 1990 covered an area with a width and depth of 20-30 km and 1,200-3,500 m, respectively, from the northern tip of the Ryukyu Trench slope to the southern tip of the central Ryukyu Trench slope. More than 30 mud diapirs were found on the northern trench slope (Ujiié, 2000). Currently, the presence of MV1–MV15 off Tanegashima have been confirmed (Figure 1B). Additionally, Nakayama et al. (2010), who investigated the pore water in MV1, suggested that water originating from the dehydration of clay minerals was supplied from the deep subseafloor (Nakayama et al., 2010). Furthermore, water masses containing high concentrations of methane (CH4) and characteristic microbial plumes in the surface sediments were observed several tens of meters above the summits of MV1 and MV14, indicating that these MVs were still active (Hoshino et al., 2017). Moreover, Mitsutome et al. (2023) investigated the noble gases in the surface sediments of MV1 and MV14, and used their solubility at 80 to 230°C to estimate that their depth of origin was 3-9 km below the seafloor (Mitsutome et al., 2023).




Figure 1 | (A) Plate tectonics around Japan. The area surrounded by the square indicates the range of (B). The red triangle marks represent the numbered MVs, namely, MV1 to MV15. Contour lines are present at intervals of 200 m.






3 Sampling and analytical method

Pore water was extracted from the surface sediments collected during the KH-15-2 cruise from August 19 to September 1, 2015, and the KH-19-5 cruise from August 9 to August 18, 2019 (Table 1). For surface sediment sampling, we used the Navigable Sampling System (NSS; Ashi and Tokuyama, 2005) with a piston corer (length: 4-6 m) and a multiple corer (length: 60 cm) mounted on the R/V Hakuho-Maru, and randomly selected the following MVs: MV1, MV2, MV3, and MV14 (Supplementary Figures 1A–D). The lengths of the surface deposits obtained ranged from 3.11 to 5.21 m where piston corers were used and from 0.2 to 0.27 m where multiple corers were used (Table 1). The lithofacies of all the MVs mainly comprise 2-3-cmΦ breccia with a maximum size of approximately 5 cmΦ and are covered by semi-pelagic sediments. Mud was sub-sampled from the sediment on board at approximately 25-cm intervals for samples by a piston corer (Type PC in Table 2) and 5-cm intervals for samples by a multiple corer (Type MC in Table 2).


Table 1 | The location and date of collection of the samples used in this study, and the length of the collected sediments.




Table 2 | Chemical composition analysis results of pore water samples collected in this study.



In the case of sediments collected by the piston corer, the mud in contact with the inner tube was removed because it may have been contaminated with seawater. The collected mud was placed in a squeezer set with a mesh and filter paper (Advantec; Filter paper No. 1), and pressure was applied with a hydraulic press to extract pore water into a 50-mL syringe (Manheim, 1966). The pore water extracted into the syringe was passed through a disc filter (Advantec; disposable syringe filter unit, 0.45 μm) and divided to analyze the: 1) anion concentration, ammonium ion concentration (NH4+), pH, and alkalinity; and 2) cation concentration. It was placed in a high-density polyethylene narrow mouth bottle (Nalgene; HDPE Bottle) and stored in a refrigerator at 4 °C. After pore water extraction, the residual sediments were frozen and transported to a land-based laboratory. In the case of sediments taken with the multiple corer, pore water was extracted with a Rhizon sampler (Seeberg-Elverfeldt et al., 2005; Dickens et al., 2007), distributed, stored, and brought back to the land-based laboratory in the same manner as pore water extracted from sediments taken with a piston corer.

The pore water samples were analyzed by ion chromatography for anions, inductively coupled plasma-atomic emission spectroscopy (ICP-AES) for cations, titration with hydrochloric acid for alkalinity, and the phenol blue colorimetric method for ammonium ions. The accuracies were less than 0.2, 3, 5, and 1%, respectively. The HCO3- concentration was calculated from the pH and alkalinity, assuming equilibrium for carbonic acid. The dissociation constants used in the calculation were K1 = 10-5.847, K2 = 10-8.966, and Kw = 10-13.127, and the water temperature was 2°C.

B in the pore water was separated using a 5-cm3 PFA conical vial by the micro-sublimation method (Wang et al., 2010) and final solution was adjusted to 50 ppb B concentration in 0.3 N nitrate matrix. Measurements were conducted using a multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS; Neptune Plus) manufactured by Thermo Fisher Scientific, and standard samples of NBS SRM 951 (11B/10B = 4.0056 ± 0.5) were used. The accuracy of analysis was +39.39 ± 0.33‰ for five measurements of standard seawater NASS-5. Analytical errors (2 S.E.) for individual data are presented in Table 2.

A portion of the sediment sample was dried at 60°C immediately before use, and a portion of the dried sample was ground to a powder using a mortar and pestle. Approximately 0.6 g of the powdered sample was weighed out and place into a vinyl chloride ring (Rigaku; PVC ring for powder samples, RS100-10) on the WC die pellet (Rigaku; WC die pellet, RS2550). Then WC die pellet was placed on top and pressurized at 50 MPa for 5 min using an electric pump (RIKEN; SMP-3012SK) and a press (RIKEN; CDM-10M). The pellets were stored in a desiccator until further analysis. The mortar, pestle, PVC ring, spatula, and WC die pellets were washed with acetone before and after use. The B concentration and isotope ratio analyses were conducted using MC-ICP-MS (the same machine as described above), with the laser ablation system (ESI NWR-Femto, United States). Data processing was conducted using IOLITE ver. 3.7 software (e.g., Woodhead et al., 2005; Hellstrom et al., 2008; Paton et al., 2011). GSD, supplied by the U.S. Geological Survey, was used as the standard material, and all B isotope ratios were denoted by δ as the deviation (‰) from the international standard material NIST SRM951 (Table 3). Additionally, for the analysis, a laser was applied to three different locations on the same sample to calculate the average; the standard deviations (2 S.D.) were calculated and are presented with each data point (Table 3).


Table 3 | List of boron concentrations and isotope ratios of sediment samples collected in this study.






4 Results

Table 2 summarizes the chemical and isotopic compositions of the pore water and Table 3 presents the B concentrations and isotopic ratios of the sediments. Figure 2 shows the vertical distributions of Cl-, Na, Li, magnesium (Mg), calcium (Ca), and B concentrations and isotope ratios (δ11B) in the pore water, and B concentrations and isotope ratios in the sediments. The concentrations of Cl-, Na, Mg, and Ca in all the MVs were similar to those in the seawater immediately below the seafloor and decreased with depth (Figures 2A–E). The B and Li concentrations increased with depth just below the seafloor (Figures 2C, I). At MV14, the change in the concentration was not large; however, at MV3, it was remarkable. The magnitude of the change in concentration was greatest at MV3, followed by MV2, MV1, and MV14, which gradually decreased (Figure 2).




Figure 2 | (A–G) The distribution of dissolved components in the pore water with depth. Concentration of (A) Cl-, (B) Na, (C) Li, (D) Mg, (E) Ca, and (F) B; (G) B isotope ratio. (H, I) Solid phase information, showing the vertical distribution of the (H) B content in the sediment and the (I) B isotope ratio of the sediment with depth.



The B concentration in the sediment was almost 100 ppm, and the concentration seemed to increase with depth (Figure 2H). There was almost no difference in concentration between the mud volcanoes; however, the concentrations of MV14 (84 ± 14 ppm) and MV3 (101 ± 34 ppm) were slightly lower. The isotope ratio tended to increase with depth; however, it slightly varied between mountains (Figure 2I). The comparison between each MV showed that MV2 had the highest δ11B value (+4.5 ± 2.0‰), and MV1 (–2.9 ± 2.7‰) and MV14 (–2.8 ± 1.6‰) had low δ11B values (Table 3). Our data (B concentration: 84–160 ppm, B isotope ratio: –2.9 to +4.5 ‰; Table 3) are similar to those (B = 80 to 160 ppm; δ11B = –6.6 to +4.8‰) of Ishikawa and Nakamura (1993).




5 Discussion



5.1 Estimation of advection velocity using Cl− concentration

Figure 3A shows the depth distribution of Cl− concentration in each MV. Cl− is chemically extremely stable, hardly produces precipitates, and hardly participates during microorganism metabolism. Nevertheless, the Cl− concentration in the pore water tended to decrease with depth for all the MVs (Figure 3A). The Cl− concentration at the seafloor surface, which is considered to be the seawater itself, is distributed in a convex downward arc toward the depth below the seafloor (Figure 3A). If the water were circulating, as in the hydrothermal circulation, the distribution of Cl− concentration would be uniform regardless of depth, but this is not the case. This is because fluid with lower Cl− concentrations than seawater is distributed in the deep subseafloor, and this fluid rises above. The shape of the vertical distribution of the Cl− concentration differs for each MV. It gradually decreased to 349 cm below the seafloor (cmbsf) and showed a relatively constant value from there up to 349 cmbsf. However, MV2 and MV3 showed relatively low Cl− values, even just below the seafloor. There was a clear difference in the distribution of concentrations with depth for each volcanic edifice (Figure 3A), which can be explained by the difference in the advection velocity of the fluid. Therefore, the advective diffusion equation (Eq. 1) was used for quantitative analysis.




Figure 3 | Relationship of (A) Na and (B) Li concentrations with the Cl- concentration in pore water. Approximate straight lines are drawn for each MV for comparison with seawater values.



 

The above equation represents the temporal change in the concentration of a chemical in the pore water at any depth in terms of diffusion, advection, and reaction (Hensen et al., 2007). t is the time (y), x is the distance from the seafloor (cm), and [C] is the Cl− concentration (mM). Dsed is the diffusion coefficient of Cl− in the sediment (cm2 yr−1);   is the porosity; v is the downward fluid velocity (cm yr−1); and R is the reaction rate. Notably, R = 0 because Cl− does not participate to the reaction. We also assumed that the change in porosity with depth was negligible. Assuming a steady state, the left sides of Eq. 1 can be expressed as zero, and the following special solution (Eq. 2) can be derived.

 

where   is the converging concentration; C0 is the initial concentration; Dsed is the diffusion coefficient of Cl− in the sediment (cm2 yr−1); and v is the velocity of the fluid (cm yr−1), wherein the downward direction is positive. x is the distance (cm) from the seafloor. The average diffusion rates were determined by fitting the data to each graph. The estimated advection velocities are listed in Table 4. As the downward direction is positive, the outflow rate is negative. Although sedimentation should be treated as a downward advection phenomenon, Ujiié (2000) estimates that the average sedimentation rate on the slope of the North Ryukyu Trench is 10−13 cm over 1,000 years. This value is equivalent to 0.01 cm yr−1 for the downward advection velocity; thus, it is negligible in this case (Table 4). The advection velocities of each MV were different, and the results were in the order of MV3 > MV2 > MV1 > MV14 in the upward direction.


Table 4 | Convergence values of advective velocity and chloride ion concentration derived by applying the advection-diffusion model assuming a steady state to the vertical distribution of chloride ions.






5.2 Estimation of equilibrium temperature with clay minerals using Na and Li concentrations

In general, fluids with low Cl− concentration on the seafloor are thought to include dissolution water occurring during gas hydrate recovery, inflow of groundwater, and water originating from dehydration reactions of clay minerals (Kastner et al., 1991). In the submarine MVs off Tanegashima, studies have found that water originating from the dehydration of clay minerals is supplied to the seafloor surface based on δ18O and δD data of pore water in the seafloor surface layer (Nakayama et al., 2010). The dehydration reaction of clay minerals is known to occur at 60−150°C, suggesting that the fluid is derived from a high-temperature environment. To estimate the original temperature, geothermometers were applied to the Na and Li concentrations in the pore water of each MV (Fouillac and Michard, 1981). Figures 3A, B show the relationship between the Na and Cl− concentrations in the pore water, and the Li concentration against the Cl− concentration, respectively. To determine the concentrations of the freshwater components mixed with seawater, we recorded the y-intercept values when a straight line was drawn through the data and seawater values for each MV. The resulting end-members are summarized in Table 5 as Na* and Li*, respectively. The following equation (Eq. 3) was applied to the obtained end-members to obtain the equilibrium temperature t (°C) when Na and Li were considered to be in equilibrium with the clay minerals.


Table 5 | Assuming that there is a source with a chloride concentration of 0 mM, the estimated Na and Li end-member concentrations, the equilibrium temperatures with clay minerals estimated from their ratio, and the depth at which Na and Li have reached equilibrium with clay minerals, estimated from their temperatures.



 

Fouillac and Michard (1981) proposed a total of two different equations for Cl− concentrations higher and lower than 300 mM, respectively. As we consider a freshwater source when the Cl− concentration is 0, we use this equation, which is expressed under the condition of a Cl− concentration of< 300 mM, from the two equations given by Fouillac and Michard (1981). According to the obtained temperatures, the equilibrium temperature estimated from the Tanegashima MV varied from approximately 23 to 134°C, with the highest temperature being observed at MV3, followed by MV2 and MV1, and the lowest temperature at MV14 (Table 5). The temperature estimated for MV14 was below the reaction temperature range for the dehydration of clay minerals, and the actual Li concentration was almost the same as that of seawater. It is possible that the fluid derived from clay mineral dehydration was not supplied in the first place. The other temperatures (93−134°C; Table 5) fit very well with the range of reaction temperatures originating from the dehydration of clay minerals. Thus, we suggest that MV1 to MV3 are undoubtedly supported by fluids originating from the dehydration of clay minerals. On the other hand, MV14 may not be supplied by fluids derived from dehydration of clay minerals.

When calculated with the reported geothermal gradient of 25°C/km in this region (Ohde et al., 2018), MV3 has the deepest source depth of ~5 km and that of MV14 the shallowest of only around 1−2 km (Table 5). In any case, the plate boundary, which is supposed to be around 18 km, has not been reached (Nishizawa et al., 2017). This is consistent with the results of Mitsutome et al. (2023), who used the concentration of noble gases in the surface sediments of mud volcanoes in this area and showed that the depth of origin of noble gases in the surface sediments of mud volcanoes off Tanegashima is about 3 to 9 km.




5.3 Isotope fractionation of B isotope ratio between the solid and liquid phases

The vertical distribution of B concentration in the pore water suggests that fluid with a higher B concentration than seawater was supplied from the deep subseafloor (Figure 2F). The B isotope ratios in the pore water showed different values for each MV, suggesting that B was supplied from different sources for each MV (Figure 2G). Here, given that we are collecting pore water from the seafloor, if boron in pore water can be explained by the mixing of fluids of multiple origins, it would be reasonable to consider seawater as a candidate as one of the origins (Figure 2F). The isotope ratio of the source was obtained by recording the y-intercept of the isotope ratio of the element against the reciprocal of its concentration (Keeling, 1958). However, in the case of pore water of the deep seafloor, if gas hydrates are present in the sediment and dissolve to release fresh water during recovery, the B concentration will also decrease accordingly. Therefore, this effect was offset by considering the concentration ratio of Cl− and B (Cl−/B ratio) (Figure 4). Furthermore, a straight line was drawn through the background seawater to obtain the y-intercept of each MV (Figure 4). The obtained y-intercept values are listed in Table 6. Both values differed from the B isotope ratio of seawater (+39.5‰; Spivack and Edmond, 1987), and showed different values for each MV (Table 6). MV3 showed much higher values, followed by MV2 and MV14 with similar values, and MV1 had the lowest value (Table 6). Moreover, the isotope ratio of B in the sediment cannot be determined for end-members; thus, the difference from the average value for each MV (Table 3), namely, the isotope fractionation of B between the solid and liquid phases (Δsolid-fluid), was determined (Table 6). According to the results, the isotope fractionation values of MV3 were the largest, whereas those of MV2 and MV14 were almost the same (Table 6).




Figure 4 | Relationship between the B isotope ratio and the ratio of Cl- to B concentrations in pore water and the B isotope ratio in sediments of each MV.




Table 6 | End members of boron isotope ratios in pore water and the mean values of boron isotope ratios in sediments, and their differences (isotopic fractionation).



To verify the potential of the B isotope ratio as a geothermometer, the horizontal axis represents the equilibrium temperature of the clay minerals obtained from the Na and Li concentrations determined in this study (Table 5). A graph was created with 1000/T (K−1) and Δsolid-fluid (Table 6) on the vertical axis (Figure 5). The geothermometer trend (black dashed line in Figure 5) proposed by Williams et al. (2001), and the trend of B isotope fractionation (brown dashed line in Figure 5), which indicates the degree of alteration of clay minerals observed in global MVs reported by Kopf and Deyhle (2002), are shown in Figure 5. According to this graph, the B isotope fractionation trend obtained in this study is different from any other trends and corresponds to the observations of normal pore water levels (blue area in Figure 5; Brumsack et al., 1992; You et al., 1995; Deyhle et al., 2004). The only deviation in this area was the value observed at MV3, which was plotted on the lower side of the trend (Figure 5). This was because the B isotope ratio was extremely high in the pore water at MV3 (Figure 4; Table 6).




Figure 5 | Relationship between the equilibrium temperature with clay minerals estimated from the Na and Li concentrations and the isotope fractionation of B isotope ratios in the sediment and pore water.






5.4 Origin of B in the pore water from MVs off Tanegashima

The reported B isotope ratios that were higher than those in seawater are limited to specific environments (Palmer and Swihart, 1996; Kopf and Deyhle, 2002; Marschall, 2018). This phenomenon is usually observed in brines formed by the evaporation of seawater: +59‰ in Australian lakes (Vengosh et al., 1991a) and +56‰ in the Dead Sea (Vengosh et al., 1991b). Laboratory experiments have confirmed this trend: when seawater evaporates, the B isotope ratio in the deposited salt ranges from +10 to +30‰, and that in the residual brine ranges from +40 to +70‰ (Vengosh et al., 1992). In this solution, the adsorption of B is considered to have occurred, and 10B is more likely to be adsorbed (Spivack et al., 1987). Another fluid with an extremely high B isotope ratio is pore water in the deep subseafloor (Marschall, 2018). At depths of 600 m below the seafloor in Hole 808, which was drilled at the tip of the Nankai Trough accretionary prism off Muroto during the ODP Leg 131, a B isotope ratio of approximately +50‰ was observed in the pore water (You et al., 1993). Additionally, a B isotope ratio of +45.9‰ was observed 874 m below the seafloor in Hole 1150, which was drilled in the forearc of the Japan Trench during ODP Leg 186 (Deyhle and Kopf, 2002). Both values are thought to be the result of advanced re-adsorption, and remarkably high values have been found in the pore water of MVs (Kopf and Deyhle, 2002). B isotope ratios in pore water reaching +65‰ were found in an MV in Taiwan (Gieskes et al., 1992), and Chao et al. (2011) also found a B isotope ratio reaching +55.8‰ in an MV in Taiwan. Considering the results of these studies, the extremely high B isotope ratio observed in this study appears to be the result of strong adsorption. Such a high B isotope ratio is considered to be one of the characteristics of B in the surface sediments of MVs (Kopf and Deyhle, 2002). The surface layers of MVs contain buried sediments and authigenic minerals that would normally be distributed deep below the seafloor (Sokol et al., 2018); B in pore water in the surface sediments of MVs exhibits extremely high B isotope ratios, suggesting that it is subject to very strong adsorption (Kopf and Deyhle, 2002). Therefore, we propose the hypothesis that these MV-specific solid phases may have the ability to strongly adsorb B in pore water.




5.5 Evaluation of MV activity using various indexes

In this study, we compared each MV using the chemical and isotopic compositions of the pore water collected from the surface sediment of the MV off Tanegashima. The estimation of advection velocity using the vertical distribution of the Cl- concentration indicates that the upward advection velocity of MV3 is an order of magnitude higher and MV3 may be the most active MV (Table 4). Estimation of the origin depth using the Na/Li concentration ratio suggests that Na and Li are supplied from clay minerals at the deepest parts of MV3 and MV2 (Table 5), indicating that compared with other MVs, these MVs were formed by the supply of a large amount of energy to migrate materials from deeper regions. This indicates relatively extensive activity. Based on these results, we suggested that MV3 is currently the most active MV. The B isotope ratio in the pore water of MV3, which was the most active, showed the highest value (Table 6). This trend is the opposite of that reported by Chao et al. (2011). MVs in Taiwan show a high B isotope ratio, although the tendency is not clear; however, the slower fluid velocity is strongly affected by re-adsorption (Chao et al., 2011). However, the results of this study are consistent with those of Kopf and Deyhle (2002), who indicated that the larger the isotopic fractionation of the B isotope ratio, the greater is the supply of B from deeper layers. The B isotope ratio in the pore water observed at the surface of the MV shows a stronger degree of adsorption in the more active MV, indicating that the clay minerals were absorbed from the deeper part. This suggests that when the MVs start to be active the B isotope ratio in the surface pore water of the MVs increases. In future studies, the number of observational cases need to be increased to thoroughly verify these regularities.





6 Conclusion

We investigated the chemical composition of pore water in sediments collected from the MVs off Tanegashima and discussed the origin depth, advection velocity, and MV activity. The advection velocity was estimated from the Cl− concentrations, and it was found to be different for each MV. The equilibrium temperature with clay minerals was estimated from Na and Li concentrations in the fresh water source, and we found that it differed for each MV, ranging from 93 to 134°C for MV1 to MV3. The Li concentration in the pore water of MV14 is almost the same as that of seawater, and we presumed that water originating from the dehydration of clay minerals is not supplied. Considering a geothermal gradient of 25°C/km, this indicates that the origin depth is approximately 3.7 to 5.5 km, suggesting that the depth corresponds to the upper crust under the seafloor. Additionally, the B isotope ratio in pore water was very high, suggesting that adsorption had a strong effect. As MV3, which is considered the most active, showed the most adsorption, we assumed that the clay minerals that migrated from deeper depths may have a stronger adsorption capacity. The trend between the isotopic fractionation of B isotope ratios in the solid and liquid phases and the equilibrium temperature with clay minerals estimated from the Na/Li ratios in the pore water is different from the usual trend between the isotopic fractionation of silicate and water and the equilibrium temperature, which is unique to mud volcanoes. Rather than functioning as a geothermometer, the pore water of an active mud volcano may be used as an indicator of extremely high B isotope ratios.
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We investigated fluid seepage within the Nyegga pockmark field (600–900 m water depths) off mid-Norway from Remotely Operated Vehicle dives at the so-called CNE sites (CNE01 to CNE17). The seafloor morphology of some of these features corresponds to pockmarks and adjacent ridges, with the latter being the focus of present seepage activity. These structures are underlain by chimneys above a gas-charged zone with, in some cases, a substantial body of hydrate-invaded sediment (down to 1.3 s in two-way travel time at CNE03). Present-day methane-rich fluid seepage through the seabed is indicated by chemosynthetic fauna, in particular Siboglinidae polychaetes (Oligobrachia haakonmobiensis webbi and Sclerolinum contortum), microbial mats and associated Rissoidae gastropod (Alvania sp.) grazers, and confirmed by measured in situ bottom-water methane anomalies, up to 2,130 nL/L. No free-gas bubble emissions were observed or acoustically identified. The presence of authigenic carbonates reveals past seepage with very low δ13C values (down to −58‰) indicating that the major source of carbon was methane carried by the venting fluids. The ages of major periods of methane venting are provided by vesicomyid bivalve shells (Isorropodon nyeggaensis) present in two sedimentary layers, 14,930 and 15,500 14C yr BP (ca. 17,238 and 17,952 cal yr BP), respectively, corresponding to the time of Melt Water Pulse IA. The seafloor morphology and pattern of seepage -chemosynthetic fauna and microbial mat distribution and dissolved methane concentration-are remarkably heterogeneous. Pore-water chemistry profiles in a gravity core taken only 40 m from major seepage sites indicate no seepage and anaerobic methane oxidation at a sub-bottom depth of about 2 m. Present-day seepage from the studied pockmark-chimney fluid-flow system charged with gas hydrate is dominated by the advection of methane solution in pore water. Some of this methane could result from the dissolution of hydrate in the chimney, most of which would have formed during an earlier period (post-LGM times) of history of the chimney, when it was venting free gas. However, the presence of free gas beneath this chimney is probably why the water entering the chimney is already saturated with methane and the process of hydrate formation in the chimney continues today.
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1 INTRODUCTION
Pockmarks are commonly interpreted as sites of hydrodynamic removal of sediment caused by focused fluid discharge through the seabed (Judd and Hovland, 2007). Mainly associated with light hydrocarbon gases, pockmarks, since their first discovery off Nova Scotia (King and MacLean, 1970) have been identified and studied worldwide at numerous continental margins, in particular offshore Norway (Vogt et al., 1999b). Marine fluid-flow systems are relevant for geohazards with i) triggering of sedimentary instabilities in relation or not with gas hydrate dissociation (Bünz et al., 2003), ii) their relationships with earthquakes (Field and Jennings, 1987) and iii) possible massive methane release into the ocean and the atmosphere (Borges et al., 2016). Cold seeps are also hotspots for biology with the establishment of chemosynthetic organisms and microbial communities and the potential to provide specific habitats (Sibuet and Olu, 1998; Vanreusel et al., 2009).
The studied area is located on the continental slope off mid-Norway within the Nyegga pockmark field and lies at water depths of 600–800 m, ∼20–30 km from the northern Storegga slide scar (Figure 1). This area comprises pockmark features above gas chimneys labelled CNE01 to CNE17 (CNE standing for ChimNEy) from east to west (Figure 2A). The CNE sites were identified previous to this study at the seafloor and in depth using conventional bathymetric mapping and seismics, respectively. These data that we can qualify as ‘vintage’ were acquired during the Hydratech marine expedition (Nouzé et al., 2002; Nouzé et al., 2004) with a few of the unpublished seismic lines presented here. Although the Nyegga pockmark field has been investigated for many years (e.g., Mienert et al., 1998; Vogt et al., 1999a; Vogt et al., 1999c; Berndt et al., 2003; Bünz et al., 2003; Bünz and Mienert, 2004) resulting in significant geophysical acquisition and to a less extent geological sampling, near-bottom investigation including biological studies is limited to a few sites (e.g., G11, see location in Figure 1B; Hovland et al., 2005; Hovland and Svensen, 2006) and there has been no multidisciplinary investigation to date for the CNE area.
[image: Figure 1]FIGURE 1 | (A) General location map of the study area within the Nyegga area on the mid-Norwegian continental margin (Norwegian Sea) with contour of the Storegga Slide from Bünz and Mienert (2004). Black rectangle stands for the frame of Figure 1B. (B) Shaded regional bathymetry map of part of the Nyegga slope (Hydratech data) with areas of seabed occupied by the largest pockmarks, shown in black, and mounds, shown in blue. The pockmarks were identified from this regional multibeam bathymetry and associated chirp profiler records, with some of them previously identified from seismic reflection sections by Bünz et al. (2003). The upper and lower limits of the area of the slope underlain, at least partly, by gas-hydrate-related Bottom-Simulating Reflectors (BSRs) are indicated by blue and yellow barred lines, respectively. The yellow and green stars stand for locations of gravity cores (mainly TTR16 data) with gas hydrate recovery (Sharic pockmark) and evidence of the presence of gas hydrates in the sediment (CNE03, G11, Bobic and Tobic pockmarks), respectively (Ivanov et al., 2007; Akhmetzhanov et al., 2008; Ivanov et al., 2010; Attias et al., 2020). The green star in the study area is the CNE03 location of cores that evidenced gas hydrates (AT634G, Ivanov et al., 2010; Core CNE03; Attias et al., 2020). Pogonophora were recovered in the core tops of AT634G (CNE03), AT117G and AT118G (displayed as grey dots) from TTR16 and TTR8 cruises, respectively (Ivanov et al., 2010).
[image: Figure 2]FIGURE 2 | (A) Bathymetric zoom of the Nyegga study corridor displayed in Figure 1B with location of the unpublished hull-mounted sub-bottom profiler and 120-channel high-resolution reflection seismic records (Hydratech data) shown in Figures 2B,C, respectively. Seafloor imprint of the Kongsberg EA600 single-beam echosounder (Vicking data) insonification is reported. All subfigures have the same horizontal scale. Identified pockmarks and their underlying chimneys (CNE01 to CNE17) are shown along the Victor ROV track during Vicking dive 271. (B) Record from a hull-mounted 1.8–5.2 kHz sub-bottom profiler acquired along the track shown in Figure 2A. Arrows indicate the positions of pockmarks investigated with Victor ROV. Acoustic responses of the wider ‘chimneys’ and narrower ‘conduits’ beneath the pockmarks are typically zones of low amplitude and coherence, with deformation of strata in the flanks of chimneys. The interval between horizons Ny6 and Ny7, with ages of 15,800 14C ky BP and 15,000 14C ky BP (ca. 18,314 and 17,366 cal yr BP), respectively, was one of rapid sedimentation (Reiche et al., 2011). (C) Stacked and migrated seismic line from 120-channel high-resolution seismic survey along the track shown in Figure 2A. Positions of pockmarks are indicated by arrows at the seabed. The top of the layer, which from its low seismic velocity, appears to contain gas, is marked, as a local occurrence of a hydrate-related bottom-simulating reflector. Near the time axis on the right, is the seismo-stratigraphy for the Naust and Kai formations, after Rise et al. (2006) and following, in part, the interpretations of Hustoft et al. (2007) and Plaza-Faverola et al. (2012). The Intra-Naust reflector is dated at 130 ky (Solheim et al., 2005).
Evidence of fluid escape in the past has been demonstrated at several Nyegga pockmarks by observations of authigenic carbonates, chemosynthetic fauna and hydrate (Hovland et al., 2005; Mazzini et al., 2006; Ivanov et al., 2007; Paull et al., 2008; Ivanov et al., 2010; Attias et al., 2020). However, clear evidence of current seepage has only been found at the G11 pockmark (Hovland et al., 2005; Hovland and Svensen, 2006; Vanreusel et al., 2009; Decker et al., 2012; Decker and Olu, 2012), although the presence of living Siboglinidae (pogonophora) in the tops of cores indicates possible seepage at three pockmarks, CNE03 and coring sites AT117G and AT118G located l.6 and 3.6 km north of CNE14, respectively (Figures 1B, 2A) (Ivanov et al., 2010).
For the first time, multi-frequency seismics, seafloor cartography (multi-frequency bathymetry and seafloor backscatter), near-bottom in situ observations and sampling using a Remotely Operated Vehicle (ROV) and acoustic records of the water column were combined in the CNE area. Most of these data are unpublished. The geophysical data were mainly acquired during the Hydratech (Nouzé et al., 2002; Nouzé et al., 2004) and Vicking (Nouzé et al., 2007) expeditions with however a few additional data acquired during the TTR16 expedition (Akhmetzhanov et al., 2008). The near-bottom investigation was conducted during the Vicking cruise with the Ifremer Victor ROV, and included biological and geological observations and sampling of the seabed. This data is reported here with additional information on gravity coring. This paper includes results on the seismic signatures of gas and hydrate-bearing sediments, seafloor acoustic signatures of seep-related areas and reports evidence for current and past seepage activity including methane concentration measurements, fauna description and distribution and geochemical analysis of methane-derived authigenic carbonates. Finally, we discuss the formation of methane-derived authigenic carbonates and consolidated sediment outcrops and present-day versus past seepage activity. The relationship between fluid seepage activity at the seabed and the occurrence of gas hydrate at depth is presented through a conceptual model illustrating the present-day status of the methane-fluid flow system at the CNE pockmark field area.
2 GEOLOGICAL SETTING OF THE NYEGGA AREA
The Nyegga area is located on the continental slope off mid-Norway (Figure 1). It forms the southern margin of the Vøring Plateau and borders the north of the Storegga Slide. It lies above the Helland-Hansen Arch, an anticline formed during Tertiary compressive deformation in the North Atlantic (Rise et al., 2006) (Figure 1B). The sedimentary stratigraphy above the Helland-Hansen Arch consists of a Miocene-Oligocene basal unit (Kai and Brygge formations), up to 2 km thick at the westward toe of the arch, overlain by an up to 1-km-thick Plio-Pleistocene sequence (Naust formation) (Figure 2C). The Plio-Pleistocene sequence shows alternations of hemipelagic mud and glacigenic deposits (e.g., Hjelstuen et al., 2010).
Hydrate-related Bottom Simulating Reflectors (BSR) commonly occur in the region with a fluid-flow system composed of free gas and gas hydrates (Mienert et al., 1998; Bünz et al., 2003; Bünz and Mienert, 2004; Westbrook et al., 2008). The Nyegga area on the continental slope off mid-Norway is an area known for its particularly dense distribution of pockmarks (Hjelstuen et al., 2010), ranging from small circular depressions with diameters <5 m (the unit-pockmarks as named by Hovland et al., 2010) to large complex structures with diameters of several hundreds of meters showing up to 10-m-high carbonate ridges inside their depressions (Hovland et al., 2005). A large number of Nyegga pockmarks are underlain by seismically defined chimney-like features, often referred to as « gas chimneys » or « pipes » (Bünz et al., 2003). These pockmarks and the underlying chimneys form complex fluid-escape systems (Hustoft et al., 2007; Paull et al., 2008; Hjelstuen et al., 2010), that may host gas hydrate in the subsurface sediment as suggested at several pockmarks and confirmed at CNE03 (Attias et al., 2020) and Sharic (Ivanov et al., 2007) from core data, seismic (Plaza-Faverola et al., 2010) and electromagnetic results (Attias et al., 2016) (Figure 1B). The presence of gas hydrate in the study area was also inferred at a shallow depth from gravity coring (AT634G) at the CNE03 site during the TTR16 expedition of the R/V (Research Vessel) Professor Logachev (Ivanov et al., 2007; Akhmetzhanov et al., 2008) (Figures 1B, 2A). The CNE03 site was also investigated with a high-resolution 3D seismic-tomography experiment showing that P-wave velocity inside the chimney was up to 300 m/s higher than in the surrounding strata within the methane-hydrate stability zone (Plaza-Faverola et al., 2010) (Figure 3C). This zone of anomalously high velocity is about 200 m wide near the seabed, and increases to about 500 m wide near its base, at a depth of 250 m below the seafloor. It is likely that the higher seismic velocity in this zone is produced by the presence of gas hydrate with a concentration of up to 14% of total volume rather than by the presence of carbonates (Plaza-Faverola et al., 2010).
[image: Figure 3]FIGURE 3 | Three seismic sections (see locations in Figure 2) with the same horizontal scale across the CNE01, CNE02 and CNE03 pockmarks, with Figures 3B,C zooms of Figures 2B,C, respectively. (A) a MAK-1M deep-towed 5 kHz Sub-Bottom Profiler (SBP) line. This profile was acquired during the TTR16 expedition (Akhmetzhanov et al., 2008) and was published in Ivanov et al. (2007) and Ivanov et al. (2010), (B) a hull-mounted 1.8–5.2 kHz sub-bottom profiler line. This profile was acquired during the Hydratech expedition (Nouzé et al., 2002) and the presented section was published in Foucher et al. (2009), and (C) a 120-channel high-resolution stacked and migrated seismic line. This unpublished profile was acquired during the Hydratech expedition (Nouzé et al., 2002). Star and circles stand for the locations of gravity cores mentioned in the text (see legend in Figure 2A). Sections from the deep-towed and hull-mounted sub-bottom profiler show narrow zones of low amplitude and low coherence, marked by arrows, which are interpreted as narrow conduits conveying pore fluid to the seabed. Scattering from truncated beds at the margins of some of these zones demonstrates that solely by bodies of high acoustic impedance at their tops cause them. Large chimneys beneath CNE01 and CNE03 are represented by zones of scattering, low amplitude and low coherence in the high-frequency records (A and B), but the lower-frequency mini-GI gun records (C) show more of the upward bending of the strata towards the centers of chimneys, where the strata are locally more deformed and, in the case of CNE03, faulted (upthrown to the southeast). The outline of the body of gas hydrate identified beneath CNE03 by Plaza-Faverola et al. (2010) is shown in this high-resolution seismic section (C).
Some of the chimneys can be traced downwards, several hundreds of meters below the seabed through the entire Plio-Pleistocene sedimentary unit to the polygonal faults of the underlying Miocene-Pliocene sequence and appear to relay fluid migration from deep sources to the seafloor (Berndt et al., 2003; Gay and Berndt, 2007; Hustoft et al., 2007; Plaza-Faverola et al., 2012). It has been demonstrated from high-resolution 3D seismic data that some of the chimneys with a surface expression at the seabed have been reactivated once or twice over the past 200 ky, whereas others formed since the last glacial maximum (Plaza-Faverola et al., 2011). Reiche et al. (2011) correlate periods of fluid expulsion with periods of rapid sedimentation that occurred at 18,200 14C yr BP (ca. 21,079 cal yr BP), 17,500 14C yr BP (ca. 20,200 cal yr BP) and 16,900 14C yr BP (ca. 19,502 cal yr BP) and between 15,800 14C yr BP (ca. 18,314 cal yr BP) and 15,000 14C yr BP (ca. 17,366 cal yr BP) and they speculate that the triggering of the Storegga Slide at 7,250 14C yr BP (ca. 7,525 cal yr BP) (Bondevik et al., 1997; Haflidason et al., 2005) led to fluid expulsion through tension cracks created by this event (represented at the seabed by linear furrows). Recent studies led to revisit the multi-phase history of the Storegga Slide with the identification of an older so-called Nyegga Slide initiated 20,000 years BP at the end of the Last Glacial Maximum (LGM) (Karstens et al., 2023).
3 MATERIALS AND METHODS
High-resolution 2D 120-channel seismic reflection (acquired with two mini-GI guns) and hull-mounted sub-bottom profiler (1.8–5.2 kHz) surveys were conducted during the Hydratech expedition onboard the R/V Le Suroît in 2002 (Nouzé et al., 2002; Nouzé et al., 2004). Three unpublished processed lines crossing the studied Nyegga area (Figure 2A) are shown in Figure 2B, Figure 2C and Figure 3C, including stacked and migrated sections for the multichannel seismics. The high-resolution seismic data have a vertical resolution of 3.5 m and a horizontal resolution of 150 m at the surveyed water depths. The Vicking cruise conducted in 2006 mainly focused on near-seafloor investigations on a seafloor corridor (frame in Figure 1B; Figure 2A) encompassing several pockmarks and their underlying chimneys identified from this Hydratech seismic dataset.
A multibeam survey was conducted onboard the R/V Le Suroît (Hydratech, 2002) with a ship-borne echosounder operated at 30 kHz (Kongsberg EM300), providing a 50-m-pixel bathymetric grid (Nouzé et al., 2002; Nouzé et al., 2004) (Figure 1B; Figure 2A; Figure 4A). High-resolution seabed mapping surveys were carried out during the Vicking cruise (2006) with deployment of the Victor ROV (Nouzé et al., 2007). The ROV was equipped with a Reson 7,125 multibeam echosounder operated at a frequency of 400 kHz. The ROV travelled 20 m above the seafloor at 0.4–0.5 m/s speed with a total swath of 70 m and a line spacing set to 40 m (Figure 5B). Two surveys extended over seafloor areas of ∼1,300 m by 700 m at CNE01 and ∼1,000 m by 500 m at CNE03, and were primarily intended to cover the seabed above the chimneys and immediately adjacent areas (Figure 4A). Detailed seabed maps, gridded with a 0.5-m and 0.1-m-cell-size for bathymetry and seafloor backscatter, respectively, were created using CARAIBES software (©Ifremer) (Figures 5, 6). In addition, unpublished seafloor side-scan-sonar backscatter maps at CNE01, CNE02 and CNE05.6 are presented (Figures 4B,C). These data were acquired during the TTR16 expedition (2006) onboard the R/V Professor Logatchev (Akhmetzhanov et al., 2008) with the MAK-1M system towed at a speed of 1.5-2 knots and operated at a frequency of 100 kHz. With a survey altitude of 50 m, the total swath range of the side-scan sonar data reaches 700 m and the seafloor mosaics can be gridded with a 1-m cell size.
[image: Figure 4]FIGURE 4 | (A) Zoom on the regional bathymetry map of the Nyegga study corridor (Figure 2A) limited to the eastern part and comprising the CNE03 and CNE05.6 sites, two main geological structures investigated during the Vicking cruise with Victor ROV for high-resolution seafloor mapping (Figures 5, 6) and/or near-bottom observation and sampling (Figures 7–10). (B) and (C) Deep-towed MAK-1M side-scan sonar records displayed at the same scale along the study corridor (see location in (A)) and showing the highest backscatter amplitudes for structures CNE01, CNE03 and CNE06.
[image: Figure 5]FIGURE 5 | Shaded high-resolution bathymetry maps (0.5 m pixel grids) of (A) CNE03 and (B) CNE01 pockmark areas from data acquired with a Reson 7,125 multibeam echosounder operated at 400 kHz and mounted on the Victor ROV (Vicking, 2006) with tracks of the geophysical data presented in Figures 3, 4 and Victor ROV tracks of dives 271 and 275.
[image: Figure 6]FIGURE 6 | High-resolution (A) seafloor backscatter of the central ridge where seepage occurs and surroundings of CNE03 area (see location in Figure 5A). Three distinct contours of the highest Seafloor Backscatter Areas (SBA) based on ship-borne and ROV-mounted MultiBeam (MB) and Side-Scan Sonar (SSS) data are shown. Orange arrows point to small-scale seafloor features of high-amplitude backscatter in high-frequency data (400 kHz). East of the ridge, blue contours delineate two main low SBA areas identified in both 100 and 400 kHz data. (B) Shaded bathymetry map of the same area with 0.5-m-interval isobaths. These seafloor data were acquired with a Reson 7,125 multibeam echosounder operated at 400 kHz and mounted on the Victor ROV (Vicking, 2006). Seepage sites are labelled A, B and C. Locations of Victor ROV photographs (1–5) shown in Figure 7 and gravity cores (AT634G, AT628G, KSF-VKG-02, GS07-148-14GC and Core CNE03) are reported.
A water column single-beam survey was performed during the Vicking expedition using the hull-mounted echosounder of the R/V Pourquoi pas ? (Kongsberg EA600, 38 kHz, 9.6° beam width) to detect gas bubbles escaping from the seafloor (Foucher et al., 2010). At the water depth range of the Nyegga studied area (700–830 m), the footprint of the insonified seafloor is 130 m (Figure 2A).
Geological and biological observations were carried out during two dives of the Victor ROV 6000 in the study area. Dive 271 was a 21-km-long exploratory survey designed to cross pre-identified chimneys along the corridor (Figure 2A). One of the primary objectives of dive 271 was to provide an overview of the current fluid seepage activity at all crossed chimneys, prior to more extensive investigations at the most active sites during dive 275 (Figure 4A; Figure 5A; Figure 6B). In addition to video surveying (Figure 7; Figure 8; Figure 9), the Victor ROV sampled sediment by means of a 0.6-m-long push corer; bottom water with a gas-tight water multi-sampler (Figure 2A; Supplementary Table S1) (Ifremer PEP sampler mounted on the ROV, Olu-Le Roy et al., 2007); and fauna and consolidated rock samples (carbonates, Figure 10) were sampled by means of various suckers and grabs. ROV video records were processed using ADELIE software (©Ifremer), an extension tool for ArcGIS, which allows post-processing of ROV data and georeferencing annotations of faunal counts along dive tracks. Details of the faunal sampling strategy, processing and analysis can be found in Decker et al. (2012) and Decker and Olu (2012).
[image: Figure 7]FIGURE 7 | Near-bottom seafloor images taken by the Victor ROV (Vicking, 2006) during dives 271 and 275 at CNE03 site (1–5, see locations in Figure 6B) and surroundings (6, CNE4, see location in Figures 2A, 4A). The image 5 corresponds to the area where near-bottom water (275-PEP15) was sampled, following the break of the carbonate crust, with an elevated methane concentration of 9,664 nL/L (Supplementary Table S1). Symbol letters on the photographs: c: comatulids, g: Rissoidae gastropods Alvania sp., b: Buccinidae shells, go: ophiurids Gorgonocephalus sp., m: white microbial filaments, s: sponges (Porifera), sa: sponges Abestopluma sp., si: siboglinids Sclerolinum contortum -sc-(brown curly tubes) and Oligobrachia haakonmosbiensis webbi -oh- (black straight tubes), p: pycnogonids, v: Vesicomyidae bivalves.
[image: Figure 8]FIGURE 8 | Benthic and chemosynthetic macrofauna and microbial mat distributions at CNE05.6-E site based on near-bottom observations performed during the Victor ROV dive 275 (Vicking, 2006) with corresponding images from dives 275 (1–4) and 271 (5–6). The images 5 and 6 correspond to the areas where near-bottom water (271-PEP7 and 271-PEP8, respectively) was sampled and elevated in situ methane concentrations were measured (2,130 and 853 nL/L, respectively) Supplementary Table S1. See the meaning of the letters in the caption of Figure 7.
[image: Figure 9]FIGURE 9 | Near-bottom seafloor images (1–2 m across) of tabular outcrops of consolidated sediment observed along the study corridor (Victor ROV dives, Vicking 2006; Figure 2A), near CNE02 (photo 1), at CNE05.6 Site E (photo 2), at CNE07 (photo 3), and near CNE14 (photo 4). See the meaning of the letters in the caption of Figure 7. The outcrops comprise distinct horizontal hard layers each a few cm thick. Buccinidae shells have accumulated at the base of the outcrops (photo 3). Supplementary Table S2 for correspondence with analyzed carbonate samples.
[image: Figure 10]FIGURE 10 | Lithofacies of some selected diagenetic crusts from the Nyegga gas chimneys collected by Victor ROV (Vicking, 2006). (1) sample 271-CC1 at CNE02. (2) sample 271-CC3 at CNE05.6 with a crinoid. (3) sample 275-CC2 and (4) sample 275-CC3 at CNE03. (5) sample 275-CC1 and (6) sample 275-CL6 at CNE05.6. Supplementary Table S2 for detailed information.
Bulk mineralogy of carbonate crusts and concretions was obtained by X-ray diffraction combined with estimations of the % weight of total carbonate content to estimate the relative proportions of major mineral components. Scanning Electron Microscope (SEM) observations were performed on selected samples to characterize the morphologies and compositions of crystals as well as the structural relationships between mineral phases (Figure 11). Oxygen and carbon isotopic compositions were measured on bulk carbonate (Figure 12) treated with 100% phosphoric acid at 25°C to obtain CO2. The isotopic compositions are expressed in the conventional δ notation defined as δ = [(Rs/Rr) – 1] x 1,000, where R = 18O/16O or 13C/12C respectively in the sample s and in the reference r. The reference for δ18O and δ13C is the V-PDB (Craig, 1957). The isotopic compositions of carbonates were measured on a dual-inlet isotopic ratio mass spectrometer (DI-IRMS Isogas-Sira 9). The analytical precision 2σ was 0.01‰ and the reproducibility was 0.1‰ for both δ18O and δ13C. Sample location, water depth and the method of collection (at the seabed or in core) are indicated in Supplementary Table S2. In addition, Accelerator Mass Spectrometry (AMS) radiocarbon dating was conducted on selected Vesicomyid shells (Figure 13) at the LMC14 laboratory (CEA Saclay). Prior to analysis, the material was cleaned by sand abrasion followed by leaching for 15’ in 0.01N nitric acid. The calibration of radiocarbon dates of these shells was based on the Calib8.1.0 tool (revision of Stuiver and Reimer, 1993) using the Marine20 calibration curve (Heaton et al., 2020). Calibrated radiocarbon ages from cited works were recalculated using the same procedure for coherence (cal yr BP with 2σ ranges). All calibrated ages of the post-LGM period are maximum possible ages, considering neither the effect of local reservoir (for foraminifers and shells, Heaton et al., 2023) nor the difference in water masses between the atmosphere-water interface and the sea bottom (for shells).
[image: Figure 11]FIGURE 11 | SEM photographs of selected methane-related carbonates collected by Victor ROV and recovered from gravity coring (Vicking, 2006). (1) Sample 271-CL6 (CNE05.6): aggregates of Mg-calcite crystals; framboids of pyrite are clearly distinct by their high backscatter intensity. Scale bar = 2 μm; (2) Sample 275-CC3 (CNE03): aggregates of platy euhedral crystals of Mg-calcite. Scale bar = 1 μm; (3) Sample 275-CC3 (CNE03): aggregates of very fine-grained Mg-calcite crystals. Scale bar = 500 nm; (4) Sample collected in the gravity core KSF-VKG-02–130 cm (site CNE03, see location in Figure 2A; Figure 3A; Figure 6) (Figure 13): association of Mg-calcite aggregates, acicular aragonite and framboids of pyrite. Scale bar = 10 µm. Supplementary Table S2 for detailed information.
[image: Figure 12]FIGURE 12 | Oxygen and carbon isotopic compositions of carbonate crusts and concretions and consolidated sediment sampled at the Nyegga chimneys CNE02, CNE03, CNE05.6, CNE14 and CNE15 (see location in Figure 2A). See Supplementary Table S2 for detailed information. Published isotopic compositions of authigenic carbonate crusts are also reported for 85 samples collected at the following Nyegga pockmark sites: Bobic, Sharic, Tobic, Dodo, G11, CNE03 (see location in Figure 1B) and ‘Structures 1 and 2’ close to CNE14 (for corresponding core locations see grey dots in Figures 1B, 2A) (Mazzini et al., 2005; Mazzini et al., 2006; Ivanov et al., 2010).
[image: Figure 13]FIGURE 13 | Visual lithological description of the 2.62-m-long core KSF-VKG-02 (https://doi.org/10.58006/bfbgx-87535) taken at CNE03 site (see location in Figure 2A; Figure 3A; Figure 6) which contains H2S-rich sediment. The top of the core is characterized by relatively homogeneous marl in comparison with underlying sediments (S1). The second section (S2) exhibits dark grey marl with intercalations of two beds of bivalve shells at 0.87–0.90 and 1.30–1.37 mbsf. Photographs of the 1.30–1.37-mbsf interval showing carbonate concretions and bivalves (bottom) and a shell recovered from the 0.87–0.90-mbsf interval, sampled at 0.92 mbsf and identified as Isorropodon nyeggaensis (Krylova et al., 2011) (top). From 1.87 mbsf to the bottom of the core (2.62 mbsf), sediment is increasingly disturbed by gas (S3). (S = section; mbsf = meters below seafloor).
In addition to seabed ROV investigations, a gravity core was taken while on the R/V Pourquoi pas ? at one location on CNE03 (KSF-VKG-02 coring station, N 64°45.263, E 05°4.1806, depth: 729 m, Figure 2A; Figure 3A; Figure 6). Penetration of the corer was approximately 5 m, with recovery of a 2.6-m-long sediment core. The core was split and described onboard (Figure 13). Three thermometers attached to outriggers on the lance measured sediment temperatures at 1.33, 3.12 and 4.62 m below the seafloor (Figure 14). Chemical analysis of pore water was performed every 20–30 cm along the recovered core by ionic chromatography using a Dionex ICS-2000 instrument (Figure 14). The estimated accuracy on the pore-water chemistry measurements is within ±3% of the mole fraction. Methane concentration was determined by headspace gas chromatography (Donval et al., 2008) with an accuracy of ±5%.
[image: Figure 14]FIGURE 14 | Pore-water geochemical profiles from laboratory measurements on core KSF-VKG-02 (https://doi.org/10.58006/bfbgx-87535) at CNE03 site (see location in Figure 2A; Figure 3A; Figure 6). Also shown is the temperature profile from in situ temperature data measured at 1.33, 3.12 and 4.62 mbsf. The dark grey intervals correspond to the levels containing bivalve shells and methane-derived authigenic carbonates (Figure 13). The light grey interval corresponds to gassy sediment.
4 RESULTS
4.1 Stratigraphy, structure and evidence of free gas and gas hydrate from seismic data
Nearly all the chimneys of the investigated part of the Nyegga area (Figure 2A) exhibit upwarping of strata towards their centers, which are seismically incoherent (Figure 2B; Figure 2C; Figure 3). The cause of this upwarping is twofold. In the shallowest part of the section, including the seabed, upwarping is caused by deformation of the strata, typically above the Ny7 horizon, one of the seven seismic boundaries Ny that subdivide the Upper Naust unit (corresponding to the T unit in Figure 2C). The 5 kHz profiler section across the CNE03 pockmark (Figure 3A) shows that the eastern side of the chimney has been upfaulted. However, the displacement of this fault diminishes to zero to both the north and south of the pockmark, and it appears that the faulting was associated with the emplacement of the chimney. Deeper in the section, velocity pull-up, caused by the presence of material with high-seismic velocity (Figure 3C), inferred to be hydrates (Plaza-Faverola et al., 2010), in the centers of the chimneys, contributes to the apparent upward bending shown by seismic sections that have not been correctly depth converted. Seismic data with large offset between source and receiver show that at depths greater than 250 mbsf, the strata beneath CNE03 are not upwarped and do not show a large degree of incoherence (Plaza-Faverola et al., 2010).
It is probable that depth extent of many of the chimneys, shown by single-channel and short-offset multichannel seismic sections, is not as great as it appears: the deeper part of the seismic images of the chimneys is represented by so-called seismic transparency, which is, in fact, a seismic shadow caused by reflection and scattering of the seismic energy in the upper parts of the chimneys, and is not caused by the presence of gas-bearing sediments. With wide-offset seismic data, the rays imaging the deeper parts of the chimneys do not pass through the upper parts of the chimneys and so are not subject to the same loss of energy caused by scattering and absorption in the heterogeneous upper parts of the chimneys. However, it is clear that strata around the chimney deep beneath CNE12 and CNE13 are deformed where they lie outside the zone obscured by seismic scattering in the upper part of the chimney (e.g., at 1.7 s TWT in Figure 2C).
The strong negative polarity reflector at the top of the U unit of the Naust formation (about 1.3 s TWT at CNE01, CNE02 and CNE03, Figure 3C) locally marks the presence beneath it of a layer with seismic velocity lower than that of the layer above by about 100 m/s from the chimney center (Plaza-Faverola et al., 2010). The velocity reduction is very likely caused by the presence of a small amount of free gas. The bottom-simulating seismic reflector that follows the base of the methane-hydrate stability zone and marks the transition from sediment containing hydrate, above, to sediment containing free gas, below, is not observed in most of the study area. The BSR, which is seismically visible further downslope, only occurs in units with sufficiently high permeability to be invaded by gas and so it is discontinuous and stratigraphically controlled (e.g., Bouriak et al., 2003; Bünz et al., 2003; Westbrook et al., 2008). The limits of the BSR observed on seismic sections in this part of the Nyegga slope are shown in Figure 1B. In the westernmost part of the study area, the BSR locally occurs at 1.36 s TWT (Figure 2C).
In addition to the large chimneys with widths of a few hundred meters, there are many other smaller conduits of fluid flow, some of which lie beneath pockmarks CNE02, CNE04, CNE05, CNE07, CNE08, CNE09, CNE10 and CNE12 (Figure 2B). The deep-towed 5 kHz profiler and the hull-mounted sub-bottom profiler acoustically imaged these conduits. Examples of these narrow, near-vertical features are shown in Figures 3A, B as narrow zones of very low amplitude and low coherence. This could be caused by the acoustic shadows of shallow features with high acoustic impedance, such as deposits of carbonate, but the diffractions from the edges of reflectors that are cut by the conduits show that some, at least, penetrate to more than 50 mbsf (Figure 3A). The absence of strong reflections from the tops of many of these zones also makes it more likely that they are zones of changed properties in the sediments rather than acoustic shadows. There are a large number of these conduits, of which about half of those investigated by the ROV during the Vicking expedition show evidence of active or past fluid flow, in the form of carbonate crusts, microbial mats and localized colonies of fauna (near-bottom photos, Figures 7–9). Judging from their frequent occurrence on the seismic records, there are at least ten times as many of these smaller conduits as chimneys.
4.2 Seabed observations from sonars and dives
4.2.1 Pockmark morphology and seafloor backscatter signature
The morphology of pockmarks remains hardly detectable on regional bathymetric maps except for the largest structures (Figures 1B, 2A) but is well-displayed on the high-resolution maps that were produced for the two sites CNE01 and CNE03 from ROV-mounted multibeam echosounder data (Figures 5, 6B). At a regional scale, the bathymetry at CNE01 and CNE03 is dominated by a marked deepening of the seabed westwards (topographic gradient of ca. 10 m per 500 m). Superimposed on this gradient, the high-resolution bathymetric maps show that both CNE01 and CNE03 display in their central parts NNE-SSW trending elongated depressions fringed by small-relief ridges (Figures 5, 6B). CNE03 displays a single, central depression, whereas CNE01 has a greater spatial expression and displays a more complex depression-ridge system.
CNE01 and CNE03 are clearly identified on the high-resolution seafloor backscatter maps, both from the multibeam (Figures 5B, 6A) and side-scan MAK-1M line (Figure 4B) (Akhmetzhanov et al., 2008). Ridges are displayed as high-amplitude seafloor-backscatter features that may relate to the occurrence of more consolidated surface sediments on ridges with respect to the surrounding seafloor or the occurrence of carbonate crusts, which was demonstrated locally by dive observations (Figure 7, photos 1–3). The relief amplitude across the two pockmarks CNE01 and CNE03, from depressions to ridges, is <5 m. The highest-frequency backscatter data provide information on the subsurface, which can be easily correlated to near-bottom ROV observations, while the lowest-frequency data provide information on subsurface volume insonified by a higher penetration signal. Interestingly, the spatial extent of the high-backscatter seafloor at CNE03 increases with signal penetration (corresponding to 400, 100 and 30 kHz signal, Figure 6A). This observation could be related to a more widespread seepage-related activity in the past compared to present-day activity, which is restricted to ridge summits and its uppermost flanks. Depressions are shown as low-amplitude seafloor-backscatter features (Figures 5B, 6A) presumably related to their soft hemipelagic sediment infilling. This is consistent with the uppermost 87-cm-thick homogeneous marl layer recovered from core KSF-VKG-02 (Figure 13).
At other chimney sites of the study area, high-resolution bathymetric data were not collected, but ROV-based water depths along the track indicate the presence of pockmarks up to a few hundreds of meters wide and a few meters deep (e.g., ∼5–6 m at CNE02, CNE10 and CNE13). CNE05.6 may be similar in morphology to CNE03, with a ridge adjacent to a depression with a depth difference of ∼3 m.
4.2.2 Methane seeping sites and chemosynthetic fauna (CNE03 and CNE05.6)
Potential gas bubbles escaping from the seafloor were neither identified in the single-beam records, nor observed during ROV dives. Instead, methane seepage is inferred from near-bottom biological observations and water-sample measurements conducted during these dives. In-situ near-bottom methane enrichments ranges from 105 to 2,130 nL/L (see details in Supplementary Table S1 with cross-references to near-bottom photos of the sampling areas). The investigated Nyegga area appears to be characterized by focused fluid flow that transports dissolved methane from bottom sediments into the water column rather than through free gas escapes. No pingoes were observed at the seafloor along the ROV tracks from CNE01 to CNE17 sites as described at the Nyegga G11 site (located 14 km south-east of CNE03, Figure 1B) and suspected to be hydrate-related pingoes (Hovland and Svensen, 2006). The G11 site was surveyed during ROV dive 272. There was no evidence of gas hydrates in the subsurface. Only small meter-scale domes recovered by dense pogonophorans (Vanreusel et al., 2009) were observed with uppermost soft muddy sediments (Supplementary Figure S1). Similar pingo structures were reported at Tobic and Sharic sites (located 12 km south-east of CNE03, Figure 1B) by Ivanov et al. (2010).
CNE03. Seeps were found at three distinct sites (A, B, C) on the summit of the ridge and at the uppermost flanks at CNE03 (Figures 6, 7). Seepage site A measures a few square meters (based on the lateral extent on the seabed of the Siboglinidae fields) and displays two dark-grey spots, each approximately 0.5 m across, both located within a bush of densely distributed Siboglinidae polychaetes (Figure 7, photo 1). A push core taken from one spot recovered dark-grey reduced sediment overlain by whitish bacterial filaments. The biological habitat zonation at site A is of the type described by Decker et al. (2012) as for other pockmarks of the Nyegga area. It is characterized by an inner area of dark-grey sediment surrounded by a rim of small (a few mm in size) reddish Rissoidae gastropods (Alvania sp.), microbial filaments, Capitellidae polychaetes and outer fields of Siboglinidae polychaetes (Oligobrachia haakonmobiensis, i. e., webbi and Sclerolinum contortum) (Meunier et al., 2010). This specific zonation of chemosynthetic communities has previously been identified at the Håkon Mosby mud volcano (Gebruk et al., 2003; Jerosch et al., 2007) where it is associated with drastic changes in the macrofauna (Decker et al., 2012) and interpreted to reflect a decreasing strength of methane seepage away from the seep center (de Beer et al., 2006). Seepage site B is distinctly characterized by the occurrence of several small-sized (<1 m) carbonate build-ups (Figure 7, photos 2 and 3) scattered over the seabed. The carbonate rocks that form them are highly porous. Abundant Buccinidae gastropod shells (Buccinum sp., A. Warén, pers. com.) are tightly intermixed with the carbonate matrix and lie on the sediment at the base of the build-ups at CNE03 and also at other CNE sites (e.g., CNE07, photo 3 in Figure 9). A few Vesicomyidae bivalves (empty shells, photo 5 in Figure 7) were also sampled and were described as a new species, Isorropodon nyeggaensis (Krylova et al., 2011) recovered from core samples taken at the G11 Nyegga pockmark (see location in Figure 1B) (Ivanov et al., 2010). Small holes pierce the carbonate surface with rims of white bacterial filamentous material (Figure 7, photo 3). Seepage site C shows seeps with a quite distinct type of carbonate structure, herein named soufflé-type seeps after their puffed shape. At a soufflé-type seep, a thin carbonate crust has developed above a seep but is currently separated from the sediment underneath by 10–20 cm of seawater trapped between the sediment and the carbonate crust (Figure 7; photos 4 and 5). Several soufflé-type seeps, 2–3 m long, were observed along the ROV track at site C. Significant methane anomalies of 9,664 nL/L compared to a background value of about 26 nL/L were measured in the seawater 5 cm above the sediment inside a soufflé after the crust was broken apart (Figure 7, photo 5). Abundant Siboglinidae polychaetes protruding dark-grey sediment were observed. This methane concentration is by far the highest concentration measured during the two ROV dives (Supplementary Table S1) and is possibly due to the accumulation of dissolved methane trapped within the puffed carbonate crust.
CNE05.6. Site CNE05.6 was named after its location between pre-identified chimney sites CNE05 and CNE06 (Figures 2, 4). Two main seeping sites were discovered, located ∼200 m apart, one in a depression (E) and the other on a possible adjacent ridge (D) (Figure 8). At seepage site E (Figure 8), carbonate constructions range from thick crusts and chaotic blocks (<1 m) observed in the western part of the site (Figure 8, photos 1 and 2) to thin crust pavements (a few cm thick) mostly observed in its eastern part (Figure 8, photos 3 and 4). A small elongated mound (<10 m long, 1–2 m high) in this eastern part appears to concentrate the seepage activity identified during the ROV inspection by the presence of several spots of dark-grey sediment, up to 0.3 m across for the largest ones, with many showing whitish bacterial rims (Figure 8, photos 3 and 4). Curled brown and longer black Siboglinidae species, Sclerolinum contortum and Oligobrachia haakonmosbiensis webbi (Smirnov, 2000) respectively, colonize the mound (Meunier et al., 2010). The biological zonation at CNE05.6 (Figure 8, photo 4) is similar to that observed at CNE03 (Figure 7, photo 1). A water sample taken 10 cm above a dark-grey spot (photo 5 in Figure 8) and a second sample taken in a niche of gastropods and bacterial mats under the crust (photo 6 in Figure 8), determined significant methane anomalies of 2,130 nL/L and 853 nL/L, respectively, relative to a background value of about 26 nL/L (Supplementary Table S1). These measured values indicate current active methane seepage. Empty shells of Buccinidae gastropods were observed at several locations in CNE05.6, locally with a distribution of up to ∼50 shells/m2 (Figure 8, photo 1) and with a few living ones (photos 4 and 5 in Figure 8). Vesicomyid shells (Isorropodon nyeggaensis n. sp.) were sampled near the seeps.
4.2.3 Outcrops of consolidated sediment crusts and carbonates and benthic background fauna
Consolidated sediment outcrops were observed at locations in close proximity to pre-identified chimney sites (CNE02, 03, 07, 09, 10), but also between pre-identified chimney sites such as at CNE05.6 (site E) and at several locations in the western part of the study corridor between CNE10 and CNE17 (see location of the CNE site in Figure 2). They form large tabular platforms that extend laterally over distances of up to 20 m, rise up to 1.0 m above the seabed, and terminate at sharp edges cutting through distinct sub-horizontal layers (Figure 9). Morphologies of these outcrops make them look quite distinct from the chaotic-shaped authigenic massive carbonates observed at seeping sites of CNE03 and CNE05.6 as reported above (Figures 7, 8). Authigenic carbonates also occur as cm to tens of cm thick crusts and as cm-size concretions dispersed within the sediments.
The sedimentary matrix of recovered consolidated sediment mostly consists of silty sand and silty clay (Supplementary Table S2; Figure 10). At CNE02, CNE14 and CNE15, it is mostly cemented by iron and manganese oxides and has a very low carbonate content (3–4.5 weight %); the carbonate mineralogy consists of mixtures of calcite, dolomite and possibly siderite. Differently, the grey carbonate crusts and concretions from CNE01, CNE03 and CNE05.6 contain more than 56 weight percent of total carbonate, except for one crust cementing bivalve shells (271-CC2) with about 23 weight percent of total carbonate. Their carbonate mineralogy mostly consists of aragonite, calcite (from stoichiometry to Mg-calcite with up to 16-mol percent MgCO3) and dolomite that is more abundant in the buried concretions than in the sub-surface crusts.
The microfacies of the authigenic carbonates display various crystal habits; acicular and prismatic crystals of aragonite form palisadic cements and geodes within cavities and pores (Figure 11). Calcite may occur as very small aggregates (100–200 nm), euhedral platy crystals or fine-grained (micron sized) aggregates of subhedral crystals. Framboids of pyrite frequently occur in association with the carbonate.
The oxygen and carbon isotopic compositions of the carbonate fraction of the consolidated sediment (indurated sediment), carbonate crusts and concretions are distributed into two distinct groups (Figure 12; Supplementary Table S2). The dark-brown crusts of CNE02, CNE14 and CNE15 are characterized by slightly positive δ18O values (+0.53 to +1.98‰ V-PDB) and moderately low δ13C values (−5.72 to −1.57‰ V-PDB) of carbonate. Differently, the carbonate crusts and concretions from CNE03 and CNE05.6 exhibit highly positive δ18O values (+3.53 to +7.00‰ V-PDB) and very low δ13C values (−58.34 to −30.71‰ V-PDB).
Both seabed authigenic carbonate crusts at seepage sites and outcrops of consolidated sediment are colonized by typical background fauna, dominated by suspension feeders (e.g., alcyonarians, hydrozoans, sponges) (Figures 7–9). One demosponge (Crellomima imparidens), two calcareous sponges (Sycettusa n. sp. and Sycon abyssale) and several encrusting sponges (Hymedesmia basispinosa, H. grandis and H. truncata; A. Plotktin, pers. com.) were sampled, as well as comatulids identified as Poliometra proxila (M. Elaume, pers. com.). We observed stalked Chaldorhizidae sponges (Abestopluma furcata and Abestopluma lycopodium, A. Plotkin, pers. com.) in abundance (up to 10 ind./m2), and stalked pennatulacean (Umbellula sp.) with more than 1-m-tall stems (N. Améziane, pers. com.), along the whole ROV transect, in soft sediment and on hard ground. Very large ophiurids (Gorgonocephalus sp.), up to several tens of centimeters in size, were found on crusts as well as on sediment near the seepage sites (e.g., photos 1 and 4 in Figure 7). Nevertheless, stable isotope analyses did not reveal any nutritional link with a chemosynthesis-based production (Decker and Olu, 2012). Large pycnogonids (e.g., photos 1 in Figures 7, 9), rare asteroids and rays were also observed.
4.3 Subsurface information at surrounding seepage sites (CNE03)
Core description and dating. Core KSF-VKG-02 is located within a depression with no geophysical indication of seep activity and 40 m from the seeping sites discovered at the summit of a ridge and its uppermost flank (Figure 6). The upper 15 cm sedimentary layer consists of oxidized olive-grey marl (Figure 13). This marl layer is underlain by homogeneous medium grey marl down to 87 cm where a 3-cm-thick layer contains abundant bivalve shells of the Vesicomyidae family. The underlying sediments are dark grey marls with alternating homogeneous and intensively burrowed layers; in the 130–137 cm interval, there is another layer with abundant vesicomyids shells associated with cm-sized medium-grey carbonate concretions. Below around 170 cm, the sediment becomes increasingly gassy with a strong H2S smell indicative of active sulfate reduction. Like those sampled at the seabed in the seep areas, the vesicomyids shells found in the two layers of the core were identified as the same species of Isorropodon nyeggaensis (Krylova et al., 2011) (Figure 13). Their small size (from 8.0 to 18.2 mm) is in the range of those sampled at the other Nyegga pockmarks, namely, G11 and Tobic (Figure 1B) (12.7–18.3 mm) (Krylova et al., 2011). Radiocarbon dating by AMS of the bivalve shells gives ages of 14,930 ±50 14C yr BP and 15,500 ±60 14C yr BP (17,238± 251 and 17,952 ± 243 cal yr BP) for the two layers at 87/92 cm and 130/133.5 cm, respectively. The δ13C values of the carbonate of the bivalve shells (−1.7 and −1.9‰) indicate that there was no contribution of methane during the biomineralization process.
Pore water chemistry. The chloride profile exhibits little variation in concentration, apart from a slight deviation to higher concentration at a sub-bottom depth of about 1 m, with no curvature suggestive of fluid advection (Figure 14). The sulfate profile exhibits a concentration decrease from an average sea bottom value of about 27 mM to zero at about 2 m. Calcium and magnesium profiles display similarities to the sulfate profile. The methane and sulfate profiles suggest an Anaerobic Oxidation of Methane (AOM) zone at a sub-bottom depth of about 2 m (with a peak of methane concentration slightly exceeding 1 mM), an intermediate value between the 5 m depth measured by Paull et al. (2008) as the background value of the sulfate methane transition outside Nyegga pockmarks and a close to zero value (seabed) at seeping sites.
Thermal measurements. Three thermal probes attached to the pipe of the corer at KSF-VKG-02 measured a temperature gradient of 0.044 C/m between estimated penetration depths of 1.33 m and 4.62 m (Figure 14). The bottom seawater temperature extrapolated from this gradient is −0.608°C whereas the measured one was −0.719°C, which suggests possible bottom seawater temperature fluctuations at the coring site and an associated occurrence of thermal transients in the upper sediment that may induce uncertainty in the interpretation of the measured temperature gradient of 0.044 C/m as representative of the thermal regime at depth.
5 DISCUSSION
5.1 Methane-derived authigenic carbonate and consolidated sediment crust formation
The crusts from chimneys CNE02, CNE03, CNE05.6, CNE14 and CNE15 (Supplementary Table S2; Figure 12) display marked differences in mineralogy and isotopic values of the carbonate fraction. There are two groups of crusts that have clearly precipitated in different environmental conditions: 1) Crusts with a mainly diagenetically formed carbonate fraction and (2) crusts with a carbonate fraction predominantly formed by foraminifers and coccoliths.
In crusts from CNE03 and CNE05.6, the carbonate fraction is mostly diagenetic with mixtures of aragonite, Mg-calcite and dolomite. For the present-day bottom water conditions at these sites (t = −0.8°C; δ18O = +0.14‰ V-SMOW; unpublished data C. Pierre), the equilibrium δ18O values of carbonates would be +3.56‰ for calcite, +4.52 for Mg-calcite, +4.96‰ for aragonite and +7.30‰ for dolomite, using the equations of Tarutani et al. (1969), Fritz and Smith (1970), Grossman and Ku (1986) and Kim and O'Neil (1997). The δ18O values of the diagenetic carbonates from Nyegga chimneys (+3.53 to +7.00‰ V-PDB) are consistent with the range of these equilibrium values, indicating that they were precipitated at conditions similar to those of present-day bottom water. The δ18O enrichment in authigenic carbonates could also be partly attributed to the seepage of 18O-rich water issued from the decomposition of massive gas hydrate accumulation at depth in the gas chimneys (Ussler and Paull, 1995). The very low δ13C values of the carbonates (down to −58‰) clearly indicate that the major source of carbon was methane issued from the venting fluids, and converted to HCO3− during microbial anaerobic oxidation; AOM coupled with sulfate reduction is evidenced by the close association of carbonate and pyrite. Similar ranges of very low δ13C values (down to −59‰) were measured by Mazzini et al. (2005), Mazzini et al. (2006) and Ivanov et al. (2010) on 85 crusts from Nyegga pockmark areas including four samples collected at CNE03 and four others collected a few kilometers from CNE14 (Ivanov et al., 2010) (Figure 12). Only two samples have higher δ13C values of −19 and −10‰. The δ13C values of methane analyzed from cores taken at Nyegga pockmarks and the dry composition of gas indicate a biogenic origin, with, for example, at CNE03 the δ13C values of methane ranging from −82‰ to −68‰ (Ivanov et al., 2010). Although thermogenic sources may be present in depth, there is no geochemical evidence so far of a thermogenic methane contribution in the subsurface of the studied Nyegga pockmarks (Ivanov et al., 2010). During AOM, the lighter 12C isotope is preferentially incorporated into the produced CO2 with a fractionation factor of 1.0088 ± 0.0013 (Whiticar and Faber, 1986; Alperin et al., 1988; Whiticar, 1999), giving an average δ13C value of −88‰ for the CO2 issued from AOM at CNE03; considering an enrichment factor of −14.86‰ between CO2 and calcite (Bottinga, 1969) at seafloor temperature (t = −0.8°C), the average δ13C value of “pure” methane-derived carbonate would be −73‰. The δ13C values measured in the diagenetic carbonates from the Nyegga chimneys (from −58‰ to −31‰) are thus much higher (by 15‰ and 42‰ respectively) than this calculated value. The relative 13C enrichment in carbonate could indicate a mixing of methane-derived bicarbonate with another 13C-rich DIC source, possibly bottom seawater (δ13C = +1.1‰; Kroopnick, 1980). Consequently, mass balance calculation (δ13C authigenic carbonate = [-73 * f] + [3.1 * (1-f)] where f corresponds to the fraction of pure methane-derived carbonate and (1-f) corresponds to the fraction of carbonate derived from seawater DIC using an enrichment factor of 2‰ between carbonate and DIC) gives an estimation between 67% and 80% for the contribution of oxidized methane to authigenic carbonate formation. This estimation appears unrealistic because the DIC concentration (∼2 mM) of seawater is less than 10% compared to the high DIC concentrations (>20 mM) produced by AOM (Paull et al., 2008). A more probable source of 13C-rich DIC could be provided by high fluxes of fluids with high alkalinities issued from the methanogenic zone (Chatterjee et al., 2011). Alternatively, the carbon isotopic shift could be explained by the reservoir effect during AOM when residual CH4 becomes progressively enriched in 13C due to microbial CH4 consumption (Whiticar, 1999); the residual fraction f of CH4 calculated using the Rayleigh distillation equation (δ – δ0 = ε ln f, where εCH4-CO2 ∼ 9) would be between 19% and 6%. These estimations are reasonable considering that large fractions of oxidized methane are trapped as authigenic carbonate precipitating within the sediment whereas the remaining methane may escape through the seafloor toward the water column. Similar high methane turnover rates (93%) were estimated in the siboglinid tubeworm habitat at Håkon Mosby mud volcano (Felden et al., 2010).
In the crusts sampled at CNE02, CNE14 and CNE15, the carbonate fraction corresponds to planktonic foraminifers and coccoliths mixed with minor amounts of diagenetic carbonates (dolomite and possibly siderite). The δ13C values ranging from −5.72 to −1.57‰ indicate that there was no contribution of carbon from methane oxidation during the formation of these crusts that may thus be considered as hard grounds probably formed when bottom waters were poorly ventilated, a situation prevailing during glacial times (Keigwin and Boyle, 2008). These carbonates, which differ significantly from authigenic carbonates associated with methane release in their mineral and isotopic signature and formation, deserve further investigation (mapping, sampling and analyses).
5.2 Present-day versus past seepage activity
Present-day seepage activity. Our observations point to present-day seepage activity through the seabed in two areas of the Nyegga study corridor (Figure 2), CNE03 (Figure 7) and CNE05.6 (Figure 8). However, we do not exclude present-day seepage activity elsewhere and particularly at the CNE01 site which presents similar acoustic sediment and seafloor signatures to CNE03 and CNE05.6. Unfortunately, the ROV was unable to operate effectively due to a positioning problem encountered at the beginning of dive 271 (Figure 2A). Consequently, most of the targeted areas at CNE01 were uninvestigated, including the southern ridge and adjacent depressions where several morphostructures resemble those of authigenic carbonates (Figure 5B).
At both CNE03 and CNE05.6 sites, several areas of reduced dark grey sediment surrounded by chemosynthetic fauna covering a few square meters, and in situ methane anomalies in the bottom seawater (up to 2,130 nL/L), attest to present-day upward advection through the seabed of pore water containing dissolved methane. Although direct measurements of the flow rates were not obtained, it was noted that biological zonation at the active sites presents similarities to seepage sites along the Norwegian margin, such as the Håkon Mosby mud volcano in the Barents Sea (Decker et al., 2012; Decker and Olu, 2012), where oxygen and sulfide fluxes were calculated based on microprofile measurements indicating pore water seepage rates of up to a few meters per year (de Beer et al., 2006). The presence of filamentous bacteria and siboglinid tubeworms, both depending on sulphide availability, suggests that this compound is produced at CNE03 and CNE05.6 in the subsurface sediments, from anaerobic methane oxidation, with a gradient from the central area of reduced sediments and microbial mats, to the external zones colonized by the siboglinids, as described for the other sites of the Norwegian margin.
Spatial heterogeneity. The pore-water chloride profile located only 40 m from the seepage sites, shows no evidence of upward advective flow (Figure 14). The methane and sulfate profiles suggest an AOM zone at a sub-bottom depth of about 2 m, an intermediate value between the 5 m depth measured by Paull et al. (2008) as the background value of the sulfate methane transition outside Nyegga pockmarks and a close to zero value (seabed) at active sites. Subseafloor fluid flow is heterogeneously distributed within such a pockmark site, which is more than 200 m wide (Figure 5A). Similarly, fluid indicators in the subsurface sediments at CNE03 vary drastically from one core to another, although they are only a few tens of meters apart (Figures 2A, 6). Maximum pore water methane concentration varies in a 50-m distance from 1 mM (this study) to 6.7 mM (Ivanov et al., 2010); these values are lower than the peak of methane measured at Tobic pockmark reaching 12.0 mM (Ivanov et al., 2010). Thus, the uppermost sediment at one location with gas hydrates and abundant living Siboglinidae (pogonophora) contrasts with some others that present no signs of present or past seep-related activity (this study; Ivanov et al., 2010; Attias et al., 2020).
Past seepage activity. The area occupied at CNE03 by the identified seeping sites is probably less than 1% of the total area explored with the ROV during the Vicking cruise. From hydrological modeling of sedimentation and compaction in the Nyegga region for the period of the past 2.6 Ma, Hustoft et al. (2009) suggest that Nyegga chimneys and pockmarks could have formed in association with a post-LGM peak of fluid expulsion caused by rapid sedimentary loading in the period. The period 15,800–15,000 14C yr BP (ca. 18,314–17,366 cal yr BP) was one of rapid glacio-marine sedimentation of about 30 m/ky (Reiche et al., 2011) and correlates with a period of fluid expulsion at CNE03 indicated by two beds of vesicomyids dated at 15,500 ±60 and 14,930 ±50 14C yr BP (ca. 17,952 and 17,238 cal yr BP), respectively (Figure 13). Similar beds of vesicomyids were also recovered at other locations at CNE03 (core GS07-148-14GC, Chen et al., 2012; Karstens et al., 2018; core CNE03; Attias et al., 2020; Figure 6). Two distinctive chemosynthetic shell beds are centered around depth intervals of 1.05–1.11 and 1.48–1.62 mbs (Chen et al., 2012). Radiocarbon dating of these shells provides evidence for two main methane seepage episodes, between 15,500 and 13,900 14C yr BP (ca. 17,952 and 15,951 cal yr BP), respectively (Chen et al., 2012). The ages of vesicomyids recovered at CNE03 are also consistent with the AMS 14C dating of planktonic foraminifers, 15,295 ±45 14C yr BP (17,692 ±278 cal yr BP), recovered just above a similar bed of vesicomyids (although initially mistakenly described as Bathymodiolus shells) and carbonate concretions found deeper in the sediments (6.95–7.05 mbsf) in a core taken at the CNE13 site at 807 m water depth and 12 km from the KSF-VKG-02. Numerical modeling of gas hydrate dynamics at the Nyegga pockmark field emphasizes the role of increased sediment accumulation as the main driver of gas hydrate dissociation with a peak at 17,800 years BP (Karstens et al., 2018). Moreover, in the Nyegga area, the occurrence of fluid expulsion towards the seafloor between 200 and 130 ky was inferred from seismic data and identification of paleo-BSRs (Plaza-Faverola et al., 2012). These fluid expulsion events and the associated paleo-chimneys could have provided weakness zones for the formation of chimneys since the last glacial maximum.
The Norwegian margin from the North Sea, the Norwegian Sea to the Barents Sea hosts numerous pockmark fields in connection with seismically identified gas chimneys. Some of them are inactive with no evidence of present-day seepage (e.g., Barents Sea, Nickel et al., 2012; giant pockmark field in the northern North Sea; Mazzini et al., 2017) while some others are still active (e.g., Loppa High in South-West Barents Sea, Chand et al., 2012; Central North Sea; Chand et al., 2017). The onset of methane seepage for the Barents Sea pockmarks is dated to 17,000 years BP based on U/Th dating of methane-derived authigenic carbonates, that coincides there with the deglaciation-induced pressure release and thinning of the hydrate stability zone (Crémière et al., 2016). The methane originates from gas hydrate dissociation triggered by pressure changes on the continental shelf due to collapse and retreat of the Scandinavian Ice Sheet (SIS) (Chand et al., 2012). Karstens and Berndt (2015) suggested the same possible triggering mechanism for high overpressure resulting in hydrofracturing at chimneys of the Southern Viking Graben (North Sea). The extent of the ice cover during the last glacial period does not include the Nyegga area (Hughes et al., 2016); SIS-related overpressure cannot be the driven force for the formation of the Nyegga chimneys.
5.3 Relationship between hydrate occurrences at depth and methane seepage through the seabed
Based on geophysical, geochemical and biological data, we propose a conceptual model for the functioning and evolution of the CNE Nyegga chimneys, through four main successive stages (A to D in Figure 15). This model is well constrained by the CNE03 dataset which is the most complete, with in particular the present-day state, illustrated by stage 2 in Figure 15B. Based on available data at CNE01-CNE17 sites, we suggest that the different investigated CNE chimneys underwent similar evolution with slight differences in their present-day state. While some chimneys present moderate to low seepage activity (e.g., CNE03, Figure 15B), others are characterized by a lower level of seepage at the seafloor (as illustrated in Figure 15C).
[image: Figure 15]FIGURE 15 | Diagrams representing four main evolutive stages of activity of methane transport through a chimney containing hydrate, adapted and supplemented from Foucher et al. (2009). Pink-red represents free gas, blue represents pore water and green represents gas hydrate. (A) Stage 1. Gas hydrate formation and free-gas venting during the post-LGM period. (B) Stage 2. Decrease in hydrate formation and moderate to low seepage activity (present-day CNE03). (C) Stage 3. Gas hydrate dissolution and low to very low level of seepage activity. (D) Stage 4. Methane diffusion and cessation of seepage.
Stage 1. Gas hydrate formation and free-gas venting during the post-LGM period. This initial stage was certainly the most active, with plumes of free gas emitted to the seabed (Figure 15A). The rate of methane flow to the chimney was at its highest and it is probable that most of the hydrate in the chimney was formed during this stage. This initial stage with gas bubbles escaping into the water column is clearly over as no emission of free gas has been observed there or elsewhere in the Nyegga region. The past seepage activity at the Nyegga studied area is evidenced by i) the presence at depth of empty bivalve shells of the Vesicomyidae family (Isorropodon nyeggaensis n. sp.) dated to 15,500 ±60 and 14,930 ±50 14C yr BP (ca. 17,952 and 17,238 cal yr BP) (Figure 13); similar beds of vesicomyids were recovered at CNE03 (Chen et al., 2012; Karstens et al., 2018; Attias et al., 2020) and CNE13 (Paull et al., 2008) with some of these shells dated, giving analogue radiocarbon ages; and ii) the presence of widespread methane-derived authigenic carbonates buried in subsurface sediments inferred from multi-frequency seafloor backscatter data; their extent increases with depth. Seismic tomography showed that there is a body of higher-than-normal seismic velocity in the chimney beneath CNE03 (Plaza-Faverola et al., 2010) (Figure 3C). The likely cause is the presence of hydrate within the sediment, primarily occupying cracks in the low-permeability sediment, with a maximum concentration of about a quarter of the rock volume. Hence, most of this hydrate could have formed when the chimney was venting free gas, earlier in its history. The possibility that some of the hydrate was formed from methane in solution in advecting pore water cannot be overlooked. However, it is more likely that invasion of the Gas Hydrate Stability Zone (GHSZ) by free gas was the primary mechanism initiating the formation of hydrate, as illustrated in Figure 15A. Indeed, this view is supported by the seismic indications of free gas beneath the chimney at present and the higher rate of formation of hydrate from free gas (Waite et al., 2009). Thus, the gas may have followed cracks opened by overpressured gas and held transiently dry by the effect of hydrate formation on the walls of the cracks in sediment of already very low intrinsic permeability. Gas may also have migrated through the developing chimney by the process proposed by Liu and Flemings (2007). Following initial invasion of the base of the chimney through fractures opened by overpressured gas, gas continues to migrate upward, progressively creating hydrate. Indeed, the increase in pore water salinity caused by the formation of hydrate (dissolved ions are not taken into the hydrate structure) means that, locally, the system can reach the limit of hydrate stability.
Stage 2. Decrease in hydrate formation and moderate to low seepage activity (present-day CNE03). When the rate of free-gas supply to the chimney greatly diminishes or ceases, the flow of methane-rich pore water throughout the chimney can be sustained if the ascending pore water remains saturated in methane by passing through the zone containing free gas (Plaza-Faverola et al., 2010). If very small amounts of free gas enter the GHSZ, they are likely to be consumed in the formation of hydrates, without any free gas reaching the seabed. The hydrate in the chimney maintains the concentration of methane in ascending pore water at saturation level, and hydrate will continue to form within the shallower parts of the chimney, because methane solubility decreases towards the seabed (Figure 15B). Stage 2 corresponds to the current situation of CNE03 site with i) the presence of gas beneath the base of the GHSZ evidenced in the vicinity of the chimney, presented here and in previous seismic studies (Plaza-Faverola et al., 2010; Plaza-Faverola et al., 2012); and ii) the absence of gas bubbles emitted into the water column (acoustic insonification in Figure 2A). This view is consistent with results from marine electromagnetic and seismic studies conducted at CNE03 (Attias et al., 2016). Strong resistivity anomalies in the shallow part are attributed to the presence of gas hydrates and authigenic carbonates. The authors conclude that above the base of the GHSZ, gas hydrates mainly occupy the pore space of sediments whereas the free gas extends laterally below the base of GHSZ. The evidence of fluid flow from the seabed at CNE03 and CNE05.6 also supports the case where the situation is dominated by the advection of methane dissolved in pore water (Supplementary Table S1). Part of this methane could arise from the dissolution of hydrates in the chimney. At CNE03, there is evidence of hydrates a few meters beneath the seabed (Ivanov et al., 2007; Ivanov et al., 2010). The relatively shallow depth of the Sulfate Methane Transition Zone (SMTZ) of 2 m in core KFS-VKG-02, compared with about 5 m depth in the areas outside pockmarks (Paull et al., 2008), could be due to heterogeneous fluid flow related to the activity of the pockmark area or a consequence of a local occurrence of shallow hydrate. The sulfate profile in core AT634G (Ivanov et al., 2010) shows some scatter between 150 and 250 cm depth. This may be because the core intercepts non-vertical migration paths of water with methane in solution, which locally expels sulfate-rich water and reacts with it to remove sulfate by AOM. Alternatively, this could reflect the presence of gas hydrates at different stratigraphic levels or repeated gas seepage events (Ivanov et al., 2010). At present, methane continues to sustain chemosynthetic communities at the seafloor, e.g., Siboglinidae polychaetes (Oligobrachia haakonmobiensis, i. e., webbi and Sclerolinum contortum) as well as microbial mats (Figure 7), and possibly the precipitation of methane-derived authigenic carbonates in the near-seabed sediment.
Stage 3. Gas hydrate dissolution and low to very low level of seepage activity. When free gas is absent from the base of the chimney, pore water entering the chimney is likely to be undersaturated in methane. A high concentration of methane in pore water near the seabed can however be maintained for a long period of time (thousands of years). Dissolution of hydrate at the base of the chimney would bring the methane in solution in pore water to saturation level, which would lead to the creation of hydrate closer to the seabed, where the solubility of methane is lower (Figure 15C). This process will maintain methane in solution near the seabed at saturation until all the hydrate has dissolved, with the concentration profile near the seabed being controlled by the rate of fluid advection competing against molecular diffusion to the seabed and processes, such as anaerobic oxidation of methane, that consume methane (Foucher et al., 2009). In the Nyegga area, depending on the migration path of ascending pore fluids relative to sedimentary units containing free gas, the situation could be represented by Stage 3 (Figure 15C) where the water migrating beneath the GHSZ is undersaturated in methane, but flow through the chimney containing hydrate brings it to saturation.
Stage 4. Methane diffusion and cessation of seepage. If fluid flow into the base of the chimney ceases, hydrate in the chimney will gradually be diminished by the diffusion of methane to the seabed (Figure 15D). Pore water surrounding hydrate will remain saturated in methane until the hydrate has dissolved. Depending on the amount of hydrate present, this could take thousands to tens of thousands of years (Foucher et al., 2009). The concentration of methane in solution near the seabed, in this case, will depend on the quantity of hydrate in the proximity of the seabed, its depth beneath the seabed when inflow at the base of the chimney ceased and on the time elapsed since. The top of hydrate within the top meter or so would recede downward quite quickly, taking a few hundred years for a layer with an average concentration of about 10% of total volume to deepen from 1 m to 2 m (Foucher et al., 2009). The concentration of methane in pore water near the seabed is rapidly reduced by the combined effects of diffusion and oxidation. Isolated pipes and veins lose hydrate more rapidly as is most likely the case of many inactive Nyegga spots.
6 SUMMARY AND CONCLUSION
ROV dive observations identified several seeping sites at the CNE03 and at a nearby 4-km-distanced location named CNE05.6. Morphology at the seabed, imaged by high-resolution bathymetry, reveals not only depressions, corresponding to pockmarks, but also adjacent ridges whose summits and uppermost flanks are the locations of present-day seepage activity. The seafloor morphology of pockmark features located above hydrate-bearing chimneys is known to be chaotic and more complex than free-gas related pockmarks (Riboulot et al., 2016). At seeps of CNE03 and CNE05.6, there is a clear zonation of the biological chemosynthetic habitat, from an inner area of dark-grey reduced sediment, bacterial mats and Rissoidae gastropods to outer fields of Siboglinidae. This change in macrofauna at the active Nyegga seeps is interpreted to reflect a decreasing strength of fluid flow away from the seep center, similarly to other seeps of the Norwegian margin (Gebruk et al., 2003; de Beer et al., 2006; Jerosch et al., 2007; Decker et al., 2012). All the sites of high-seepage activity are restricted to a few square meters of the seabed. No free-gas bubble emissions were observed at any of the sites, but in situ methane anomalies were detected in the water column within a few tens of centimeters of the seabed with a highest concentration of 2,130 nL/L. The pattern of seepage is heterogeneous. For example, at CNE03, sulfate and chloride profiles in the pore water of core KSF-VKG-02 show that there is no upward fluid advection within 40 m of the most active seepage area. Besides the direct influence of seeps on chemosynthetic fauna, there is an indirect impact on the benthic background fauna. Methane-derived authigenic crusts and consolidated sediment layers both provide a hard substrate habitat for very rich benthic fauna, including sponges, comatulids and ophiurids.
Two beds with carbonate concretions and vesicomyids dated at 15,500 ±60 and 14,930 ±50 14C yr BP (17,952 ±243 and 17,238 ±251 cal yr BP) in the KSF-VKG-02 core taken at CNE03 most likely mark past events of intense seepage, as observed in three other cores from the CNE area (Paull et al., 2008; Chen et al., 2012; Karstens et al., 2018; Attias et al., 2020). These periods coincide with episodes of rapid sedimentation that induced fluid circulation and the formation of the Nyegga pockmark field (Hustoft et al., 2009; Reiche et al., 2011) and triggered widespread gas hydrate dissociation (Karstens et al., 2018). The recent identification of the Nyegga Slide and the triggering of its associated slope failure, 20,000 years BP (Karstens et al., 2023), rule out the view that the Nyegga pockmark field predates the giant Storegga Slide event (e.g., Hustoft et al., 2009), and emphasize the probable close spatio-temporal link between fluid seepage and sedimentary destabilization in the region. The very low δ13C values in the carbonates (down to −58‰) clearly indicate that the major source of carbon was methane issued from the venting fluids and converted to HCO3− during microbial anaerobic oxidation. Our observations are consistent with a history of seepage showing a peak of activity and perhaps the formation or reactivation of chimneys in immediate post-LGM times, as suggested by hydrological modeling (Hustoft et al., 2010) and gas hydrate dissociation simulation (Karstens et al., 2018). It is probable that during this period free gas was emitted from the seabed and also formed hydrate in the chimneys beneath the pockmarks. Our preferred model for the present-day situation is one in which there is minimal input or no input of free gas at the base of the chimney. Seepage is dominated by advection of methane in solution in pore water that enters the base of the chimney saturated in methane, because it migrates through layers that contain free gas. Even if the water entering the base of the chimney was not methane-saturated, it would become saturated with methane derived from dissolution of hydrate in the chimney, provided that the migration paths pass through the hydrate-bearing parts of the chimney.
Attention has justifiably tended to focus on large pockmarks, such as CNE03, both in this and other investigations of seepage in the Nyegga area, but total seepage through the far more numerous smaller pockmarks and other seabed features that host seeps might be of similar importance. CNE05.6 exhibits a similar level of present-day activity to CNE03, although it has far less prominent seabed relief and acoustic backscatter than CNE03 (Figure 4). Because it is offset from the seismic line, its underlying chimney is not imaged on the very-high resolution seismic section (Figure 2B), but can be seen on the high-resolution seismic section below the Intra-Naust reflector (Figure 2C). The even smaller conduits, which are imaged by the very-high resolution seismic sections, commonly terminate at features on the seabed, which although are possibly inactive at present, must have been active at some time in the post-LGM period. These smaller structures have the potential to contribute as much as or more than the present-day fluid outflow from the seabed above the chimneys. Further investigation of flow evidence is required to establish the relative importance of the two groups of seeping features.
We conclude that the Nyegga pockmark area investigated during this study (CNE01-CNE17) is an area of modest seepage activity at present, but seepage is possibly not weaker, on average, than the areas to the south-east (e.g., Sharic and G11 sites, Figure 1B) which have been previously suggested to be more active at present than the CNE area (Ivanov et al., 2010). More extensive investigations are required to establish the general distribution of seepage in these areas, and document the apparently high degree of heterogeneity of seepage at pockmarks. From the experience of ROV dives on the pockmarks investigated during this study, it is evident that intense observation and sampling is needed to characterize seepage activity, and that the results from two or three cores or restricted visual seabed inspection from a single pockmark area could give a false impression of the feature being either highly active or inactive. Near-bottom observations, at least, confirms that there is activity, but cannot quantify it. Core sampling could lead to a feature being wrongly classified as inactive. Consequently, we contend that the present level of investigation of seepage activity in the Nyegga region is far too low to be able to draw conclusions on general trends in activity across the region. We suggest that any area underlain by gas below the base of the GHSZ is likely to present some methane seepage.
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Deep-sea methane seeps host highly diverse microbial communities whose biological diversity is distinct from other marine habitats. Coupled with microbial community analysis, untargeted metabolomics of environmental samples using high resolution tandem mass spectrometry provides unprecedented access to the unique specialized metabolisms of these chemosynthetic microorganisms. In addition, the diverse microbial natural products are of broad interest due to their potential applications for human and environmental health and well-being. In this exploratory study, sediment cores were collected from two methane seeps (-1000 m water depth) with very different gross geomorphologies, as well as a non-seep control site. Cores were subjected to parallel metabolomic and microbial community analyses to assess the feasibility of representative metabolite detection and identify congruent patterns between metabolites and microbes. Metabolomes generated using high resolution liquid chromatography tandem mass spectrometry were annotated with predicted structure classifications of the majority of mass features using SIRIUS and CANOPUS. The microbiome was characterized by analysis of 16S rRNA genes and analyzed both at the whole community level, as well as the small subgroup of Actinobacteria, which are known to produce societally useful compounds. Overall, the younger Dagorlad seep possessed a greater abundance of metabolites while there was more variation in abundance, number, and distribution of metabolites between samples at the older Emyn Muil seep. Lipid and lipid-like molecules displayed the greatest variation between sites and accounted for a larger proportion of metabolites found at the older seep. Overall, significant differences in composition of the microbial community mirrored the patterns of metabolite diversity within the samples; both varied greatly as a function of distance from methane seep, indicating a deterministic role of seepage. Interdisciplinary research to understand microbial and metabolic diversity is essential for understanding the processes and role of ubiquitous methane seeps in global systems and here we increase understanding of these systems by visualizing some of the chemical diversity that seeps add to marine systems.
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1 Introduction

Methane seeps are areas where methane leaks from vast subseafloor reservoirs, fueling dense communities of organisms. Methane seep communities, including endemic microorganisms and animals, either harness the chemical energy being released from the seafloor directly or through symbiosis, or make use of the habitat (both physical and chemical) created by seep biological processes. Alongside endemic species, methane seeps host organisms that are found throughout the margin, including species that are harvested commercially (Grupe et al., 2015; Seabrook et al., 2019). The seeps themselves are a mosaic of different habitats with varying biogeochemistry and fauna (Boetius and Suess, 2004; Bernardino et al., 2012) in which communities change over time. Over the geologic time scales that methane seepage can occur, the metabolic activity of microbial communities results in carbonate precipitation that can pave vast areas of the seafloor (Cordes et al., 2009; Bowden et al., 2013). The resulting hard substrate, termed authigenic carbonate, provides for attachment and growth of anemones, sponges, and corals at mature methane seep sites in the otherwise expansive soft sediment of the deep ocean. Methane seeps enhance biological diversity of the ocean margin by producing substrate, hosting divergent biological processes and biogeochemistry, and contributing significantly to primary production in the deep ocean. Here we add to this foundational knowledge by revealing chemical diversity, which has implications for future societal use.

Methane seeps comprise a diversity of habitats in close proximity, creating a unique opportunity for natural products (NPs) discovery. The high biological diversity of seeps is illustrated in a recent study focused on the habitat along the Oregon and Washington margins in which more than 72,000 different amplicon sequence variants (ASVs) were documented from six seep and non-seep collection sites, plus a control site (Cummings et al., 2023). At the three methane seep sites sampled, 11,631 different amplicon sequence variants (ASVs) were present only in the on-seep core samples. While on-seep cores had relatively low Chao1 diversity values, with a mean of 452 ± 204 for Emyn Muil and Dagorlad seeps, the 5m off-seep cores had local peaks in diversity with values of 861 ± 162. Even in earlier studies where ASVs with 97% similarity are combined into Operational Taxonomic Units (OTUs), more than 30,000 distinct OTUs have been measured at methane seep habitats (Seabrook et al., 2018).

Oxygen, sulfide (toxic to most animals), and redox gradients typify seep habitats, and the microbial communities reflect this diverse environment through an abundance of metabolic pathways, including aerobic methane oxidation, anaerobic oxidation of methane, sulfate reduction, sulfide oxidation, manganese and iron reduction, and nitrogen fixation (Levin, 2005; Reeburgh, 2007; Knittel and Boetius, 2009; Dekas et al., 2014). Sediment communities, including those at seeps, use or must exist in the presence of metabolites produced by co-occurring taxa as defense chemicals, transient chemical signals, and/or in a multitude of possible undefined ecological roles (Dekas et al., 2016; Patin et al., 2017).

Knowledge of the diverse metabolic strategies at methane seeps resulting in a diversity of pathways involved in cellular energy production and compound biosynthesis is far from comprehensive. Most studies investigating environmental microbiomes have focused on phylogenetic identity and abundance of microbial community members, without metabolomic analyses or testing for biological activity or potential ecological roles. Technological advances in high resolution mass spectrometry and associated data analysis tools have facilitated and been driven further by targeted and untargeted metabolomics coupled to microbial community analysis in microbiome studies (Bauermeister et al., 2022), with applications in human health (Aleti et al., 2022; Zhang et al., 2023) and agriculture (Rothman et al., 2019; Sun et al., 2022; Nie et al., 2023). With continued development of computational methods to annotate structurally complex specialized metabolites in complex mixtures (Morehouse et al., 2023), these integrated approaches are increasingly applicable to detection and structural annotation of microbial specialized metabolites in environmental microbiome samples (Shaffer et al., 2022), although structural annotations in untargeted mass spectrometry experiments are putative assignments of structural class or planar molecular structure that require follow-up for valid molecular structure characterization.

Limited material from environmental sampling poses a challenge for traditional NP isolations of new compounds for structure elucidation and biological activity testing. However, untargeted metabolomics analyses of environmental samples using high resolution liquid chromatography tandem mass spectrometry (LCMS2) may require only nanograms of chemical extract from milligrams of collected sample. This approach provides data for comparative analyses when working with limited materials. Importantly, the identities of metabolites detected via untargeted analyses remain largely unknown, with an estimated 10% average annotation rate possible using LCMS spectral databases and computational prediction tools (de Jonge et al., 2022).

Untargeted LCMS2 surveys coupled with computational tools permit generation of hypotheses from exploratory data to direct further investigation and prioritization of organisms or metabolites for targeted analyses. Open access tools such as GNPS, SIRIUS, and CANOPUS enable predictions of metabolite structure or structure class based on tandem mass spectrometry (MS2) fragmentation patterns. GNPS is a web-based mass spectrometry platform for sharing and comparative networking of MS2 data (Wang et al., 2016). The downloadable software framework SIRIUS (Dührkop et al., 2021) incorporates CSI : FingerID and CANOPUS for prediction of molecular formulas and structure classifications using MS1 isotope and MS2 fragmentation patterns (Djoumbou Feunang et al., 2016; Kim et al., 2021). Here we present the results of a coupled metabolome-microbiome approach using untargeted high-resolution LCMS2 analysis and bacterial 16S rRNA amplicon sequencing of environmental samples to assess metabolite detection and explore the chemical and biological relationships between two methane seep habitats that differ significantly in their gross morphology (Figure 1). The 16S rRNA sequence data used for our comparative analyses of the Emyn Muil and Dagorlad methane seeps comprise a subset of the larger ASV dataset reported by Cummings et al. (2023).




Figure 1 | (A) Map indicating the locations of the three sampling sites (older seep Emyn Muil, younger seep Dagorlad, OOI Slope Base control). The two seeps are approximately 50 miles off the Washington coast on the Juan de Fuca Plate. (B) Images of the two methane seep sites sampled: upper is the older seep, Emyn Muil (1,060 m), characterized by carbonate deposits; lower is the younger seep, Dagorlad (1,000 m), characterized by soft sediments and extensive microbial mats. This figure is reproduced in part with permission from Cummings et al. (2023, https://doi.org/10.7717/peerj.15119/fig-1).



The Dagorlad seep site is an expansive microbial mat, likely indicative of a recent onset of seepage, and the Emyn Muil seep site is a large carbonate outcrop consistent with seepage that has been ongoing for hundreds to thousands of years. These two sites potentially represent the opposite ends of seep succession. By comparison with nearby off-seep habitats, as well as a deep-sea non-seep control site, we address the overarching question of whether different seep microbiomes can be distinguished by untargeted metabolomics of environmental samples. We also present a correlation analysis of the subset of putative peptides with actinobacterial 16S rRNA sequence since Actinobacteria are well-known to produce biologically active peptides (Zhao et al., 2018). Our results thus may provide preliminary insight on the potential for discovery of new biotechnological or biopharmaceutical compounds from deep-sea methane seeps. Our long term goal is to better understand the role of seeps in marine biological diversity and future pharmaceutical and biotechnological research.




2 Methods



2.1 Sample collection

Sediment cores were collected from two methane seeps along the Cascadia Margin using the ROV Hercules on E/V Nautilus cruise NA121, in partnership with the Ocean Exploration Trust. Here we focused on one core collected directly at the seep and one core collected 5 m away from areas of active seepage at each of two contrasting seep sites (Figure 1). These areas of active seepage had the highest microbial diversity present in the region (Cummings et al., 2023). An additional core from the Slope Base site of the Ocean Observatories Initiative (OOI) Regional Cabled Array was collected at a water depth of 2,900 m by ROV JASON during routine maintenance of the site (44.5152°N, -125.3898°W). The OOI site located 300 km south of the other sampling sites was included to compare a deeper non-seep site in the same geographical region. Sediment push cores were extruded shipboard and sectioned into 1 cm-thick sections ranging from 0 (surface) to 10 cm deep in the core, with the exterior discarded to prevent sediment smearing from impacting the measured microbial community and metabolome. Core sections were subdivided for metabolite and 16S rRNA analysis and frozen at -80°C until analysis. Samples for metabolite profiling were only handled with metal core slicing devices and were stored frozen in glass vials.




2.2 Microbial community analysis

Microbial analysis of sediment samples was performed as described in Seabrook et al. (2018). In brief, DNA was extracted from ~ 0.5 g frozen sediment using the QIAgen PowerSoil kit according to the kit protocol. The V4 region of the 16S rRNA gene was amplified and sequenced following the Earth Microbiome protocol, including the updated primers (Parada et al., 2016). Sequencing was carried out at the Oregon State University Center for Quantitative Life Sciences on the Illumina MiSeq platform, with 250-bp paired-end reads. Bioinformatics of the 16S rRNA analysis was carried out as part of a larger study using a Qiime2 pipeline as described in Cummings et al. (2023). The actinobacterial taxa from the resulting ASV table were selected for separate analyses.




2.3 Chemical extraction and LCMS2

Each sediment core subsection (48 in total) was lyophilized, resuspended in HPLC grade methanol (15 mL), sonicated (30 min) and left to extract overnight at room temperature. The solvent supernatants were then filtered using 0.2 µM PTFE syringe filters, dried in vacuo, and the resulting 48 extracts were weighed. High-resolution LCMS2 profiling of all samples was performed using an Agilent 1260 Infinity II LC system with detection by an Agilent 6545 TOF mass spectrometer. For this analysis, the sample extracts were reconstituted at 10 mg/mL in LCMS grade methanol of which 5 µL were injected. A reversed phase C18 porous core column (Kinetex C18, 50 x 2.1 mm, 2.6 μm particle size, 100 Å pore size, Phenomenex, Torrance, USA) was used for chromatographic separation. A binary gradient system with mobile phase consisting of H2O (solvent A) and acetonitrile (ACN, solvent B), and flow rate of 0.4 mL/min was used. After injection, the samples were eluted with a linear gradient from 0-5.5 min at 15% B, 5.5-15 min 15-80% B, 15-20 min 100% B. Initially the first 5.5 minutes were sent to waste but as no peaks were seen until after 8 minutes, 7.5 min of eluent was sent to waste to divert salt from the mass spectrometer for subsequent runs. Data dependent acquisition (DDA) of MS2 spectra was performed in positive mode.




2.4 Chemoinformatic analysis of metabolomic data

For LCMS2 data analysis, raw data (Agilent .d format) were converted to .mzML files using MSconvert (ProteoWizard); data pre-processing to extract MS1 and MS2 features was performed using MZmine3 (Pluskal et al., 2010). The parameters used in MZmine3 are listed in Supplementary Table S1. Mass spectrometric data are available via MassIVE (MassIVE ID MSV000090543) (MassIVE, n.d.). The MZmine3 peak list was exported as an .mgf file and uploaded to SIRIUS 5 GUI (Dührkop et al., 2019). SIRIUS (Dührkop et al., 2019), CSI : FingerID (Dührkop et al., 2015), and CANOPUS (Djoumbou Feunang et al., 2016; Dührkop et al., 2021; Kim et al., 2021) analyses were performed using the parameters in Supplementary Table S2. The MZmine3 generated feature list and quantification table were also analyzed using the GNPS platform (Wang et al., 2016). Peak areas of LCMS (MS1) features were summed by CANOPUS-assigned NPClassifier pathways to generate a pie chart for each core, representing the distribution of features across major structure classes (Figure 2). The fatty acid and terpenoid pathways were combined to form “Lipids and Lipid-like molecules”. Peak areas of LCMS (MS1) features were summed by CANOPUS-assigned NPClassifier pathways and stacked bar plots (Figure 3) showing the proportions of each pathway by core/depth were generated using the R package ggplot2 (Torondel et al., 2016; Wickham et al., 2019; R Core Team, 2022).




Figure 2 | Pie charts of all MS features assigned to structural classes based on NPClassifier Pathways designated by CANOPUS. Terpenoids and fatty acids have been combined to form the class of “lipids and lipid-like” compounds. The plots display proportions based on MS1 peak areas summed by sample collection site. (A) Emyn Muil (EM) on-seep microbial mat. (B) Emyn Muil (EM) 5 m off-seep. (C) Dagorlad Seep (DS) microbial mat. (D) Dagorlad Seep (DS) 5 m off-seep (E) Non-seep control site, OOI slope base 2900 m.






Figure 3 | Stacked bar graphs displaying proportions of MS features assigned to structural classes based on NPClassifier Pathways designated by CANOPUS for core sections from each of the 5 different cores. EM: Mat is Emyn Muil on-seep mat core; EM: 5 m off is Emyn Muil 5 m off-seep core; DS: Mat is Dagorlad Seep on-seep mat core; DS: 5 m off is Dagorlad Seep 5 m off-seep core; OOI: non-seep is the OOI slope base core.






2.5 Statistical analyses of microbial and metabolomic data

Comparative analyses were performed on the microbial ASV, actinobacterial ASV, and LCMS ion feature peak area datasets using multivariate analysis in PRIMER v7 (Clarke and Gorley, 2015). Data were Log(X+1) transformed and Bray-Curtis similarity was used to construct a resemblance matrix. Significant patterns in the resulting data were identified via similarity profile (SIMPROF) analysis, which is also available in R package. SIMPROF identifies significant differences within datasets without a priori groupings and without an arbitrary cutoff of overall similarity. We used a significance level for SIMPROF groupings of 5%. We generated SIMPROF groupings for each MS2, total bacterial community, and actinobacteria only. We also visualized these data using non-metric multidimensional scaling (NMDS). Data were processed to visualize significant Spearman’s correlations between LCMS features and microbial ASVs in heatmaps using the R (R Core Team, 2022) script provided in the supplemental data repository and performed previously (Neuhaus et al., 2022). In brief, the MS ion feature list was filtered to generate a list containing only the subset of features annotated as potentially peptide by CANOPUS in either ontology. Correlation analysis with the family level microbial data was then performed separately for this peptidic metabolite subset in which features (microbial family or MS feature) observed in less than 10% of samples were removed prior to correlation. Microbial amplicon sequencing data were transformed to proportions by dividing the counts in each sample by the sample’s total sequencing depth. The dataset was mean centered and scaled before Spearman’s correlations were calculated (R package “Hmisc”) between each pair (microbe~metabolite) of features. P values were adjusted according to the Benjamini-Hochberg procedure to control the false discovery rate. Adjusted p values < 0.05 were considered significant.





3 Results

High resolution LCMS2 and 16S rRNA amplicon sequence data were curated for each of ten core sections from four sediment cores (40 samples in total). One core was collected on-seep and one core was collected 5 m off-seep from each of two seep sites with distinct geomorphologies (Figure 1) and variable geochemistry (Cummings et al., 2023). Paired data were similarly obtained for depth sections of a non-seep OOI core as a background control (8 samples in total). Throughout this manuscript we use the term “older” for the carbonate-dominated Emyn Muil seep and “younger” for the soft-sediment Dagorlad seep as it provides context for the results, however, we do not know the time of onset of seepage at the sites sampled. At both sites, soft sediment habitats were sampled, although the sediment cores collected from the Emyn Muil seep were next to an expansive carbonate outcrop indicative of persistent seepage in the region for hundreds to thousands of years.



3.1 Microbial community

A total of 1,423,130 sequences belonging to 17,217 microbial ASVs were detected from the four methane seep sediment cores selected. The ASVs comprised 686 families in total. Actinobacterial sequences were a minor component of the total ASVs present. Overall, 2,046 sequences were identified within the Actinobacteria, representing 142 distinct ASVs. The Actinobacteria ASVs represented 27 families in total, although two families accounted for 85% of all ASVs, with half (54%) of those belonging to WCHB1-81 and the others falling outside of currently identifiable families.




3.2 Untargeted metabolomics

Processing of LCMS2 raw data with MZMine3 resulted in a total of 1,304 mass features, which were assigned to 119 out of the 672 NPClassifier (Kim et al., 2021) structural classes across all seven NP biosynthetic pathways using CANOPUS (Dührkop et al., 2021). The metabolite profiles for cores from both methane seep sites (Figures 2A–D) exhibited a higher proportion of lipids and lipid-like molecules than the non-methane seep OOI site (Figure 2E). The chemistry of the microbial mat at the older seep with hard carbonate substrate clearly comprised the highest proportion of lipids and lipid-like molecules of all the sites (Figure 2A). The distribution of metabolites among NPClassifier pathways was most similar between the 5 m off-seep cores from each site (Figures 2B, D). While the relative proportion of features assigned to each structure class did not change markedly for non-lipid metabolites, the specific metabolites within each class varied significantly between sites.

Stacked bar plots of MS1 feature peak areas summed by their NPClassifier assignments display the proportions of each biosynthetic class by depth in each core (Figure 3). The plots for both cores from Emyn Muil displayed the highest overall proportion and greatest variation in fatty acids and terpenoids, with the proportion of fatty acids generally increasing with depth in core. The on-seep microbial mat had a remarkably high proportion of fatty acids, and a concomitantly lower proportion of alkaloids and amino acids/peptides, especially with increasing depth in the core. In contrast, the Dagorlad cores displayed the lowest abundance of fatty acids with proportionally more terpenoids, and a relatively uniform distribution of metabolite biosynthetic classes between the on-seep microbial mat and 5 m off-seep cores. These data are summarized in Figure 4, in which MS feature counts, summed peak areas and NPClassifier classes are summarized in parallel for each core by depth. The older Emyn Muil seep displayed greater variability in the abundance (peak areas, Figure 4A) and number (counts, Figure 4B) of LCMS features, with deeper core sections containing fewer and less abundance of features than shallower sections. In contrast, the number and abundance of LCMS features in both the control OOI slope base and the younger Dagorlad seep samples were less variable across depths. The number of distinct metabolite structural classes annotated for each sample using the NPClassifier ontology in CANOPUS was also determined and revealed consistent trends with depth (Figure 4C). Comparison of the shallower samples at the two seep sites revealed similar numbers and abundance of LCMS features (Figures 4A, B), with fewer structural classes assigned within the deeper samples from the older Emyn Muil seep (Figure 4C).




Figure 4 | Bar graphs displaying per sample, stacked by core and sample depth in core, (A) the number of mass features, (B) the sum of all LCMS peak areas from the feature list generated in MzMine3, and (C) the number of distinct NPClassifier classes in each sample. EM: Mat is Emyn Muil on-seep mat core; EM: 5 m off is Emyn Muil 5 m off-seep core; DS: Mat is Dagorlad Seep on-seep mat core; DS: 5 m off is Dagorlad Seep 5 m off-seep core; OOI: non-seep is the OOI slope base core.






3.3 Integrated analysis of microbial and metabolite data

Separate NMDS plots of total microbial ASV and MS1 data for all core samples exhibited corresponding patterns of variation. The subset of actinobacterial ASV abundances was also analyzed separately from the rest of the microbial ASV data because of the known capacity of Actinobacteria for specialized metabolism, resulting in structurally diverse compounds with antibiotic and other biological activities (Zhao et al., 2018).

Greatest variability in both metabolites (Figure 5A) and microbes (Figure 5B) was evident around the older carbonate Emyn Muil seep compared to the relatively clustered samples of the younger soft sediment Dagorlad seep, and the distinct microbial community and chemistry of the non-seep OOI slope base. We note that each point represents both a core location and depth within that core, making statistical analysis using a priori groupings (i.e. PERMANOVA) inappropriate to apply. Hence our application of exploratory significance testing using similarity profile (SIMPROF) analysis. The SIMPROF method examines whether the similarities observed in the data are smaller and/or larger than those expected by chance (null hypothesis testing). The MS1 data showed more variability in both feature counts (on-seep mat: 602.9 ± 233.6; 5 m off-seep: 613.5 ± 160.2) and abundances (on-seep mat: 3.48E5 ± 1.78E5; 5 m off-seep: 3.05 ± 1.61E5) at the older Emyn Muil seep, with deeper sections yielding lower feature counts and abundances than shallower ones (Figure 4). The LCMS data for the two Dagorlad seep cores varied less, in both feature counts (on-seep mat: 777.3 ± 51.8; 5 m off-seep: 762.5 ± 65.6) and abundances (on-seep mat: 6.24E5 ± 9.02E4; 5 m off-seep 5.85E5 ± 1.15E5). This is further reflected in the greater spread in core section LCMS data for the two Emyn Muil cores compared to the Dagorlad cores (Figure 5A). Additionally, the LCMS data formed less distinct clusters (Figure 5A) compared to the corresponding microbial ASV data (Figure 5B) of the sediment cores, reflecting the shared chemistry of metabolisms between different microbial taxa. In both the ASV and LCMS data plots, the OOI slope base core samples clustered separately from the on-seep and 5 m off-seep samples (Figures 5A, B).




Figure 5 | Non-metric multidimensional scaling (nMDS) plots of the data for 10 core sections from five different cores, including on-seep mat (Emyn Muil, EM, purple; Dagorlad Seep, DS, cyan), 5 m off-seep (EM, red; DS, green), and non-seep OOI control (dark blue) using (A) LCMS data, (B) all microbial (16S rRNA) ASV data, and (C) actinobacterial ASV data only.



The 5 m off-seep cores possessed greater ASV richness than their corresponding on-seep microbial mat cores. The Emyn Muil sediment core from 5 m off-seep had greater microbial ASV richness (6,948 ASVs) than the on-seep microbial mat core from the same site (4,427 ASVs). The Dagorlad seep cores had less ASV richness than the corresponding cores at the Emyn Muil seep but again, greater richness was seen in the 5 m off-seep core (5,802 ASVs) than the on-seep mat (1,338 ASVs). Sediment samples were generally clustered by core using microbial ASV data (Figure 5B). However, the samples from the younger Dagorlad seep cores clustered more tightly than those from the older Emyn Muil seep, where deeper depths were less clustered than shallower depths (Figure 5B). The NMDS plot of core samples based on the actinobacterial ASVs (Figure 5C) displayed the least separation between the cores, likely due to the low overall counts of Actinobacteria. Nevertheless, it is noteworthy that actinobacterial ASV richness appeared to be less diverse for the on-seep microbial mat cores (EM:28, DS:12) than for the 5 m off-seep cores (EM:78, DS:35).

Clustering by similarity using the SIMPROF routine is a method of exploratory data analysis that detects patterns using null hypothesis testing. In summary, a Bray-Curtis similarity matrix for the data is compared, using the pi statistic, to a mean permuted similarity profile generated from iterative random shuffling of the raw data. This SIMPROF method was performed on microbial ASV abundance data, the actinobacterial ASV subset, and LCMS peak area (abundance) data for the sediment samples. Sediment core schematics, representing the spatial distribution of SIMPROF groupings for the three datasets by depth of core section sample, are presented in Figure 6, together with a template core on which section depths are labeled (Figure 6A). In general, for Emyn Muil and Dagorlad seep sites, changes in metabolites with depth, indicated by bold line boundaries between different colored sections, are consistent with changes in microorganisms with depth (Figures 6C–F). In contrast, the metabolite and microbial datasets for the non-seep OOI control site do not correlate well in terms of variation with depth, and there are overall fewer changes/boundaries (Figure 6B). In numerous instances for the two seep sites, as indicated by circled letters, SIMPROF groupings match between the LCMS and total microbial ASV datasets. These correlations imply the presence of distinct microbial populations with correspondingly distinct chemistry in these core sections. There is less correlation in the change with depth of LCMS versus actinobacterial ASV data alone, which may again reflect the relatively low overall counts of actinobacterial ASVs. Somewhat correlated changes in depth between actinobacteria and LCMS datasets are apparent for the 5 m off-seep sites, for example, between 4-7 cm core section depth in the Emyn Muil samples and variously throughout the Dagorlad samples.




Figure 6 | Core schematics representing the spatial distribution of similarity groupings according to SIMPROF analysis of LCMS features (LCMS), microbial 16S ASVs (Microbe), and actinobacterial 16S ASVs (Actino). Conserved color and label of core section within LCMS, Microbe or Actino datasets indicates that those sections belong to the same SIMPROF grouping. Circled letters indicate groupings that match across at least two datasets. (A) Diagrammatic representation of a sediment core in situ, in benthic substrate, alongside a representative core with depth graduations corresponding to sectioning of the core during sample processing. (B–F) Data for the non-seep OOI Slope Base, and off-seep and on-seep microbial mat for the younger Dagorlad (DS) and older Emyn Muil (EM) seeps, as labeled.



Significant positive and negative microbe~metabolite Spearman’s correlations occurred between microbial ASVs assigned at the family level and LCMS features annotated as putative peptides in either ontology (Supplementary Figure S1). The Log(X+1) normalized abundances of each of these features, separated by sample core depth for each site, is presented in Figure 7. Many individual LCMS features in this peptide dataset were simultaneously categorized in other NPClassifier pathways by CANOPUS, as anticipated for metabolites substituted with various functional groups, or with low probability peptide annotations. The 407 mass ion features annotated as “peptide” ranged from m/z 361.2448 to 1239.9522. While the overall proportion of peptides did not change much between cores (Figure 4), at the feature level there are differences in the pattern of these metabolites present in the different cores. Peptidic metabolites significantly correlated to microbes were predominant in the upper two-thirds of the older Emyn Muil on-seep microbial mat core with relatively few correlated metabolites distributed throughout all core sections (Figure 7). By comparison, the Emyn Muil 5 m off-seep core possessed a greater proportion of significantly correlated peptidic metabolites distributed from the surface to deeper in the core. The Dagorlad on-seep microbial mat and 5 m off-seep core profiles were comparable to each other and contained a majority of significantly correlated peptidic metabolites throughout the core, as was also found in the non-seep OOI core (Figure 7). The corresponding abundance of significantly correlated peptide metabolites plotted on the right-hand y axis indicates a decrease in peptide abundance with core section depth for the two Emyn Muil carbonate seep cores, but not for the soft sediment Dagorlad seep cores. This is in agreement with the trend across all metabolites (Figure 2). Notably, positive correlations were observed between actinobacterial families and putative cyclic peptides (Table 1). The complete dataset of correlations between features annotated as peptidic and microbial families can be found in the Supplemental Material (Supplementary Table S3, Supplementary Figure S1).




Figure 7 | Heatmap of MS ion feature abundance representing distribution by core of putative peptidic metabolites with significant positive or negative correlations to families of microbial ASVs. Bar graph representing total numbers of features annotated as putative peptides by depth and core. For both heatmap and bar graphs, rows are stacked by depth within cores.




Table 1 | Correlations between families within Actinobacteriota and mass features annotated as cyclic peptides by CANOPUS.







4 Discussion

Our coupled metabolomics and bacterial community survey revealed distinct chemistry at methane seep sites compared to non-seep sites at the level of microbial family and metabolite structure class. The microbial family level was chosen for our analyses to facilitate data handling and visualization, and for consistency with our previous report (Cummings et al., 2023). Furthermore, variations in specific molecular analogues within a series of biosynthetically related molecules (molecular family) may occur at the microbial genus, species or strain level, however, presence or absence of biosynthetic genes encoding a biologically important molecular family is most often noted at the microbial genus or higher taxonomic level (Donia et al., 2014). Chemical diversity changed across sites and core depth in relation to the changes in microbial diversity (Figures 5, 6). While the proportions of structure superclasses did not vary markedly across sites (Figures 2, 3), individual features and subclasses of compounds varied considerably between samples (e.g., for peptides, Figure 7).

We previously reported relative abundance of the 13 most abundant microbial families in the on-seep microbial mat and 5 m off-seep cores from Dagorlad and Emyn Muil seeps (Cummings et al., 2023). Notably, the microbial mat core from older Emyn Muil comprises a relatively large portion of anaerobic methanotrophic archaea (ANME), specifically ANME-1, not represented in the younger Dagorlad microbial mat. The Dagorlad microbial mat instead comprises a relatively high abundance of sulfur-reducing bacteria (SRB) in the families Desulfobulbaceae and Desulfobacteraceae, with ANME-2 present. The partitioning of ANME-1 and ANME-2 in this way has been reported to be driven by methane supply (Niu et al., 2023) and suggests that the older Emyn Muil seep may experience higher methane seepage than Dagorlad seep. However, in the absence of flux data, there are a variety of possible interpretations, such as is proposed in Cummings et al., 2023. Further, nitrogen-fixing ANME-2 and SRB have been deemed responsible for the majority of new nitrogen production previously (Dekas et al., 2014). Thus other limiting nutrients or processes, besides methane seepage, may impact the community compositions observed here.

The relatively high abundance of lipids and lipid-like molecules at both methane seep sites versus the non-seep OOI control site (Figures 2, 3) may be attributed to methane seep-specialized bacteria, which are known to produce large quantities of methanotroph-specific monounsaturated fatty acids (Guan et al, 2022; Cordova-Gonzalez et al., 2020) and terpenoid compounds including carotenoids, steroids, polyprenols, and hopanoids (Salvador-Castell et al., 2019; Grivard et al., 2022). The unknown reason for the highest proportion of lipids and lipid-like molecules at the older carbonate substrate seep (Figure 2A) is presumably associated with the specific microbial community (and geochemistry) at the older carbonate substrate seep. These observations present opportunities for future hypothesis-driven research, potentially using targeted lipid analysis. These chemosynthetic habitats add to the chemical diversity of the ocean, and our exploratory work here demonstrates that even comparable habitats (soft sediment microbial mats, fueled by methane) have divergent metabolites (Figure 4), demonstrating that different chemosynthetic habitats add to the overall chemical diversity present in marine systems.

As very few MS ion features had spectral library or in silico predicted annotations in GNPS, we relied on CANOPUS to provide structural information for LCMS features that could be used to compare sediment cores from different sites. CANOPUS annotations are predictions that require further analysis and additional data for confirmation and comprehensive structure elucidation. CANOPUS predictions are also less accurate for molecules with masses greater than 850 Da, and SIRIUS does not currently support formula prediction or structural class prediction from doubly charged ion features. The semantic ontologies (NPClassifier and ClassyFire) used for computational assignment of structural class or ‘pathway’ may offer several alternatives since many chemical compounds comprise multiple substructures which fall into separate structural categories. Hence, assignment of a reasonably complex compound to only one structural class or another is subjective and requires manual assignment. Thus, metabolites are considered only at the level of biosynthetic class in this study.

Marine sediment samples posed challenges for LCMS analysis that may have resulted in an underestimation of the NPs present. Salt comprised a large portion of the mass-limited extracts obtained and potentially contributed to ion suppression, reducing the sensitivity of the mass detector (Metwally et al., 2015). To prevent large quantities of salt from entering the mass spectrometer, the LC column eluent was directed to waste for the first several minutes, meaning that more polar metabolites were likely lost to waste. The proportions of metabolites belonging to the various pathways are also likely skewed by electrospray ionization (ESI) technique and (positive or negative) mode used, as well as parameters set in the mass detection method, which affect metabolite ionizability. For example, carbohydrates may be underrepresented because many glycans do not give strong signals in positive mode due to lack of basic sites for protonation (Grabarics et al., 2022). Additionally, there is a large amount of elemental sulfur in deep-sea sediments around methane seeps, and organic polysulfide compounds may require chemical ionization (CI) or Fast Atom Bombardment (FAB) for mass detection, as is the case for lissoclinotoxins (Davis et al., 2003) and lissoclibadins (Nakazawa et al., 2007). As a result, while we have used a powerful technique coupled with multiple computational pathways, we are likely underestimating the chemical diversity present in methane seep habitats.

The correlations between LCMS features and particular bacterial families determined here will direct future investigation. The heatmap of peptidic feature correlations to microbial families (Supplementary Figure S1) emphasizes the chemical and biological complexity of methane seep sediment communities, illustrating that any one LCMS feature may have multiple positive and negative correlations with diverse microbial families and vice versa. The heatmap is organized by similarity of patterns in correlations, so that MS ion features with similar patterns of correlation across microbial families are clustered together. Thus, in the upper portion of the heatmap, there are obvious groupings of microbial families (in rows) that display consistent positive and negative correlations with groupings of metabolites, which may form the basis of hypotheses for future investigation.

While it is not possible to confidently assign producing organisms or functional roles to (structurally unassigned) metabolites based on Spearman’s correlations (Carr et al., 2019), the co-occurrence of known biologically active classes of metabolites with bacterial families known to produce those metabolites demonstrates relevance and rationale for natural products biomedical and biotechnological research. Our data reveal that several bacterial families belonging to orders that have previously yielded structurally diverse bioactive NPs are positively correlated with LCMS features of the same structural classes as the known bioactive NPs. For example, positive correlations were seen between actinobacterial ASVs and several LCMS features annotated as cyclic peptides (Table 1). Actinobacteria are well-known to produce biologically active cyclic peptides (Zhao et al., 2018). Additionally, other bacterial families within Cellvibrionales (Han et al., 2013), Campylobacterales (Rischer et al., 2018) and Rhodobacterales (Ióca et al., 2021) also have significant positive correlations with putative peptidic features (correlation data in Supplementary Table S3), and members of these orders are known producers of bioactive nonribosomal peptides. Rhodobacteraceae are reported to produce peptide-derived alkaloids (Dickschat et al., 2005a; Dickschat et al., 2005b; Nicacio et al., 2017) and several LCMS features in our methane seep cores that were annotated as both alkaloid and peptide positively correlated with Rhodobacteraceae. The exploratory analysis undertaken here leverages significant bioinformatic and analytical advancement and provides a foundation for future work to realize the NP potential as well as the functional role of specialized metabolites in marine systems. In order to bridge the gap between specialized metabolite discovery by LCMS feature annotation and identification of biologically active metabolites relevant to human health, the adoption of computational methods is essential. Emerging tools such as NPAnalyst (Lee et al., 2022) or Pearson correlation pipelines (Nothias et al., 2018) permit mapping of biological activity observed for complex mixtures to individual components therein. The ability to discern structural and substructural motifs known to be associated with specific bioactivities further enables more targeted testing of limited sample quantities. In addition, tools such as GNPS may allow identification of other sources of the same or related metabolites of interest, facilitating access to larger quantities for more extensive biological testing and structure elucidation. The deep sea, beyond depths accessible by SCUBA, is only beginning to be included in the search for new NPs, with 75% of the new metabolites discovered found to be biologically active, and almost half having some anti-cancer potential (Skropeta and Wei, 2014). The challenges of accessing, isolating, and characterizing new organic molecules requires ongoing technological innovations and interdisciplinary collaborative research, which is well justified given the tremendous contributions to date of small organic compounds in chemical and biological research, and to global health (Cheng et al., 2014; Newman and Cragg, 2020; Carroll et al, 2022). Here we present a snapshot of the potential for NP discovery in methane fueled habitats, where we found different metabolite profiles at two sites at the same water depth in relatively close proximity. Seep biodiversity is known to vary latitudinally across the Cascadia Margin (Seabrook et al., 2018) and there is high microbial heterogeneity at <1 m spatial scale (Boetius and Suess, 2004; Cummings et al., 2023). In addition, seeps change over time, as do the biological communities that inhabit them (Cordes et al., 2005; Bowden et al., 2013; Thurber et al., 2020). If we presume our two seep sites are at the opposite ends of seep succession, temporal patterns also contribute to the diversity of metabolites present in these habitats. Continued and increased characterization of habitats at the interface of metabolome and microbiome science has astounding potential, especially considering the more than 3,500 seeps that are present but 99% unexplored on the Cascadia Margin (Merle et al., 2021), where this research was carried out. Characterizing the role of habitat heterogeneity on deep-sea ecosystem services, such as NP discovery, will allow informed management of deep-sea habitats with an eye towards future potential balancing immediate gains.
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Cold seeps create diverse habitats in the deep sea and play an important role in the global carbon cycling. Anaerobic oxidation of methane (AOM) and biogenic mineralization are essential carbon pathways of methane and carbon transformation in cold seeps, however, the effects of habitat heterogeneity on the processes are still poorly understood. In this study, we investigated the microbial communities and mineral assemblages at distinct habitats in the Haima cold seep and their relationships with environmental factors. These habitats were classified as methane seep site (MS), seep-free faunal habitat (FH), and control site (CS). Bacterial communities were significantly different among the three habitats. ANME-3 archaea, Sulfurovum bacteria, and mineralization-associated microbes (e.g., Campylobacterales) were detected in high relative abundances at ROV2. Mineralogical analysis revealed abundant calcite minerals at the seep site, indicating that authigenic carbonate minerals were formed at highly active seep. Multivariate statistical analysis demonstrated that the concentrations of SO42–, Ca2+, and Mg2+ were significantly correlated with the presence of calcite minerals and bacterial communities. These results suggested that AOM-accompanied authigenic carbonate formation is an important factor influencing the mineral assemblages in seep habitats. This finding improves our understanding of marine microbial carbon cycling.
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1 Introduction

Cold seeps are highly productive ecosystems that host thriving biomes and play an important role in global biogeochemical cycling (Offre et al., 2013; Dan et al., 2023). Seep ecosystems are typically characterized by the upward flow from deep sediments of cold fluids rich in methane and hydrogen sulfide. These fluids support diverse chemosynthetic microbial communities (Chen et al., 2022b; Feng et al., 2022a). A diverse array of seep habitats are created by different geochemical processes occurring at different locations within the cold seep area. These processes include the cycling of methane, sulfate, metal elements, and nutrients (Zhuang et al., 2019; Cao et al., 2021). Unique habitats associated with cold seeps include methane bubble seeps (Xin et al., 2022), faunal habitats (Xu et al., 2020), and carbonate rocks (Caesar et al., 2019). Although it has been shown that different types of habitats may be dominated by distinct microorganisms that provide unique ecological functions (Bowles et al., 2016), detailed knowledge of the microbiology and mineralogy of various habitats in the cold seep area remains less understood.

In seep habitats, chemosynthetic microorganisms use methane and sulfate-bearing fluids to produce metabolites and energy to support various faunal communities (Chen et al., 2022b) such as tubeworms (Lee et al., 2021), mussels (Sun et al., 2022), and clams (Ling et al., 2020). The distribution of seep faunal communities is influenced by variations in the dominant chemoautotrophic microbial taxa in seep habitats (Thomas et al., 2018). Microbial communities are controlled by environmental factors in seep habitats such as nutrient supply, and thus their metabolic activity is influenced by habitat heterogeneity (Xin et al., 2022). Sulfate-dependent anaerobic oxidation of methane (SR-AOM) induced by methanotrophic archaea (ANME) and sulfate-reducing bacteria (SRB) is a deep-sea methane sink that consumes a large fraction of methane in seafloor sediments (Niemann et al., 2006; Feng et al., 2022b). Moreover, the SR-AOM process leads to an increase in alkalinity and dissolved inorganic carbon, thereby promoting the precipitation of authigenic carbonates (Liu et al., 2020). Authigenic carbonate minerals are often indicative of methane seepage activity and constitute the most common mineral matrix in seep habitats (Pierre et al., 2017). Thus, habitat heterogeneity in cold seep areas may drive changes in microbial community structure and affect the formation of authigenic minerals.

The Haima Seep is a cold seep system recently discovered in the South China Sea (SCS), which is located in the western Qiongdong Southeast Basin. This seep system is active and at the early and middle development stage (Feng et al., 2023). Submersible surveys have revealed that the Haima seep consisted of multiple unique habitats containing faunal communities and carbonate mounds (Xu et al., 2020). Seepage bubbles, carbonate rocks, and mussel beds have been found in seep habitats, which have various habitat characteristics and distinct microbial communities. In recent years, comparative studies of different habitats in the Haima seep have revealed that the microbial composition differs significantly between habitats in active seeps and non-seep sites (Chen et al., 2022b). Methane content is a key environmental factor driving microbial community variation in these habitats (Li et al., 2021). It has been reported that cold-seep carbonates provide a record of the seepage properties, including changes in fluid source, depositional environment, and seep activity (Guan et al., 2018). A biogeochemical study has indicated that the carbonate phase in the surface sediment from Haima is predominantly high-Mg calcite, suggesting high methane fluxes, and significant AOM activity in the area (Liu et al., 2020). The carbonate minerals at Haima are mainly aragonite, calcite, and lesser amounts of dolomite, which vary greatly in mineral composition (Chen et al., 2022a). These studies have revealed the role of geochemical factors of cold seeps in driving changes in microbial communities and mineral composition. Investigating the effects of habitat heterogeneity on microbial communities and mineral composition is important for detailed assessment of carbon cycling in cold seeps.

To determine how habitat heterogeneity within a seep area shapes microbial communities and mineral characteristics, we compared the microbial communities, environmental factors, and mineral assemblages in sediments from habitats distinguished by distinct landscapes in the Haima cold seep. Sediment samples were collected from the MS, FH, and CS. Bacterial and archaeal communities were studied using 16S rRNA gene amplicon sequencing. Mineral compositions and environmental factors in the habitats were quantified using mineralogical and geochemical analyses. The goal of this study was to better understand: (i) whether intergroup differences exist among sampling sites with various habitats in the cold seep zone, (ii) correlations among microbial community structure, mineral assemblages, and environmental factors, and (iii) the signature microbes in cold seep habitats and carbonate minerals, particularly with respect to whether species associated with methane oxidation and carbonate precipitation inhabit this ecosystem.




2 Materials and methods



2.1 Study area and collection of sediment samples

Sampling was conducted during an expedition in September 2020 at the Haima cold seep area, which is located on the northern SCS continental slope (Feng et al., 2022c) (Figure 1A). Surface sediment samples (0–30 cm) in the area were collected from the seafloor to the ship by using a box corer. For subsequent experimental analyses, sediment samples were collected only in the surface 0–5 cm of the box and then immediately frozen for preservation. The sampling sites in the cold seep area were visually classified based on the presence or absence of methane bubbles in the habitats observed through the diving ROV Haima. Three sampling sites were selected based on distinct landscapes: a site with continuous methane bubbles and some live mussels (MS); a site without methane bubbles and with fauna such as live mussels, live conches, dead clams, and live king crabs (FH); and a site with only normal sediments and outside the active seepage (CS) (Figure 1B). Two samples (ROV1 and ROV2; water depths: 1,420 m and 1,384 m) were collected at the MS site, two samples (ROV4 and ROV5; water depth: 1,348 m and 1,347 m) were collected at the FH site, and one sample (ROV3; water depth: 1,378 m) was collected at the CS site. The three sampling sites of MS, CS, and FH were 1–5 km apart. Stations ROV1 and ROV2 were approximately 10 km apart at two different sites of methane seepage. In the in-situ observations, ROV1 had no characteristic species and low-rate methane bubbles, while ROV2 had significant mussels and methane bubbles. Based on the theory of the developmental stages of cold seeps (Feng et al., 2023), Stations ROV1 and ROV2 were in the early and early-mid stages of cold seep development, respectively. ROV5 was in the mid-late stage of non-seepage and was evidenced by live and dead mussels and some exposed hydrates. The hydrates in the ROV5 sediment were also observed in the collected samples.




Figure 1 | Sampling locations (A) and habitat features (B) at the MS site (ROV 1 and ROV 2), the CS site (ROV 3), and the FH site (ROV 4 and ROV 5) in the Haima cold seep area.






2.2 Geochemical and mineralogical analyses

Salinity, temperature, and dissolved oxygen of bottom seawater were recorded by a conductivity–temperature–depth (CTD) sampler (SBE 911, Sea-Bird Electronics Co. Ltd., Bellevue, Washington, USA). Total organic carbon (TOC) and inorganic carbon (IC) in the sediments were quantified using a TOC analyzer (Shimadzu TOC-L, Kyoto, Japan) that employed catalytic combustion at 900°C (following the manufacturer’s instruction). After extraction of pore waters from sediments, the samples were filtered through a 0.22 µm membrane to remove sediment and then were diluted according to the detection limit of the analyzing instrument. The anions (NO3– and SO42–) were detected using ion chromatography (Thermo Fisher AQ-1200, Waltham, MA, USA) operating at 30°C (Feng et al., 2023). An AS11-HC column was used at a flow rate of 1 mL/min. The ADRS600 suppressor current was set at 120 mA, and the sample test was conducted according to the manufacturer’s instructions. For quantification of the metal elements, an inductively coupled plasma-optical emission spectrometer (ICP-OES, Thermo Fisher iCAP 7000 SERIES, Waltham, MA, USA) was used to detect the concentrations of Calcium (Ca), Magnesium (Mg), Natrium (Na), and Strontium (Sr) (Feng et al., 2023). Analysis procedures followed the manufacturer’s instructions.

After removing organic matter and carbonate with 10% H2O2 and 10% HCl (v/v), respectively, grain-size composition was analyzed using a Laser Particle Size Analyzer (Mastersizer 3000, Malvern, UK), (Feng et al., 2022c). A 0.05 mol/l sodium metaphosphate solution was added to the samples to prevent the aggregation of fine particles before the analysis. For mineral analysis, the crystalline phases of the five sediment samples were analyzed using X-ray diffraction (XRD, D/Max-rA, Rigaku, Japan). All samples were air-dried, ground to homogenize them and run as packaged powders. The samples were scanned by XRD with Cu Kα radiation at 40 kV/45 mA over a range of 5–70° 2θ (where θ is the scan angle) (Wei et al., 2020). The results were identified using the International Center for Diffraction Data 2014. The relative quantification of phases was given in weight percent. The morphological features and element components of the samples were then characterized using scanning/transmission electron microscopy (S/TEM, Thermo Fisher Talos F200S, Waltham, MA, USA) coupled with energy dispersive spectroscopy (EDS) (Marlow et al., 2021).




2.3 DNA extraction, PCR, and 16S rRNA gene sequencing

The microbial community compositions in the Haima area were explored using an Illumina high-throughput sequencing approach (Kong et al., 2023). The total genomic deoxyribonucleic acid (DNA) of the microbes was extracted from 0.5 g sediment following the Zhou method (Zhou et al., 1996). Sediments were freeze-thawed in a high-salt extraction buffer containing hexadecyltrimethylammonium bromide (CTAB) and 1.5 M NaCl. Samples were then treated with sodium dodecyl sulfate (SDS) and proteinase K, and extracted with chloroform-isoamyl alcohol. The purity and quality of extracted DNAs were evaluated using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher, Waltham, MA, USA) and agarose gel electrophoresis. The DNA concentrations were measured using a Qubit 3.0 Fluorometer (Life Technologies, CA, USA).

Polymerase chain reaction (PCR) amplification of the 16S rRNA gene of the V3-V4 region was performed using the primers bacteria (341F: 5′-CCTACGGGNGGCWGCAG-3′/806R: 5′-GACTACHVGGGTATCTAATCC-3′) and archaea (Arc349F: 5′-GYGCASCAGKCGMGAAW-3′/Arc806R: 5′- GGACTACVSGGGTATCTAAT-3′) (Takahashi et al., 2014). Sample-specific16-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR components contained 5 μL of KAPA HiFi Buffer (5×), 0.75 μL of KAPA HiFi Hot Start DNA Polymerase (1U/μL), 0.75 μL (10 mM) of dNTPs, 0.75 μL (10 μM) of each Forward and Reverse primer, 2 μL of DNA Template, and 15 μL of ddH2O. Thermal cycling consisted of initial denaturation at 95°C for 5 s, followed by 25 cycles consisting of denaturation at 95°C for 30 s, annealing at 57°C for 30 s, and extension at 72°C for 60 s, with a final extension of 5 min at 72°C. PCR amplicons were purified with Agencourt AMPure Beads (Beckman Coulter, Indianapolis, IN) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification step, PCR products were pooled in equal amounts. The pooled sample was then used to generate a library using SMRTbell Template Prep Kit 1.0-SPv3, and sequencing was conducted using an Illumina Miseq PE300 Sequencer system (Illumina Inc., San Diego, CA, USA).




2.4 Quality control, sequence assembly, and taxonomy assignment

Sequencing data were processed and analyzed using the software VSEARCH v2.7.0 and QIIME v1.9.1. The adapter and low-quality base pairs (bp) were identified and trimmed from the ends of the raw paired-end reads using Trim Galore v0.4.5, and then the short reads (< 100 bp) were removed. The paired-end reads were merged using VSEARCH, the sequences with low quality (total expected errors > 1) and shorter than 300 bp were discarded. The operational taxonomic units (OTUs) were clustered at 97% identity using the command cluster_fast (Rognes et al., 2016). Then, OTU-based chimera was detected using the command uchime_ref based on the Silva132 Database (Yilmaz et al., 2013). The taxonomy assignments for the representative sequence of the OTUs was conducted by BLAST against the Silva132 Database, using assign_taxonomy.py in QIIME (Caporaso et al., 2010). Taxonomy files and OTUs were further generated and the OTUs with less than 0.001% of total sequences in all samples were discarded. Before downstream analysis, 64,400 sequencing reads were obtained from the 5 samples after a flattening process. All raw data has been submitted to the NCBI Sequence Read Archive (accession code PRJNA973956).




2.5 Statistical analysis

All statistical analyses were performed using R software (version 4.1.1) with various packages. Alpha diversity indices (Shannon diversity, Simpson diversity, Chao1 richness, ACE richness) were used to assess the diversity of microbial communities, which were calculated using the “vegan” package (version 2.6-4) (Willis, 2019). Sparse curves were constructed using the “rarecurve” function (“vegan” package). Mantel’s test (“LinkET” package, version 0.0.6.1) and Pearson’s correlation analysis were performed to identify the subset of environmental variables that statistically explained the largest proportion of taxonomic unit variation (Legendre et al., 2015). Redundancy analysis (RDA, “vegan” package) was used to find environmental factors that could potentially explain community variances (Forester et al., 2018).

To visualize the analysis results, charts of geochemical parameters and mineral composition were plotted by Origin (version 2021). Microbial community compositions at the phylum level were illustrated as stacked bar charts by R (“ggplot2” package, version 3.4). The taxonomic abundance heatmap and Venn diagram were completed using the online tool Wekemo Bioincloud (https://www.bioincloud.tech). Chord diagrams were constructed using the online tool “circus” (http://circos.ca).





3 Results



3.1 Sampling sites and geochemical parameters

The three sampling sites (MS, CS, and FH) had distinct landscapes and habitats (Figure 1B). The MS site (stations ROV1 and ROV2) was an active seep with continuous methane bubbles. Live mussels and tubeworms were observed at this site. The FH site (stations ROV4 and ROV5) was a non-active seep without bubbles. Carbonate rocks, dead clams, and live king crabs were observed there. As the control, the CS site (station ROV3) was outside the active seep and had no characteristic faunal or rock.

Fundamental geochemical parameters, including TOC, IC, nitrate, sulfate, Mg, Ca, Sr, and median pore diameter, varied among the five sampling locations. Other parameters, including salinity, temperature, and dissolved oxygen, were relatively constant among these sites (Supplementary Table 1). The highest amounts of TOC and IC were found at the MS site. Peaks of 2.94% and 2.33% were observed for TOC and IC at ROV2 (Figure 2A). At the CS site, low values of 1.68% TOC and 1.57% IC were observed at ROV3. Notably, concentrations of sulfate and the metal elements Mg and Ca were highest at ROV2 (Figure 2B). Mg/Ca and Sr/Ca ratios were determined to identify the mineral type due to geochemical precipitation processes at these sites. The Mg/Ca ratios of all five sites were high, indicating that high-Mg calcite may be the dominant mineralogical composition of carbonate rocks at the Haima seep (Figure 2C). A maximum median pore diameter of 9.42 μm was observed at ROV2 (Figure 2C). The ROV2 site also had high organic matter and mineral content, which may be supporting numerous microorganisms and high chemosynthetic activity.




Figure 2 | Fundamental geochemical parameters of sediments from the five sampling locations: organic content (A), concentrations of the anions and metal elements (B), Mg/Ca and Sr/Ca ratio (C), and median pore diameter (D).






3.2 Microbial community structure and alpha diversity

The DNA of the microorganisms in the sampling sediment was extracted and sequenced. The average sequences of archaea and bacteria in samples from the five sites were 35,168 and 29,232 respectively. Rarefaction curves based on the archaeal and bacterial OTUs were plotted (Supplementary Figure 1). All of the curves reached an asymptote for the libraries of archaea and bacteria. Therefore, the sequencing data are sufficient to detect the presence of microbes and provide reliable results.

There was a difference in microbial community structure between the sites with and without methane-bubble seep. Site MS community was dominated by bacteria, accounting for 52–80% of the total sequences (Supplementary Figure 2). In contrast, archaea were more abundant at the FH site, contributing to 80–85% of the total populations. With respect to the archaeal community composition, Thaumarchaeota was the most abundant phylum in this area, especially at the sites of ROV1, ROV3, and ROV4 (Figure 3A). Notably, Euryarchaeota was the most abundant phylum ROV2 and ROV5. In terms of bacterial community composition, site ROV2 had a richer and more diverse set of taxa than the other sites (Figure 3B). Proteobacteria was the most abundant phylum at all sites except for ROV5 site, where Chloroflexi was the most abundant phylum. The relative abundance of archaeal and bacterial phyla varied among all five sites. The variability of community composition was visualized by Principal coordinate analysis (PCoA). The results showed that the distribution patterns of archaeal and bacterial genera at the MS and FH sites were similar, but the pattern at the CS site differed from other sites (Supplementary Figure 7). As shown in the genus heatmap (Figure 4), the distribution of top 25 abundant genera of bacteria was different between the MS site and FH site, but that of archaea was relatively similar between the two sites. Corresponding abundance relationships between all sites and the communities, including archaea and bacteria, were visualized using Circos analysis (Supplementary Figure 4). The relationships showed that site ROV2 had the least abundant archaeal genera and the most abundant bacterial genera. Notably, the genera associated with the SR-AOM process, such as ANME-3, SEEP-SRB1, and SEEP-SRB4, were found mainly distributed in site ROV2.




Figure 3 | Relative abundance of phylum-level archaea (A) and bacteria (B) among the five sites.






Figure 4 | Heatmaps based on the 25 most abundant genera of archaea (A) and bacteria (B) at the five sites.



The fact that distinct habitats hosted quite different microbial communities (Figure 4) but shared many OTUs (Figure 5) means that compositional differences were generally a function of differential OTU relative abundance. The MS site exhibited approximately 40% lower archaeal OTU richness and 40% higher bacterial OTU richness than the other sites (Supplementary Figure 3). The analysis of OTU overlap among these sites revealed that microbial communities within the Haima seep area demonstrated clear differentiation according to habitat heterogeneity (Figure 5). The results indicated that microbial community shared only 88 (~9%) archaeal OTUs and 371 (~15%) bacterial OTUs across the habitats. The MS site had relatively less unique archaeal OTUs and more unique bacterial OTUs in comparison to the FH site. In terms of specific sites, the distribution of unique OTUs at each site is similar to the habitat to which it belongs. Therefore, both archaeal and bacterial communities were generally divided by habitat type, with significant differences among the distinct habitats of MS, FH, and CS sites within the Haima seep area.




Figure 5 | Archaeal OTU overlap among various habitats (A) and sampling sites (C), and bacterial OTU overlap among the habitats (B) and the sites (D).



We also explored the alpha diversity of archaeal and bacterial communities at sites with distinct habitats. Chao1 and ACE indices reveal community richness and estimate the number of OTUs in the samples (Kemp and Aller, 2004). The Chao1 and ACE indices of the MS site were different from those of both the CS and FH sites (Supplementary Figure 3). Archaeal richness was the lowest at site MS and the highest at site FH, whereas the bacterial richness was the highest at site MS and lowest at site FH. Shannon and Simpson indices are used to describe community diversity (Chao et al., 2014). The Shannon and Simpson indices of the CS site were different from those of both the MS and FH sites (Supplementary Figure 3). Community diversity was low when the Shannon index was small and the Simpson index was large. As a result, the bacterial diversity at the CS site and the archaeal diversities at the MS and FH sites were low.




3.3 Correlations among microbial community structure, mineral assemblages, and environmental factors

To explore the key environmental variables and mineral assemblages that may have shaped microbial community composition, correlations between the microbial diversity and the variables were evaluated using RDA analysis and a permutation test based on the relative abundance at the genus level. Quantification of major environmental and mineral parameters, including TOC, IC, NO3–, SO42–, Ca, Mg, Na, Sr, D50, Illite, Clinochlore, Quartz, Albite, Calcite, and Halite, was used for RDA analysis. The permutation test indicated that TOC made a statistically significant (p < 0.05) contribution to explaining the variance in archaeal communities (Figure 6A). Comparatively, Ca, SO42–, Mg, and calcite were suggested as the most significant (p < 0.01) environmental factors in the bacterial communities (Figure 6B). Notably, site ROV2 was most relevant to the key variables of TOC, IC, Ca, and calcite, indicating that this site may have a strong correlation with the process of carbonate precipitation. In addition, characteristic genera such as ANME-3, SEEP-SRB1, and SEEP-SRB4 showed a strong correlation with the key variables of carbonate precipitation.




Figure 6 | Redundancy analysis (RDA) correlation of the environmental and mineral variables to archaeal (A) and bacterial (B) communities. The green, yellow, and blue dots in the figure represent the sites CS, FH, and MS, respectively. The black points indicate the characteristic genera, and their sizes represent the genera abundance. The pink arrows indicated individual environmental and mineral parameters. Significance levels (marked by asterisks) were based on the permutation test. **p < 0.01; *p < 0.05.



Environmental drivers at the habitats in the Haima seep were identified based on our dataset to validate the independence of the microbial communities at different habitats. Differences in bacterial and archaeal community composition were correlated with differences in environmental factors as shown in Figure 7. The results showed that SO42–, Mg, and calcite were the strongest correlates (<0.01) with bacterial community composition in the habitats. In addition, IC, Ca, and calcite were found to be significantly correlated (<0.05) with bacterial community composition. Thus, the environmental drivers of microbial communities in the habitats in the Haima area are mainly SO42–, Ca, Mg, and Calcite, all of which are associated with mineralization processes.




Figure 7 | Environmental drivers of the microbial community compositions. Pairwise comparisons of environmental and mineral variables are shown, with a color gradient indicating Spearman’s correlation coefficients. The community composition of genera was related to each variable by partial Mantel tests. Edge width corresponds to the Mantel’s r statistic for the corresponding distance correlations, and edge color denotes the statistical significance based on the permutation test.






3.4 Mineral assemblages in cold seep habitats

Minerals from sediment at the five Haima area sampling sites showed a relatively similar composition (Figure 8). The minerals in the sediments included illite, clinochlore, quartz, albite, calcite, and halite (Figure 8A). The results indicate that most of the sediments in Haima seep were dominated by siliciclastic minerals such as quartz and illite. Quartz content varied between 19% and 38%, and illite content ranged from 16% to 31% (Figure 8B). Sample ROV2 was dominated by calcite (48%), which was the major microcrystalline carbonate phase. Due to the ROV2 site was in a methane-seep habitat and had abundant genera associated with the SR-AOM process (Figure 4), the mineralization of authigenic carbonate at this site may relate to the methane-seep process. The calcite content varied between 2% and 12% at the other sites. In the FH site, Sample ROV5 had a relatively high amount (~12%) of authigenic carbonate.




Figure 8 | XRD patterns (A) of minerals in cold-seep habitats. Mineral composition (B) of the sediment sample was characterized by illite, clinochlore, quartz, albite, calcite, and halite.



Minerals with distinct morphologies from different habitats of the Haima area were observed using SEM (Figure 9). The mineral samples were observed to be mostly clastic mineral forms 10 μm in size. High levels of terrestrial clasts were found in the sites of ROV1, ROV3, and ROV4 (Figures 9A, C, D). The mineral phases at these sites were dominated by illite and quartz, while authigenic calcite was rarely present (Figure 8B). By contrast, authigenic calcite had a relatively high distribution at site ROV2 (Figure 9B) and was locally present at site ROV5 (Figure 9E). This phenomenon was related to the relatively high content of Ca and organic carbon at sites ROV2 and ROV5 and the abundance of methane cycle taxa (Figures 2, 3). Interestingly, some calcite showed axial growth morphology (Figures 9B, E), suggesting that it may have formed from authigenic carbonates. In addition, carbonates were present in different mineral forms. Carbonate minerals at site ROV2 exhibited not only strip morphology but also flake and block morphology (Supplementary Figure 5).




Figure 9 | Multiple morphologies of minerals in various habitats at the Haima seep. The SEM images of minerals at the sites ROV1 (A), ROV2 (B), ROV3 (C), ROV4 (D), and ROV5 (E). Calcite is marked by a red arrow.






3.5 Indicator microbes associated with SR-AOM and mineralization in different habitats

Calcite-dominated minerals were identified at site ROV2 (Figure 8B). They were mainly authigenic carbonates resulting from biological mineralization (Li et al., 2018a). SR-AOM is considered an organic matter mineralization process (Han et al., 2013). The distribution of indicator microbes associated with this process at each sample site was evaluated (Figure 10). The results indicate that the taxa associated with SR-AOM processes were found in relatively low relative abundance (<10%) at sites ROV1, ROV3, and ROV4, while significant enrichment of ANME-3, Methanococoides, Sulfurovum, Desulfocapsa, and SEEP-SRB2 was identified at sites ROV2 and ROV5. The dominant genus ANME-3, which induces the AOM process, had a relative abundance in archaea of 62.3% in ROV2 and 18.1% in ROV5 (Figure 10A). The genus Sulfurovum, which induces the SR process, had a relative abundance in bacteria of 28.3% at ROV2 and 23.8% at ROV5 (Figure 10B). These organisms were likely supported by the high organic carbon content and sulfate concentration in the seep areas (Figure 2). Euryarchaeota ANME-3 and Epsilonbacteraeota Sulfurovum were found to be characteristic of microorganisms in seep sediments of the Haima area (Niu et al., 2017). Our data corroborate this finding.




Figure 10 | Signature microbes associated with the processes of SR-AOM and mineralization. Relative abundance of AOM-related genera (A), SR-related genera (B), and mineralization-related microbes at order level (C) in the seep area.



Taxa related to authigenic carbonates, such as Campylobacterales, Desulfobacterales, and Ectothiorhodospirales, were found to be present in the Haima area (Figure 10C). The taxa composition was similar to carbonate-host microbes that are considered early successional communities of carbonate biofilms (Case et al., 2015; Leprich et al., 2021). The abundance of those taxa was relatively high at sites ROV2 and ROV5 and was significantly different from that at other sites. Therefore, minerals with high carbonate content were associated with the enriched indicator microbes. Correlations of mineral and environmental factors with the abundance of indicator microbes were analyzed (Supplementary Figure 6). The results show that the abundance of Desulfobacterales was strongly correlated (p < 0.001) with Ca concentration variation, and the abundance of Campylobacterales, Thiotrichales, and Ectothiorhodospirales was significantly correlated with calcite content (p < 0.05). In addition, the abundance of genera such as ANME-3, Methanococoides, and SEEP-SRB2 was significantly correlated (p < 0.05) with changes in Ca concentration and calcite content (Supplementary Figures 6A, B), suggesting that the SR-AOM process was strongly associated with the process of carbonate formation.





4 Discussion

We conducted this comprehensive study of the variability in microbial communities, environmental factors, and mineral assemblages among different habitats to explore how microbial communities and mineral assemblages were shaped by the distinct habitats in the Haima seep area. Surface sediments were collected from different habitats including methane seep sites, seep-free faunal habitats, and a seep-free control site in the Haima area. Different microbial communities and mineral compositions revealed environmental controls on the relative importance of the biogeochemical processes. Environmental factors were likely to influence microbial community structure and thus authigenic mineral formation. These observations invoke questions about the linkage between environmental factors, microbial communities, and mineral assemblages in the sediments of Haima.



4.1 Geochemical characteristics of different habitats in the Haima seep

Characteristics of sediment from the Haima area revealed that environmental factors varied among habitats. The amount of organic matter and metal ions was higher in the seep habitat compared with other habitats. Organic carbon and metal elements in subsurface sediments were possibly sourced from deep fluids associated with methane seepage (Pierre et al., 2017). The TOC and IC were highest at site ROV2 (Figure 2A), indicating that microbially induced carbon cycling was active at this site (Dan et al., 2023). The high content of TOC indicated methane seepages, abundant microorganisms, and organic metabolites (Valentine et al., 2005). High IC suggests the presence of organic matter mineralization at the site (Núñez-Useche et al., 2018). Intense AOM promotes the combination of oversaturated HCO3− with metal ions and leads to the precipitation of carbonate minerals (Baker and Burns, 1985). TOC and IC were higher at the Haima sampling sites than at other cold seep areas in the SCS (Li et al., 2018b; Zhuang et al., 2019; Zhang et al., 2022b). TOC and IC can indicate the geochemical processes of methane seepage activity, as explained in recent studies on the long history of cold seep evolution in the Haima (Zhang et al., 2022a; Dan et al., 2023).

Sulfate acts as an important electron acceptor for the AOM process, and variations in its concentration affect the efficiency of SR-AOM (Boetius et al., 2000). The levels of sulfate at the sampling sites were consistent with Haima seep sediments from previous studies (Zhuang et al., 2019; Liu et al., 2020; Huang et al., 2023). At ROV2 and ROV5, the sulfate concentrations in the sediments were relatively high (Figure 2B), implying a potentially high geochemical reactivity, especially SR-AOM (Li et al., 2020). Sulfate concentration was controlled by the upper water column, and the difference in its distribution affected the reaction efficiency of AOM (Orcutt et al., 2005). Since authigenic carbonate was one of the products of the AOM process, its content can be indirectly affected by sulfate (Li et al., 2018a). In addition, the relatively large grain size of sediments at ROV2 indicated the presence of numerous large-grained minerals (Figure 2D). The minerals were mostly authigenic carbonates (Figure 8B), which usually precipitate at seep sites due to the AOM reaction and gradually form carbonate rocks (Caesar et al., 2019).

To evaluate the potential of biological mineralization in the study area, we investigated the substances associated with authigenic carbonates. Variations in Ca2+, Mg2+, and Sr2+ concentrations can be used to identify the mineral phases of carbonate precipitation (Nöthen and Kasten, 2011; Liu et al., 2020). In this study, the metal elements Mg and Ca were at high levels at ROV2 (Figure 2B). The Mg/Ca ratio was also relatively high (Figure 2C). The results indicate that authigenic carbonate precipitation may have occurred in the sediments. The mineral composition of carbonates in cold seeps can be used to indicate seepage intensity (Roberts et al., 2010; Nöthen and Kasten, 2011). Carbonates were the most abundant minerals at site ROV2 (Figure 8), suggesting a high-activity methane seepage at this location. XRD analysis results of carbonate minerals are consistent with findings in other reports that calcite is one of the authigenic carbonate minerals formed in the cold seep system (Naehr et al., 2007; Liu et al., 2020). Calcite has been proven to preferentially precipitate in sediments with low sulfate concentrations due to the inhibition of calcite precipitation by sulfate ions (Nöthen and Kasten, 2011; Hu et al., 2015). In this study, the sulfate concentrations at the sampling sites were at high levels (>20 mM, Figure 2B), which may be an important reason for the generally low calcite content in the area (except at site ROV2). In addition, the Sr/Ca of aragonite is higher than that of seawater, and thus the precipitation of aragonite will lead to lower Sr/Ca in pore water (Nöthen and Kasten, 2011). The Sr/Ca ratio at ROV2 was low (Figure 2C), so it was inferred that a very small amount of aragonite precipitation may be present at this site. Therefore, we suggest that environmental factors such as Mg, Ca, and SO42– concentrations were important factors influencing the formation of authigenic carbonate minerals.




4.2 Microbial community similarity and variability among different habitats

Similarities and variability of archaeal and bacterial communities were found in different habitats of the seep area. Dominant archaeal groups, such as Thaumarchaeota and Euryarchaeota, were consistently detected at all five sites (Figure 3A). These archaea are widespread in marine seep sediments (Cui et al., 2019; Jing et al., 2020; Xin et al., 2022), and they largely constrain the ecological roles in local habitats. Thaumarchaeota, an aerobic archaeal phylum capable of ammonium oxidation, can be involved in various biogeochemical processes, including but not limited to nitrification and carbon fixation (Offre et al., 2013). Some of its members are chemoorganotrophs with multiple functions such as aerobic mineralization of organic matter (Adam et al., 2017). The archaea at ROV2 had the lowest abundance compared with other sites (Supplementary Figure 2), and were simple in composition, with the dominant phylum being Euryarchaeota (relative abundance >70%, Figure 3A). The taxa of Euryarchaeota, such as methanogens and methanotrophs, are mostly associated with methane cycling processes consisting of methane production and the anaerobic oxidation of methane (Jing et al., 2020; Fischer et al., 2021). A previous study has indicated that methane oxidation and methane production occur simultaneously in seep sediments although the AOM process dominates at the site (Orcutt et al., 2005). In this study, enriched Methanococcoides and ANME-3 were detected simultaneously at the seep site (Figure 10A). Thus, our results support the notion that methane-seep habitats have high relative proportions of methane-cycling communities.

For bacterial communities in our study, Proteobacteria and Chloroflexi were dominant at the sampling sites (Figure 3B). Phylum Chloroflexi is widely distributed and diverse in the marine environment, but poorly characterized (Zhang et al., 2012). Chloroflexi generally dominates pelagic or organic-rich seafloor sediments (Inagaki et al., 2003). The large number of benthic fauna found at ROV4 and ROV5 supports this finding (Figure 1B). Proteobacteria are found in high relative abundance and phylogenetic diversity in various marine habitats (Cui et al., 2019; Xin et al., 2022). Heterotrophic Proteobacteria are deeply involved in the sulfur cycle through the sulfate reduction mediated by SEEP-SRB1 and the sulfur oxidation mediated by Sulfurovum. SR-related genera associated with particular ANME partners contribute to carbon cycling through the SR-AOM process (Chen et al., 2022b).

In this study, the diversity and relative abundance of archaea were low at the MS site, while bacteria were high (Supplementary Figure 3). The abundance of unique archaeal OTUs was lowest in the methane-seep habitat compared with the other habitats (Figure 5). Comparatively, the abundance of unique bacterial OTUs was highest in the methane-seep habitat compared with the other habitats. This spatial distribution is consistent with other studies (Niu et al., 2017; Xin et al., 2022) and is caused by the heterogeneity of the geochemistry of different habitats. The MS site and the seep-free FH site shared more archaea and bacteria OTUs than any other two habitats, indicating an overall similarity between them (Figure 5; Supplementary Figure 7). Methane-seep habitat and faunal habitat belong to different developmental stages of cold seeps (Feng et al., 2023). The microbial communities in the faunal habitat are largely sourced from the cold seep vent, and they are symbiotic with seep fauna such as mussels and clams (Chen et al., 2022b). The fauna is supplied with metabolic material and energy by the chemoautotrophic microbes. In both habitats, although ROV2 and ROV5 sites showed similarities, whereas ROV2 had more AOM- and SR-related genera and produced more authigenic carbonates compared to ROV5 (Figures 8, 10). Thus, the SR-AOM process differs in reactivity across distinct habitats within a cold seep area. Further, habitat heterogeneity contributes to differences in methane oxidation efficiency, thereby influencing carbon cycling in cold seeps.

Community distribution in cold seep areas is closely related to the location of the seepage. The microbial taxa associated with SR-AOM reflect different levels of activity at different sites (Zhuang et al., 2019). In this study, ANME was detected at ROV2 (Figure 4A), indicating high methane oxidation activity at this site. ANME-2 was the most widespread and abundant clade, yet only a small amount of ANME-2b (<5%) was detected at the Haima seep site (Figure 10A). In contrast to previous investigations, ANME-3 is detected as the dominant clade of the methane-metabolizing genus (relative abundance >60%, Figure 10A). ANME-3 was generally found in mud volcanoes and some seep sediments (Niemann et al., 2006). Thus, it was reasonable for ANME-3 to be present in seep sediment at our sampling sites. On the other hand, sulfate-cycling bacteria were highly diverse and varied widely between sites. They were dominated by Sulfurovum at ROV2 and ROV5, while relatively high abundances of SEEP-SRB1, SEEP-SRB2, and SEEP-SRB4 were also present (Figure 10B). This is consistent with a previous report that Sulfurovum is abundant in the surface sediments of a cold seep (Li et al., 2021). Sulfurovum, the sulfur-oxidizing member of Epsilonbacteraeota, uses CO2 produced by ANME as a carbon source and is able to oxidize sulfide produced by SRB to sulfate (Liu et al., 2016). Sulfurovum is involved in carbon fixation and sulfur oxidation in marine ecosystems. Through the sulfur oxidation, sulfur bioavailability is further enhanced to support the metabolism of SRB, thereby facilitating the SR-AOM process. Thus, functionally diverse sulfur-cycling bacteria coupled with methane oxidation support carbon cycling in cold seep habitats.




4.3 Linkage between environmental factors, microbial community, and mineral assemblage

The effect of habitat heterogeneity on community diversity and mineral assemblage was evident. We found that the diversity of microbial communities in habitats was affected by environmental factors. The variables with statistical differences between habitats were SO42–, Ca, Mg, and TOC (Figures 6, 7). SO42– has been proven to be the most important factor in the structure of the microbial bacterial community in the sediment environment (Orcutt et al., 2005; Zhuang et al., 2019). Sulfate is abundant at the seep and SR is the main terminal electron-accepting process. The availability of the electron acceptor SO42– may drive the distribution of methane oxidizers (Li et al., 2020). In addition, the distribution of the archaeal community may be influenced by high organic carbon in the habitat. The high organic carbon represented abundant organic matter or methane, indicating that both methanogens and methanotrophs may be present in this habitat (Jing et al., 2020; Fischer et al., 2021). Therefore, different environmental conditions are selected for different types of methane metabolizing communities.

Authigenic carbonate precipitation induced by AOM is an important sink in marine carbon cycling (Marlow et al., 2014; Marlow et al., 2021). Our results showed that the IC content and the concentrations of alkaline earth elements (Mg, Ca, and Sr) were relatively high at ROV2 (Figure 2), indicating that authigenic carbonate precipitation occurred in the sediments (Figure 9). Different carbonate mineralogy was inferred through the relationship between Sr/Ca and Mg/Ca ratios in the pore water (Nöthen and Kasten, 2011; Liu et al., 2020). The high Mg/Ca ratios (>5) in pore water indicated the occurrence of possible primary high-Mg calcite (Bayon et al., 2007). The precipitation of high-Mg calcite may indicate a relatively low-activity seep environment (Hu et al., 2015). ANME-3 found in association with the Desulfobulbus has been determined to oxidize seafloor methane and deliver reductants to their synthetic partner (Niemann et al., 2006). AOM produces two units of alkalinity per one unit of dissolved inorganic carbon, increasing the alkalinity of the pore water and promoting the precipitation of authigenic carbonate minerals (Aloisi et al., 2002).

The formation of carbonate minerals not only occurs through biological mineralization of organic matter but also is facilitated by the secretion of extracellular macromolecules by specific microbes (Wei et al., 2021). In this study, strong correlations with carbonate were found for Campylobacterales and Desulfobacterales (Supplementary Figure 6). These taxa are considered early successional communities of carbonate biofilms (Case et al., 2015; Leprich et al., 2021; Marlow et al., 2021). Campylobacterales attach to mineral surfaces and dominate the formation of biofilm communities. Desulfobacterales, as heterotrophic bacteria, are believed to have a potential role in the production of the extracellular matrix. The amounts of exopolymeric substances can affect the morphology and mineralogy of the carbonate minerals (Braissant et al., 2007). Interactions between elemental Ca and exopolymeric substances are the main processes by which the extracellular matrix controls the precipitation of carbonate minerals.

In general, the environmental characteristics of the habitat and the benthic microorganisms collectively influenced the mineral assemblages. Environmental drivers such as SO42–, Ca, and Mg shaped the microbial communities in seep habitats. The SR-AOM and mineralization processes induced by microbes were affected by the seepage activity in the habitat. Microbial metabolism altered the environmental factors, leading to changes in the precipitation conditions of certain minerals. Thus, the formation of authigenic carbonate minerals resulted in variations of mineral assemblages in different habitats.





5 Conclusion

We conducted a comprehensive biogeochemical and mineralogical study to investigate microbial community structure, mineral assemblages, and their relationship with environmental variations in different habitats in the Haima seep, SCS. Archaeal and bacterial composition and abundance were significantly different in the three habitats (MS, FH, and CS). By contrast, the archaeal composition in sites ROV2 and ROV5 was similar. The most abundant SR-AOM and mineralization process-related taxa occurred at site ROV2, indicating the highest seepage activity and most active mineralization at that location. A high amount of calcite minerals was found at the seep, suggesting that the high activity of SR-AOM was accompanied by the formation of authigenic carbonate minerals. Significant correlations between bacterial communities, calcite, and environmental factors such as SO42–, Ca, and Mg revealed that the formation of authigenic carbonate was an important process influencing the mineral assemblages in seep habitats. Our study illustrated the geochemical, microbiological, and mineralogical characteristics of cold seep habitats in the Haima area and improved our understanding of microbe-induced carbon cycling and the formation of authigenic carbonate.
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Systematic surveys of the distribution of epibenthic megafaunal species relative to one another and to environmental variables in the deep sea can lead to inferences and testable hypotheses regarding factors that influence their distributions. Here we use a seascape approach to provide insight into the character and spatial extent of the influence of a chemosynthetic seep on the distribution of epibenthic megafauna and the nature of transition zones (ecotones). Faunal distributions were determined from georeferenced images of the seabed collected during a systematic survey (~ 400 m x 400 m) by the Autonomous Underwater Vehicle Sentry in the vicinity of a newly discovered methane bubble plume on the Blake Ridge Diapir. The survey area was found to include both seep and non-seep habitats. The sphere of influence of seep productivity on the surrounding benthic megafaunal assemblage was limited—on the order of 10’s of meters—based on ecotone analysis. Small but detectable redox anomalies in the water column (5 m above bottom) in the study area occurred on a similar horizontal scale. Distributions of background megafaunal taxa were non-random for many morphotypes and included both positive and negative associations between morphotypes and the seep habitat. Subtle variations in depth (<6 m) correlated with distributions of seep-associated vesicomyid clams, which occupy shallow depressions in the seabed. The seep habitat itself, comprising a patchy mosaic of megafaunal sub-communities (e.g., clam bed, mussel bed, background soft-sediment bathyal taxa) and transition zones, was at least as diverse as the surrounding non-seep habitat and contributes seep endemic morphotypes to regional biodiversity. While seep productivity may support prey fields for deep-diving beaked whales, any relationship between the seeps and whale feeding areas remains intriguing speculation. Like many other regions of the deep sea, Blake Ridge South has accumulated marine litter, including litter likely originating from scientific endeavors. The suite of observations and analyses deployed here underscore the importance of seep habitats in enriching regional biodiversity, provide a glimpse of the non-random complexity of species distributions from a seascape perspective, and establish ecological baselines against which future studies may measure natural and anthropogenic changes in the seascape.
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1 Introduction

Study of the seascape ecology of deep-sea ecosystems can provide insight into complex spatial relationships between environmental variables and community structure, as well as inform environmental management of the seabed (Pittman et al., 2021; Swanborn et al., 2022). Similar to landscape ecology, seascape ecological approaches focus on pattern-oriented assessment, with an emphasis on composition, configuration, spatial transitions, and context, and on linking spatial patterns with biodiversity and ecological processes (Swanborn et al., 2022). Advances in the acquisition of systematically collected, georeferenced images and environmental data by remotely operated and autonomous underwater vehicles (Huvenne et al., 2018), enable new assessments of seascape ecology (Pittman, 2017) in the deep sea (Wagner et al., 2013; Price et al., 2019; Sen et al., 2019; Goffredi et al., 2020; Piechaud and Howell, 2022; Swanborn et al., 2022).

Several recent examples of seascape approaches in the deep sea address the “sphere of influence” of chemosynthetic ecosystems (Levin et al., 2016). Such examples include mapping of feather-duster (serpulid) polychaetes hosting methanotrophic symbionts adjacent to seep-endemic taxa (tubeworms, mussels) at the Jaco Scar seep site off the west coast of Costa Rica (Goffredi et al., 2020) and evidence for an ecotone surrounding the Jaco Scar seep and 4 other nearby seeps (Ashford et al., 2021a). Observations of ecotones associated with deep-sea chemosynthetic ecosystems date back to initial descriptions of hydrothermal-vent ecosystems on the Galapagos Spreading Center, where vent-endemic tubeworms, mussels, clams, and associated macroinvertebrates occupied zones in the hydrothermal heart of vent fields, surrounded by peripheral fields of anemones and serpulid worms (Hessler and Smithey, 1982). Increased abundances of predators (Van Dover et al., 1987; MacAvoy et al., 2008) and of infauna (Demopoulos et al., 2018) have also been reported in ecotones associated with chemosynthetic ecosystems. In addition to serving as prey fields for predators, benthic ecotones at deep-sea seeps and vents implicate local export of chemosynthetic energy as particulate organic material or advection of dissolved methane and microbial primary production (Hessler and Smithey, 1982; Goffredi et al., 2020). This larger sphere of influence of chemosynthetic ecosystems is hypothesized to be important in generating ecosystem services (Levin et al., 2016), though for most chemosynthetic systems there is a paucity of detail regarding the nature and extent of these ecotones and the services they provide.

Occupation of seep environments by heterotrophic species from the surrounding benthos does take place, but only a few background species are involved (Carney, 1994). Georeferenced species occurrences can be used to assess the distribution of benthic species across an ecotone, allowing taxa to be characterized in terms of positive (spatially aggregated), negative (spatially segregated) and random associations (Royan et al., 2016; Astarloa et al., 2019; Calatayud et al., 2020) relative to the seep habitat.

Spatial organization data alone does not confirm cause and effect, and spatial associations may be poor proxies for biotic interactions or habitat preferences in the absence of additional information (Blanchet et al., 2020). But spatial organization of species can lead to inferences and testable hypotheses regarding factors that influence their distributions and ecosystem functions that may be reflected in those distributions (Lessard-Pilon et al., 2010; Ashford et al., 2021a). Associations and interactions between and among taxa and environmental variables (e.g., resource use or avoidance) can improve our understanding of factors resulting in non-random species distributions in space and time (Tumolo et al., 2020).

Here we use a seascape approach to i) define the boundary of a seep habitat in an ~400 m x 400 m study area and the location of redox (Eh) anomalies relative to the seep habitat, ii) describe and compare seep and non-seep megafaunal epibenthic community structure, including alpha and beta diversity, rank abundance, and ordination by habitat and within the context of subtle variations in depth, iii) identify positive, negative, and random distributions of taxa relative to the seep boundary, co-occurrences, associations, and networks of benthic morphotypes, and iv) explore evidence for ecotones between seep and non-seep habitats. We also describe the spatial distribution and abundance of purported feeding scars of beaked whales (Ziphius cavirostris; Marsh et al., 2018) and marine litter. Insights gained from this work may inform future environmental management of the Blake Ridge seep system, especially if methane reserves in the region prove to be a target for exploitation (Sahu et al., 2020).



1.1 Blake Ridge study site

Methane seepage and chemosynthetic activity at the Blake Ridge Diapir was first discovered during site surveys by the Ocean Drilling Program (ODP; Site 996, 2155 m) in 1995 (Paull et al., 1996). Evidence for a methane seep included gas (bubble) plumes extending up to 320 m above bottom, sediments consisting of 20-40% authigenic carbonate, high concentrations of porewater methane (1000–3400 μM) and sulfide (1300 μM), and a serendipitous collection of bathymodiolin mussels at the sediment-water interface of a sediment core. Deep Submergence Vehicle (DSV) Alvin dives in 2001 enabled extensive in situ visualization of the geological setting, including gas hydrate formation under a carbonate overhang, and of a chemosynthetic community dominated by dense beds of Bathymodiolus heckerae mussels and Vesicomya cf. venusta clams, at ODP Site 996D (Van Dover et al., 2003). Bacterial mats, preliminarily identified as belonging to the genus Arcobacter (Robinson et al., 2004) were also observed. Live clam beds were found in sediment with a wide range of porewater sulfide concentrations [0.1 to 6.4 mmol/L at 10 cm depth; (Heyl et al., 2007)]. At the pore-water interface of live clam beds, sulfide concentrations were low (<1 mmol/L) compared to the higher concentrations found at shell beds with only dead clams [3.3 to 12.1 mmol/L (Heyl et al., 2007)].

Multiple subsurface conduits evident in chirp echosounder 1.5 to 11.5 kHz profiles suggested the presence of a seep complex (Hornbach et al., 2007) at the Blake Ridge Diapir. Three additional seep communities within 200 m of one another and of ODP hole 996 seep site were subsequently discovered using the Autonomous Underwater Vehicle (AUV) Sentry in 2012 (Brothers et al., 2013). High-resolution maps detailed the relationship of seep-associated bivalves and authigenic carbonates at the Main Blake Ridge seep site (Wagner et al., 2013). This present study is the first to describe benthic communities of the Blake Ridge South (BR South) seep and adjacent habitat in detail.





2 Materials and methods



2.1 Data collection

The Blake Ridge Diapir (Figure 1) was mapped by the AUV Sentry operated by the Woods Hole Oceanographic Institution and deployed from the NOAA Ship Okeanos Explorer (EX1205 Leg 1; CLVD, Chief Scientist) from 11 to 23 July 2012. During this technologically innovative expedition, mission programming, engineering troubleshooting, data processing, and watch standing for Sentry were undertaken from shore using a satellite link (Kaiser et al., 2012; Van Dover et al., 2012). Sentry collected high-resolution multibeam (Reson 7125 echosounder, 400 kHz) bathymetric data ~20 m above bottom at Blake Ridge (Figure 1B). Photo transects (~7-s intervals; 12-bit, 1024 x 1024 pixels, down-looking digital color camera) were conducted at an average speed of 0.7 m s-1 and ~5 m above bottom. Bathymetry and image data were digitally transferred to shore daily to support Sentry mission programming.




Figure 1 | Blake Ridge Study Site. (A) Location relative to the continental margin off the Carolinas (USA). (B) Blake Ridge bathymetry with and all photo transects from the expedition. Colors and numbers indicate different Sentry dives. The black box highlights the location of the Blake Ridge South seep and the photo transects of Sentry 148. White areas: no high-resolution bathymetric data. (C) Bathymetric detail of the Blake Ridge South seep site and location of the eight eastward transect lines used for detailed photo analysis. Colored dots: image locations.



Redox potentials indicative of reducing conditions—a useful exploratory tool for chemosynthetic ecosystems (Henry et al., 2002; Baker et al., 2005; Connelly et al., 2012)—were assessed using an Eh sensor on Sentry. Eh is a measurement of electrical potential indicative of oxidation/reduction potential, and was measured as raw values of platinum electrode voltage against an Ag–AgCl reference electrode in a saturated KCl solution (Nakamura et al., 2000). When the Pt electrode encounters reduced fluids, the Eh value drops rapidly, followed by a logarithmic recovery curve. The sawtooth pattern in the Eh record (Supplementary Figure 1) results from states of disequilibrium experienced by the electrode as the AUV platform moves through the ocean and encounters seawater with differing redox poise. Each rapid drop in Eh voltage is presumed to be related to the moment at which the vehicle encounters fresh sulfide-rich waters at any location as it progresses along a given survey line, resulting in HS- ions reacting at the surface of the Pt electrode. In this context, the recovery curve represents a reverse process during which sulfide deposited on the surface of Pt electrode undergoes oxidation and removal through interaction with well-oxygenated ambient seawater. As such, the recovery curve part of the Eh record has no direct spatial relationship to seafloor fluid flow in the same way as the initial drops in Eh voltage. As an exploration tool, therefore, the negative value of the first derivatives of Eh (i.e., dEh/dt mV s-1) provides a practical approach to identifying locations of rapid Eh drops near the seabed, even though dEh/dt has no direct physical-chemical meaning. An 8-second moving average of dEh/dt was used to avoid analog-digital conversion noise with sufficient spatial resolution. Sentry 148 metadata for the survey area [date, time, depth, latitude, longitude, Eh (mV)] may be found in Supplementary Data 1.

Co-located sensor data collected by Sentry (temperature, salinity) at 5 meters above the bottom varied by fractions of a unit (<0.01C;<0.01 psu) across the survey (very low signal to noise ratio) and were not of ecological interest. While there was a data stream from the dissolved oxygen optode, the sensor was uncalibrated and the signal decayed during the dive by a value equivalent to the variance in the data. Further analysis of the dissolved oxygen data was thus deemed unwarranted.

For this study, only photos from Sentry 148 were analyzed, i.e., from the Blake Ridge South (BR South) seep (Figure 1B, C). A photo atlas (Supplementary Figure 2) was generated to document 46 morphotypes (Supplementary Table 1). Substratum type (soft sediment, carbonate, live mussels, mussel shells, and clams) was noted for each photo. Organisms that were observed but could not be reliably counted due, for example, to their small size or their obscurity among other organisms or background, were not retained in the final data set. Precautions were taken to ensure that the same individual in overlapping photos (either sequentially or between adjacent lines) were not counted twice. We could not estimate the error associated with counting mobile taxa (fish, octopus) more than once, but, based on observation of mobile individuals that did not change their location from one photo to the next, double- (or more) counting was deemed unlikely, except possibly for the halosaurid and synaphobranchid fishes. We also could not distinguish between patches of live and dead clams.



2.1.1 Large-scale mapping

Photo analyses were undertaken at the scale of the entire BR South survey area [~400 m x 400 m (or ~16 hectares, or ~ 22.5 football pitches)] to map the boundaries of the seep habitat, operationally defined here as the polygon encompassing dense live mussels (Bathymodiolus heckerae) and dense clams (Vesicomya cf. venusta)]. Other seep indicators that are obligately restricted to seep environments—authigenic carbonates and bacterial mats on soft sediments—were nested within the mussel and clam bed areas and thus their distribution was not needed to define the seep boundary. Localized fields of short, thready, unsampled tubeworms emergent from soft sediment, tentatively identified as siboglinids based on their morphology and their restricted distribution in the seep habitat, were also assumed to be seep indicators. Distributions of 11 large, reliably, and readily detected invertebrate and fish morphotypes (Supplementary Data 2; Supplementary Figure 3) were mapped for all transect lines (Figure 1C) to visualize their distributions relative to the seep habitat. Observations of sediment ‘gouges’ tentatively attributed to feeding activities of beaked whales ( Ziphius cavirostris; Auster and Watling, 2010) and of marine litter observed during this large-scale mapping effort were also compiled as elements of the Blake Ridge South seascape (Supplementary Data 2).




2.1.2 High-resolution mapping

More detailed photo analyses were undertaken for 8 east-heading transects (lines 1E, 2E, 8E, 10E, 18E, 20E, 24E, 26E; Figure 1C) with overlapping photos. Lines 1E and 2E were south of the seep habitat polygon; all other lines included both seep and non-seep habitats. Photos collected during AUV turns at the end of each transect were excluded from the analysis. The taxon-abundance matrix for 46 morphotypes, together with associated metadata (Supplementary Data 3), was used to analyze differences in community structure in seep and non-seep habitats, to test for significant positive, negative, and random relationships using cooccurrence and associations using PCA and network analysis tools, and to test for the existence of ecotone (transitional) assemblages between seep and non-seep habitats.





2.2 Taxonomic identifications

The vertical, downward-looking angle of the camera, the relatively low image quality, together with the low contrast and small size of some taxa relative to the seabed made it challenging to identify organisms in Sentry photographs to species or sometimes even higher order taxonomic levels. Most taxa were classified using morphotype descriptors. A few of the seep-associated taxa had been sampled on previous expeditions to the Blake Ridge seep area (Van Dover et al., 2003), which allowed us to assign them to taxonomic groups with some confidence. Some provisional identifications of echinoderms were made by D Pawson, octopus by M Vechionne (both of the Smithsonian Museum of Natural History), and fish by S Ross (University of North Carolina, Wilmington). Additional provisional identifications especially at higher taxonomic levels, was assisted by members of the Deep-Ocean Stewardship Initiative (DOSI) in response to a request published in the DOSI weekly newsletter. Despite generous taxonomic assistance, identifications were challenging; the authors accept responsibility for all errors.




2.3 GIS visualization

All GIS maps were generated using ArcGIS Pro software (Esri). Sentry 148 track lines were plotted using AUV-operator-processed navigation data. Vehicle depth and Eh anomalies (8-second moving- average dEh/dt) were interpolated using the Kriging tool to generate continuous surfaces. Distributions of morphotypes were georeferenced by matching timestamps in the photo filename with corresponding navigation timestamps and map coordinates (Supplementary Data 1).




2.4 Statistical analyses



2.4.1 Biodiversity and community structure

Biodiversity and community structure analyses were performed in R (R Core Team, 2020) using the vegan package (Oksanen et al., 2018) except where noted, and ggplot2 (Wickham, 2016) or native R plot scripts. Species richness was calculated on a per-photo basis and randomized accumulation curves for morphotypes (presence-absence matrices) at seep and non-seep habitats within the seascape were generated for high-resolution transect data using the exact method (Lomolino model), with cumulative number of photos as the measure of sampling effort. Morphotypes reported simply as categorical values, i.e., present or absent (mussels, clams, tubeworms, bacterial mat) were included in the total number of morphotypes present in a habitat but were excluded wherever abundance data was used in an analysis.




2.4.2 Morphotype abundance models

Relative Abundance Distributions (RADs) are useful for empirical description and comparison of the distribution of commonness and rarity in a system and convey more information than non-parametric diversity indices such as Shannon’s index of diversity (Matthews and Whittaker, 2015). The best-fit model (null, niche preemption, lognormal, Zipf, or Mandelbrot) for RADs in high-resolution seep and non-seep habitats was determined by the lowest Akaike Information Criterion (AIC) using the radfit function in the vegan package (Oksanen et al., 2018).




2.4.3 Abundance-based analysis of community structure

Non-metric multidimensional scaling (NMDS) ordination was used to generate two-dimensional plots of assemblages based on morphotype composition and abundance (i.e., exclusive of clams, mussels, tubeworms, bacteria mat). Average abundances of a given morphotype per photo within a given habitat (seep, non-seep) were calculated to generate a standardized morphotype-abundance matrix indexed by transect line number and habitat. A Bray-Curtis dissimilarity matrix was then calculated using the metaMDS function in the vegan package. Analysis of similarities (anosim) was used to test for significant differences (R statistic, α< 0.05) between seep and non-seep community composition. Differentially abundant morphotypes across habitats (“indicators”) were assessed using the package indicspecies and the function multipatt (De Cáceres, 2020). In NMDS plots, proximity of any two points conveys the degree of similarity between these data points in the original, high-dimensional space.




2.4.4 Morphotype distributions and environmental variables

Principal Component Analysis (PCA) was performed in R using the vegan package to explore associations among morphotypes, habitat, and depth. Individual photos were treated as sample sites, each with an associated depth and habitat type (seep or non-seep). The morphotype-abundance matrix was transformed to presence/absence data to include both numerical and categorical (presence or absence of clam, mussel, bacterial mat, authigenic carbonate) data. PCA was also performed on Hellinger-transformed abundance data, a transformation that gives low weight to rare species (Legendre and Gallagher, 2001). In contrast to the NMDS analysis, where the relationship between community composition of seep and non-seep habitats and line-by-line variation was explored, the PCA analysis used the “species’’ scaling method (scale = 2) to focus on relationships among morphotypes. Acute angles between morphotype loadings indicate positive correlations, obtuse angles (>90 degrees) indicate negative correlations. Depth data was overlaid on PCA plots as vectors using the function envfit in vegan, which calculates the multiple regression of environmental variables with ordination axes.




2.4.5 Co-Occurrence analysis

Pairwise probabilistic co-occurrence matrices for morphotypes were generated using the cooccur package in R (Griffith et al., 2016). Clams, mussels, tubeworms, bacterial mat, and authigenic carbonates were aggregated into a single measure labeled “Seep Indicators”. Individual photos were used as “samples”. Presence-absence data was filtered using the threshold filter (n=5) in cooccur to eliminate morphotypes with insufficient occurrence data. In addition to “Seep Indicators”, 28 morphotypes (including the seaweed Sargassum) were included in the analysis. Morphotype presence-absence data for each of the 8 transect lines were concatenated to generate the data frame used in cooccur.




2.4.6 Network analysis

Network analysis was performed in R using the asnipe package (Farine, 2013). Morphotypes observed<10 times in the entire data set were removed from the matrix to reduce network noise; abundances were transformed to presence-absence records. Twenty-eight morphotypes were included in the final network analysis, including clams, mussels, and bacterial mat. Association indices that model the probability that two individuals were observed together given that one had been seen (a.k.a. the Simple Ratio Index; ranges from 0 for pairs never observed together, to 1 for pairs always observed together) were calculated for all morphotype pairs to yield an association matrix. The association matrix was visualized as a network, where thicker edge weights correspond to stronger association indices between nodes (morphotypes). To identify sub-communities of morphotypes within the larger network, the fastgreedy community detection function (igraph; Csardi and Nepusz, 2006) was employed (Clauset et al., 2004). Nodes representing each morphotype were colored according to sub-community assignment by fastgreedy and were also visualized as a dendrogram using dendPlot withn igraph.




2.4.7 Ecotone analysis

The existence, location, and extent of ecotones along each high-resolution photo transect were explored using Split-Moving-Window (SMW) analyses. This approach is commonly deployed to detect the extent and location of dissimilarities in ordered data series in terrestrial ecosystems (Panis and Verheyen, 1995). Here, SMW was used to calculate rates of change of morphotype assemblages along phototransects to detect locations of greatest change (breakpoints) and obtain information about the extent of the transition (ecotone). The SMW subroutine of the segRDA package in R (Vieira et al., 2019) detected discontinuities in Bray-Curtis matrices generated from abundance data; categorical data (clams, mussels, tubeworms, bacterial mat) were not included. SMW delivers dissimilarity profiles of mean Zscores (standardized dissimilarity values) plotted against window midpoint locations along each transect. Based on significance tests for SMW peaks in vegetation studies, Zscores > 1.85 were considered significant (Erdős et al., 2014; Vieira et al., 2019;. Breakpoints were identified as the sample position of the maximum dissimilarity in a sequence of significant Zscores; when there was no sequence of significant Zscores, no breakpoint was identified. To determine the optimal window sizes for SMW analysis of each transect, dissimilarity profiles for each transect were generated with even-numbered window sizes of 4 to 30 photos [maximum number of photos in each line ranged from 76 to 88 (Table 1)]. Window sizes that identified an outlier breakpoint undetected by any other window size were eliminated. The remaining window sizes were then used in a pooled analysis that averaged the results to yield a single dissimilarity profile per transect. For transects where no breakpoints were detected for any window size, results are displayed using the two median window sizes (14 and 18).


Table 1 | High-resolution faunal mapping: Sampling effort (number of photos, transect distance, estimated area), morphotype richness, and percent photos seep indicators for each high-resolution line.






2.4.8 Graphical enhancement

Adobe Illustrator (2020) was used to enhance readability of graphical outputs.






3 Results



3.1 Large-scale mapping



3.1.1 Seep polygons and eh anomalies

Seep polygons were determined from analysis of 4808 images, representing 26 eastward and 27 westward straight-line transects and a seafloor area of ~400 m x 400 m. Subtle depth variations (~6 m; depth range: 2163 to 2169 m) were detected, with highest relief associated with mussel beds on authigenic carbonates, as reported by Wagner et al. (2013) at the Blake Ridge “Main” seep site. The BR South seep polygon (defined here by the presence of “Seep Indicators”: mussels, clams, tubeworms, bacterial mats, authigenic carbonate) was located along the northern border and eastern portions of the photo transect area (Figure 2). Vesicomyid clams have a semi-infaunal habit in soft sediment and thus were absent wherever dense mussels and/or authigenic carbonates covered the seabed. Eh values ranged from 184.7 to 191.7 mV. Steepest drops in dEh/dt at Blake Ridge South (i.e., the most negative values of dEh/dt) were detected along the eastern edge of the study area, especially just east of dense clam beds in the southern part of the seep polygon (Figure 2).




Figure 2 | Seep indicators (circles) and the seep habitat (black polygons). Each circle represents one photo with either (A) dense clams or (B) dense mussels. Color ramp is 8-second moving averages of dEh/dt (mV s-1).






3.1.2 Distribution of selected megafauna in the BR South seascape

Eleven readily identified megafaunal taxa (Supplementary Figures 3, 4) differed in their distributions relative to the seep polygon (Figure 3). Octopus [possibly Graneledone verrucosa and/or Muusoctopus johnsonianus; (Pratt et al., 2021)], squat lobsters, nematocarcinid shrimp, and blue hake (Antimora sp.) were more common in the seep habitat than in the non-seep habitat. Benthodytes sp. sea cucumbers, Hygrosoma sp. urchins, brisingid seastars, red ophiuroids, and Synaphobranchus sp. cutthroat eels were more common outside the seep area. Statistical analyses of associations between these taxa and seep indicators are detailed below for the high-resolution mapping effort.




Figure 3 | Distribution and abundance of eleven megafaunal taxa in the BR South area. Yellow polygons outline the seep habitat. Each point represents an individual photo. Scale is the same for all maps.






3.1.3 Putative whale-feeding gouges in the BR South seascape

Disturbed sediment with a central linear depression, narrower at one end and approximately 1 m in length were observed in 45 photos (Supplementary Figure 5) and interpreted as possible feeding gouges from beaked whales (Ziphius cavirostris). All feeding gouges were observed outside the seep polygon (Supplementary Figure 6), except the gouge in photo 1197 (Supplementary Figure 5A), which was in soft sediment among scattered clams. The age of the gouges was impossible to determine; two of the putative feeding gouges appeared to be relatively “fresh” (photos 1021, 1197; Supplementary Figure 5A), but most appeared to be older, with accumulations of sediment and other material in the depressions.




3.1.4 Marine litter in the BR South seascape

Within the study area, 17 discrete items of litter were observed (Supplementary Figure 7), equivalent to ~2 pieces of litter per hectare (2 per 0.1 km2). The litter was dominated by glass bottles (n = 7), with 1 coke can, 1 drink carton, 1 piece of corrugated cardboard, 2 spools, 1 rectangular tray (~1 m x 0.5 m), a rectangular piece of metal, and 4 unidentified objects (possibly 3 metallic, 1 wooden).





3.2 High-resolution mapping



3.2.1 Overview of sampling effort

In the eight Sentry 148 transect lines heading eastward selected for detailed analysis, the number of photos per line ranged from 76 to 88. These overlapping photos covered distances ranging from ~270 to 300 m and areas of 1242 m2 to 1380 m2 (Table 1). Seep indicators (clams, mussels, bacteria, tubeworms, authigenic carbonates) were absent in the southernmost pair of lines (Lines 1E, 2E, Figure 1C). On the more northerly lines, the percent of photos with seep indicators ranged from 18% to 67% (Table 1).




3.2.2 Biodiversity and community structure

Xenophyophore protists (Syringammina sp.) were the most abundant morphotype (2,008 individuals), accounting for 57% of total morphotype abundance (excluding non-enumerated mussels, clams, tubeworms, bacterial mat) in the BR South seascape. Abundance maxima of xenophyophores on each transect line were associated with seep indicators (Figure 4). Syringammina sp. was not observed on Lines 1E and 2E, where seep indicators were absent.




Figure 4 | Xenophyophore (Syringammina sp.) abundance in seep and non-seep habitats. Each graph represents one of the 8 high-resolution eastward transects (see Figure 1C) within the BR South study area.



Per-photo morphotype richness was significantly lower (t-test, p< 0.001) in non-seep habitats (  = 1.97) than seep habitats (  = 4.2), though there were similar ranges in non-seep (0 to 6 morphotypes photo) and seep habitats (1 to 8 morphotypes per photo).

Morphotype richness was the same in seep and non-seep habitats (36 morphotypes), despite nearly twice the sampling effort in the non-seep habitat. The steeper slope of the seep habitat accumulation curve, the lack of overlap between confidence intervals of seep and non-seep accumulation curves, and the greater number of morphotypes for a given number of photos in the seep habitat suggest that seep habitat diversity may be higher than non-seep habitat diversity (Figure 5A). Neither curve approached an asymptote, indicating the potential for additional effort to yield additional morphotypes in each habitat.




Figure 5 | Diversity overview by habitat. (A) Morphotype accumulation curves for seep (red) and non-seep (green) habitats. Shaded areas represent 95% confidence intervals. (B) Relative abundance of higher-level taxa at seep and non-seep habitats. Black rectangles highlight Echinodermata. Excludes mussels, clams, tubeworms, and bacterial mat at seeps, which were not enumerated.



In addition to endemic taxa that are obligate inhabitants of seep (or seep-like) environments (mussels, clams, tubeworms, bacterial mat), differences in the relative abundances of other higher-level taxa at seep and non-seep habitats were evident (Figure 5B). As noted above, seep habitat supported relatively more xenophyophoran protists than non-seep habitats. Non-seep habitats supported greater relative abundances of Echinodermata (especially Holothuroidea, Ophiuroidea and Asteroidea) and Cnidaria than seep habitats.

The total number of eukaryotic morphotypes observed in the BR South seascape (gamma diversity) was 46. Of these morphotypes, 28 were common to both seep and non-seep habitats. The change in morphotype richness between seep and non-seep habitats (absolute Beta diversity) was 16, with 8 morphotypes only found in the seep habitat and 8 morphotypes only found in the non-seep habitat (Table 2).


Table 2 | Morphotypes unique to either seep or non-seep habitats in high-resolution photo transects.






3.2.3 Morphotype relative-abundance distributions (RADs)

Best-fit models for RADs differed for the seep (Zipf model) and non-seep (lognormal model) habitats (Figure 6). As expected for Relative Abundance Distributions, both habitats were dominated by a few morphotypes, but the seep habitat had a greater abundance of rare morphotypes than expected from a lognormal distribution.




Figure 6 | Rank Abundance Distributions (RAD), Blake Ridge South. (A) Seep habitat; best fit: Zipf model. (B) Non-seep habitat; best fit: lognormal. Excludes mussels, clams, tubeworms, and bacterial mat at seeps, for which abundances were not determined.






3.2.4 Community structure and morphotype distributions, associations, networks

The NMDS analysis for Blake Ridge South seep and non-seep habitats indicated that the community compositions of these habitats were distinct (Figure 7). The seep community located along lines 18E, 20E, and 24E grouped together—these lines included patches of both clams and mussels. Four morphotypes were non-endemic taxa closely associated with the seep habitat: xenophyophores (Syringammina sp.), nematocarcinid shrimp, spatangoid urchins (Sarsiaster griegii), and squat lobsters. Two morphotypes were indicator taxa for non-seep habitats: cutthroat eels (Synaphobranchus sp.) and the solitary hydroid.




Figure 7 | NMDS plot (Bray-Curtis) of seep and non-seep habitats. Numbers: Line numbers for high-resolution transect lines (see Figure 1C). Abundance standardized as ‘per photo’ from high-resolution transects. Global R: 0.722 (p =0.001).



Only 11.4% of the variance in the morphotype occurrence could be explained by principal component axes 1 and 2 for presence-absence data (Figure 8A), suggesting that the data set is inherently complex and cannot be captured by just a few principal components. For abundance data (Figure 8B), even less of the variation in community structure (7.72%) was explained by PC1 and PC2. The depth vector was significantly related to the first two ordination axes (p = 0.001, a = 0.05) in both PCA plots. Photos from non-seep seabed clustered more closely than photos with seep indicators, underscoring greater variation in faunal adjacencies within the seep habitat that is in part attributable to the presence of sub-communities in the seep habitat, as highlighted in the network analysis below (Figure 9A).




Figure 8 | Morphotype-depth PCA biplots. (A) Presence-absence data. (B) Hellinger-transformed abundance data (excludes mussels, shells, clams, bacterial mat, carbonate). Circles represent photos (“sites”) coded by habitat type. Morphotypes contributing most to PC1 and PC2 are labeled. Ellipses highlight morphotypes within seep habitats that are positively associated and contributed to most of the variance.






Figure 9 | (A) Network analysis for morphotypes with 10 or more occurrences in the high-resolution phototransects. Sub-communities grouped by node color. Edge thicknesses corresponds to the association index values for morphospecies pairs. (B) Dendrogram illustrating similarity relationships in (A), based on agglomerative hierarchical clustering.



For PCA using presence-absence data, clam- and mussel-associated assemblages were evident, as was the association of clams with greater depth. For PCA with quantitative data, abundances of xenophyophores (Syringammina sp.), spatangoid urchins (Sarsiaster griegii), squat lobsters, and nematocarcinid shrimp were associated with increasing depth and clams. Background bathyal megafauna contributing most to the variance of the principal components tended to be negatively associated with seep morphotypes or, as in the case of the “large eel” and the halosaur Aldrovandia sp., were randomly associated with seep morphotypes and closely associated with one another. There were also positive associations between background morphotypes, notably between several echinoderms [red saleniid urchins (Bathysalenia goesiana) and red brittle stars for the presence-absence data; goniasterid seastars (Mediaster sp.), Bathysalenia goesiana, and persiculidan sea cucumbers (Oloughlinius sp.) for the abundance data set, among others)] and the hydroid.

Cooccurrence analysis (Figure 10; Supplementary Table 2) of 662 “samples” (photos) from the 8 high-resolution transect lines identified 19 positive and 30 negative significant associations among 42 morphotypes, where one of these “morphotypes” represented the aggregate of seep indicators (mussels, clams, bacterial mat, tubeworms, and/or authigenic carbonates). There were ten positive associations with seep indicators: xenophyophores (Syringammina sp.), holothurians (Psychronaetes sp.), spatangoid urchins (Sarsiaster griegii), squat lobsters, nematocarcinid shrimp, sponges, Sargassum, the benthopectinid seastar Cheiraster blakei, the octopus, and the Venus Fly-Trap anemone. Four negative associations with seep indicators were identified: the white and red brittle stars, the red saleniid urchins (Bathysalenia goesiana), and the solitary hydroid. Network analysis revealed numerous spatial associations among morphotypes. All 28 morphotypes had some degree of connectivity (Figure 9A), i.e., they cooccurred with one other morphotype in at least one image. The highest association index value (0.72) was between live mussels and mussel shells – they were often observed in the same photo. Relatively high associations (0.21 to 0.42) were detected for a few other morphotype pairs, all primarily or exclusively restricted to the seep habitat (Table 3). Three sub-communities—referred to here as clam-associated, mussel-associated, and background bathyal communities—were identified by the “fastgreedy” community detection function (Figure 9). In this analysis, the background bathyal sub-community was most diverse, with 15 morphotypes, of which 10 were echinoderms.




Figure 10 | Co-occurrence patterns within individual photos. Positive (blue), negative (yellow), and random (grey) pairwise associations. “Seep Indicators” = clams, mussels, tubeworms, bacterial mat, and/or authigenic carbonates. Red rectangles highlight associations with Seep Indicators. The most negative pairwise associations are on the left-hand side, the most positive pairwise associations are on the right-hand side of the matrix.




Table 3 | Rank order of highly associated morphotype pairs (association index > 0.2) in photos, based on network analysis.






3.2.5 Ecotone analysis

Dissimilarity profiles derived from Split Moving Window analysis of transects 1E and 2E, where no seep indicators were present, showed no evidence of significant dissimilarities in morphotype composition, i.e., no ecotones (Figures 11A, B). In contrast, dissimilarity profiles of other transects had one (8E, 10E, 18E, 26E); two (20E); or three (24E) breakpoints, indicative of transitional (ecotone) assemblages (Figures 11C–H; Supplementary Table 3). Collections of significant dissimilarities with breakpoints extended from 5 to 15 “sample positions” (i.e., photos) or ~15 to 50 m.




Figure 11 | Ecotone analysis (dissimilarity profiles) for high-resolution transects. Red circles: Points of significant dissimilarity (Z score > 1.85). Blue triangles: Ecotone “breakpoints” associated with a collection of significant dissimilarities. Window sizes: (A–C), (F–H): 16, 18; (D, E): 20, 22, 24, 26, 28.








4 Discussion



4.1 Watercolumn variables

Negative dEh/dt anomalies 5 m above bottom were small but consistent with the anomalous redox potential of seep effluents relative to background environments (Henry et al., 2002; Joye, 2020). Eh anomalies at Blake Ridge South were concentrated in the eastern region of the study area, beyond the boundary of the seep habitat defined by seep indicator taxa. Given that only a single water-column anomaly (bubble plume) was detected in the region of BR South during shipboard multibeam surveys undertaken on the same expedition (Brothers et al., 2013), a parsimonious interpretation is that the Eh anomalies reported here likely reflect the intersection of Sentry’s Eh sensor 5 m above bottom with a diluted, advected Eh signal in a boundary layer that is moving eastward from the seep and above a down-sloping seafloor. We expect that environmental variables such as boundary layer and porewater sulfide chemistry may exert a strong influence on species’ distributions in seep and non-seep habitats (Heyl et al., 2007), but these variables were not possible to detect with the remote sensors used in this study.




4.2 Biodiversity and community structure

For a given sampling effort, seep habitats at Blake Ridge South supported greater species richness than adjacent non-seep habitats. This finding supports emerging views of seeps as facilitators of species aggregation (Sen et al., 2019), though other reports document seeps as environments with low diversity (Sibuet and Olu-LeRoy, 2003; Fisher et al., 2007). Biomass at BR South seeps was dominated by endemic taxa hosting chemoautotrophic endosymbionts (bathymodiolin mussels, vesicomyid clams), as is well documented for many other seeps in the deep sea (Stewart et al., 2005; Cavanaugh et al., 2013).

Large-scale mapping provides robust visual evidence that certain background epibenthic megafauna are negatively associated with the seep habitat (i.e., Benthodytes sp., Hygrosoma sp., brisingid seastar, red brittlestar, Aldrovandia sp., Synaphobranchus sp.) while others are positively associated with seeps (i.e., squat lobsters, nematocarcinid shrimp, octopus). Although sulfide toxicity may limit survival of some non-seep-endemic species in areas of active seepage (Levin, 2005; Riesch et al., 2015), a variety of adaptations and mechanisms likely evolved to reduce the toxic effect in some taxa, allowing them to thrive as consumers of other taxa in productive seep habitats (Bagarinao, 1992; Chou et al., 2023).

Faunal differences between seep and adjacent non-seep habitats are evident in NMDS analyses, consistent with observations at seeps throughout the global ocean (e.g., Levin, 2005; Dubilier et al., 2008; Wang et al., 2022). The lognormal relative abundance distribution (RAD) has been proposed as an accurate model for undisturbed communities (Matthews and Whittaker, 2015) and was the best fit to community data for the non-seep habitat at Blake Ridge South. The Zipf distribution has been posited as the outcome of lumping together species belonging to two different ecological communities in microbial studies (Shoemaker et al., 2017). A Zipf distribution model for the Blake Ridge South seep habitat likely reflects the mingling of non-seep taxa with seep taxa. This is consistent with the presence of soft-sediment environments interspersed among the mussels, clams, tubeworms, bacterial mat, and authigenic carbonates, i.e., the seep habitat itself is a mosaic of seep and non-seep patches. In addition, as mentioned above, some non-seep-endemic taxa apparently thrive in close association with seep-endemic taxa.



4.2.1 Morphotype distributions and associations

Only a small percentage (<12%) of the overall variation in morphotype occurrence and distribution can be explained by the first two principal components. Even so, there was a significant association between increased depth and clam beds, despite the narrow range of depths encountered (~6 m). This relationship between clam distribution and local lows on a soft-sediment seabed may reflect hydrogeological processes, including methane escape and sediment instabilities (Rogers, 2015). This relationship was not consistently observed at the Blake Ridge “Main” seep site (Wagner et al., 2013).

Network analysis revealed associations among morphotypes that confirm and expand upon previously described associations among megafaunal morphotypes of seep and non-seep habitats in general (Levin, 2005) and at Blake Ridge in particular (Van Dover et al., 2003; Wagner et al., 2013). Two sub-communities were identified in the seep habitat: one associated with mussel-engineered hard, complex substratum associated with microbially generated authigenic carbonates, the other with clams living in soft sediments. Megafauna associated with mussel or clam beds typically have a trophic relationship with hydrocarbon seepage and primary production by chemoautotrophic microbes (Van Dover et al., 2003; MacAvoy et al., 2005; Sen et al., 2019; Lin et al., 2020; Turner et al., 2020).

Several seep-endemic/non-seep-endemic morphotype pairs had high association. For example, the abundant xenophyophore Syringammina sp. had a high association index with the seep-endemic clam Vesicomya cf. venusta and soft sediments. Syringammina sp. subsists at least partially on microbes (Laureillard et al., 2004), but, since they do not have a high association with bacterial mats (also on soft sediments), mat microbes are unlikely to be important contributors to Syringammina nutrition. The spatangoid urchin Sarsiaster griegii had relatively high association indices with mussels, bacterial mat, and clams. While S. griegii was observed in photos with mussels, it did not occur on the mussels but on soft sediment adjacent to them. We infer that both Syringammina sp. and S. griegii are sulfide-tolerant taxa that aggregate in microbially enriched soft-sediment of the seep environment and that S. griegii may consume the bacterial mat through which it leaves distinctive trails (Supplementary Figure 2, photo 4699). The nemaotcarcinid shrimp was assigned to the mussel community in the network analysis here, but the stable isotopic composition of shrimp from the Blake Ridge Main seep suggests that shrimp in Blake Ridge seep habitats may rely mostly on organic carbon derived from sulfide oxidation (Van Dover et al., 2003). The shrimp may use the habitat complexity of mussel beds as refugia from predation.

To our knowledge, the Blake Ridge South morphotype network is the first of its kind to be created with megafauna occurrence data from a chemosynthetic ecosystem in the deep sea. Insights gained from this effort highlight the information potential of network analysis in the deep sea, as noted elsewhere (Mitchell et al., 2020). Robust biotic networks for threatened deep-sea habitats can inform spatial planning of conservation areas (Jones et al., 2020) and function as important components of Environmental Impact Assessments (Durden et al., 2018).





4.3 Ecotone analysis

Ecologists have often treated habitats in the vicinity of seeps in a binary fashion: being either seep or non-seep (Levin et al., 2016). Ecotone analysis of the Blake Ridge South high-resolution mapping effort revealed multiple transition zones associated with seep habitats. That is, there is a patchwork of seep, non-seep, and ecotone habitats within the seep polygon, as has been reported at seeps elsewhere (e.g., Lessard-Pilon et al., 2010; Åström et al., 2020). Community transitions occur between these habitat patches as well as between the seep community and the background bathyal benthic assemblage. The horizontal extent of ecotone features detected through spatial distributions of epibenthic morphotypes at Blake Ridge South was on the order of 10’s of meters. Elsewhere, measures of the sphere of influence of deep-sea seeps range from 200 m across a “chemotone” (Ashford et al., 2021b) to as much as ~2 km based on carbon isotopic signals of seep carbon in squat lobster tissues (MacAvoy et al., 2008).

This Blake Ridge South study addresses community transitions in one dimension (horizontally west to east) but the sphere of influence of the seep environment on microbial, invertebrate, and fish community assemblages transitions in vertical dimensions as well (Levin et al., 2016; Sisma-Ventura et al., 2022). Multi-dimensional ecotone analyses would provide greater insight into the seascape ecology associated with seep habitats.




4.4 Blake Ridge seeps as a whale foraging area?

Ziphius beaked whales are cosmopolitan species (MacLeod et al., 2006) that dive to depths greater than 1000 m and up to 2500 m to forage on cephalopods and fishes along the continental margin of the western North Atlantic (Shearer et al., 2019), but little is known about their prey fields at depth (Auster and Watling, 2010). These whales are suction feeders (Woodside et al., 2006), but knowledge of their diet is largely from gut contents of dead animals (West et al., 2017). Forty-five discrete depressions in the sediment within the ~16 hectare study area at BR South resemble those interpreted elsewhere as feeding gouges of beaked whales in the vicinity of chemosynthetic ecosystems in the Mediterranean (Woodside et al., 2006). If this interpretation is valid, then densities of near-bottom cephalopods and fishes observed during the Sentry 148 survey may provide insight into prey fields that attract foraging whales (Auster and Watling, 2010).

At the Blake Ridge South study area, blue hake (Antimora sp.; family Moridae), halosaurid fish, and synaphobranchid fish dominated the potential prey field in areas where gouges were observed. Of these families, only Moridae were reported as a prey item in the stomach of a beaked whale from South African waters (West et al., 2017). Although benthic invertebrates at seeps were postulated as a potential food resource for beaked whales (Woodside et al., 2006), the presence of only a single gouge on soft sediments of the Blake Ridge South seep habitat polygon provides little support for this hypothesis. Instead, enhanced primary and secondary production within the seep site and secondary production exported from the seep site may attract and aggregate marauding fish predators and scavengers to the seep ecotone, which in turn serve as prey for beaked whales. Without direct observations of beaked whales making foraging dives on the Blake Ridge, any relationship between the seeps and whales remains intriguing speculation.




4.5 Marine litter at Blake Ridge South

The density of litter in the BR South seascape (~2 items h-1) is within the range of values reported on seabed features elsewhere in the Atlantic and the Indian Ocean [0.6 to 12.2 items ha-1 (Woodall et al., 2015)], though the density of litter reported from hydrothermal-vent ecosystems of the Aeolian volcanic arc off Italy was much higher [~57 items h-1 (Consoli et al., 2021)]. In contrast to litter observed by Woodall et al. (2015) and Consoli et al. (2021) in areas of relatively high fishing activity, no obvious fishing gear was observed at BR South. Instead, much of the litter resembled galley items routinely carried on any vessel (bottle, can, carton); it also included what looks like Expendable BathyThermograph (XBT) spools (scientific gear). This litter is consistent with the site having been occupied by numerous scientific research vessels since the 1990s, including the 2012 Sentry expedition reported here.




4.6 Potential for automated image analysis and environmental impact studies

Autonomous underwater vehicles capture thousands of overlapping images during systematic surveys. Frame-by-frame detailing of morphotype abundances in a study area as undertaken here was a time-consuming, albeit rewarding, effort. A subset of 11 large, distinctive, and common megafaunal taxa could, however, be rapidly and reliably counted and used to visually characterize positive and negative associations of these taxa at a relatively large scale and with relative ease and accuracy. Quantitative assessment of this subset of taxa could readily be undertaken using automated image analysis (Schoening et al., 2012; Piechaud et al., 2019; Piechaud and Howell, 2022), use of artificial intelligence design, and collaborative studies (Bell et al., 2022). Most other taxa in this study, however, were enumerated using a team approach, with multiple pairs of eyes analyzing each photo in the “high-resolution” study [i.e., a fraction (13%) of the total number of photos in the Sentry 148 survey]. With improved camera resolution, some of these taxa may be amenable to enumeration through automated image analysis. Cryptic species may remain under-reported in both manually annotated and automated analyses; rare species will be a particular challenge for automated systems, since training sets may be inadequate for machine learning (Durden et al., 2021). Additionally, infauna of all sizes are missed by such photographic surveys. For baseline and subsequent monitoring to assess environmental impacts of human activities on the seafloor, a practical approach may be to identify a set of indicator taxa that contribute to important ecological functions and that are amenable to automated analysis. Such an approach would be a complement to, not a substitute for, more detailed analyses of ecosystem structure and function prior to and at intervals during the activity.





5 Conclusions

Lack of an aerial view or landscape vista makes it challenging to understand distributions of species in a deep seascape. From frame-by-frame analysis of photo surveys such as those undertaken here, an observer can begin to detect transitions and associations. The resulting large matrix of data—a 662 photo x 46 taxa matrix for the high-resolution analysis undertaken here—benefits from exploration and visualization using multivariate tools. Visual analysis of megafaunal distributions from AUV imaging transects provides quantitative data for seascape perspectives on deep-sea ecology, but it is time-consuming and will benefit immensely from continued development of automated image analysis.

Multiple multivariate analyses used in landscape ecology (e.g., principal component, cooccurrence, network, ecotone analyses) yielded insights into the seascape ecology of the Blake Ridge South. Distributions of background epibenthic megafauna were non-random for many morphotypes, with positive and negative associations between morphotypes and the seep habitat. Distinct benthic megafaunal assemblages were associated with clams, mussels, transition zones, and background habitats. Four morphotypes were non-endemic indicator taxa for the seep habitat: Syringammina sp., nematocarcinid shrimp, Sarsiaster griegii, and squat lobsters; two morphotypes were indicator taxa for non-seep habitats: Synaphobranchus sp. and the solitary hydroid. Further multivariate analyses suggested that binary characterization of Blake Ridge South as comprising seep and non-seep habitats is useful, but simplistic.

The seep area is itself a patchy mosaic of habitats, and transition zones occur within the seep area as well as between seep and non-seep environments. Factors underlying positive associations of background fauna with seep habitats are sometimes easy to infer, as in the case of the octopus, which feed on bivalves; spatangoid urchins, which feed on enriched organic material in sediments; and squat lobsters, which benefit from enhanced secondary productivity and from habitat complexity (escape from predation) associated with mussel beds. Negative associations between morphotypes and seep habitats are more difficult to understand or predict; sulfide toxicity remains the prevalent but untested hypothesis for this pattern of morphotype distribution. The sphere of influence of seep productivity appears to be relatively limited, 10’s of meters, for epibenthic megafauna. Like many other regions of the deep sea, Blake Ridge South has accumulated marine litter, including litter likely originating from scientific endeavors. The suite of analyses deployed here establish ecological baselines against which future studies may measure natural (and anthropogenic) changes in the BR South seascape through time.
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Methane is a greenhouse gas, and the East China Sea acts as a source of emissions to the atmosphere. On the other hand, the distribution of methane concentration in the Ryukyu Arc shelf and forearc region has not been clarified. Therefore, we investigated the continental slope and continental shelf areas from the Okinawa Trough to the landward side and the island shelf and forearc areas to the seaward side of the East China Sea. The methane concentration in the Kuroshio Current region was very low, and the methane concentration in the seawater just above the seafloor in the area directly above the hydrothermal systems was exceptionally high. In addition, methane concentration in seawater just above the seafloor where cold seeps and mud volcanoes are known is higher than the background, and higher methane concentrations were found in continental slope area and the island shelf area. The results suggest the existence of previously unreported methane sources such as cold seeps and mud volcanoes in the continental slope region and the island shelf region.
Keywords: East China Sea, seawater, water column, methane, concentration, distribution, Ryukyu forearc
1 INTRODUCTION
Methane is a greenhouse gas that is estimated to be 80 times more potent than carbon dioxide over the next 20 years, making it extremely important to quantify the material cycle of the gas in the Earth’s surface layer (Shukla et al., 2022). Continental shelves play extremely important roles as sources of the methane that is released into the atmosphere (Bange et al., 1994; Holmes et al., 2000; Bange, 2006). The methane that is stored in the stratified seawater of the East China Sea during summer is released into the atmosphere by the mixed layer that develops during winter (Tsurushima et al., 1996). Topographic features and gas chimneys that are presumed to be associated with mud volcanoes have been observed on the continental shelf and in the Okinawa Trough (Yin et al., 2003; Xing et al., 2016), together with cold seep sites on the continental slope (Xu et al., 2021), chemosynthetic organisms in the northern part of the Okinawa Trough (Kuhara et al., 2014; Xu et al., 2021), and exposed carbonate sites on the seafloor surface that suggest former cold-seep activity (Sun et al., 2015; Peng et al., 2017; Cao et al., 2020), all of which were potential sources of methane. Methane concentration anomalies and acoustic anomalies that suggest the presence of gas flares have been observed immediately above these sites, indicating that the cold-seep activity is ongoing (Zhang et al., 2020). These cold seep activities are considered related to the dissociation of methane hydrate (Sun et al., 2015; Cao et al., 2020), and are thought to have been one cause of the slope failure (blue × in Figure 1) and contributed to global warming that occurred after the last glacial period (Cao et al., 2020). Methane is rarely found in oxidizing seawater, and is abundant in methane-seeping phenomena on the seafloor, such as cold seeps, hydrothermal systems, and mud volcanoes, and river water of continental origin (Sun et al., 2018). For this reason, many studies have been conducted to discuss the supply source of methane to seawater by combining the T-S diagram, which combines water temperature and salinity, with the concentration distribution of methane (e.g., Zhang et al., 2020). In accordance with them, in this study, we investigated the concentration distribution of methane from the continental shelf of the East China Sea to the forearc region of the Ryukyu arc, and combined it with the T-S diagram to discuss the supply source of methane to seawater.
[image: Figure 1]FIGURE 1 | Location of sampling points and bathymetric map of the surrounding seas. Sampling points are indicated using the symbols shown in Table 1. Revisited sites are denoted using open symbols. Thin contour lines denote distances of 500 m and thick lines 1,000 m, and water depth is labeled every 1,000 m. The blue square and diamond indicate high methane concentrations in pore water found by the Chinese group (Li et al., 2015). Blue × and + indicate locations where the Chinese group found carbonate (×: Sun et al., 2015; +: Sun et al., 2019).
2 METHODS
2.1 Sampling points
Seawater samples were collected aboard the Nagasaki Maru vessel during end of May to the beginning of June in 2010–2015 (Table 1; Figure 1). We took 303 samples (Figure 1). Sampling was conducted over the continental shelf, continental slope, the Okinawa Trough, island shelf, and forearc slope, which were classified in accordance with distance from the continent. The sites were selected such that each area had as many “featureless seafloor” combinations and singular geological points as possible. Henceforth in this paper, we refer to “featureless seafloor” as seafloor with no reported submarine hydrothermal systems, mud volcanoes, cold seeps, pockmarks, etc. The symbols used are summarized in Table 1, and the same symbols are used in all figures. The continental shelf is denoted yellow, continental slope is green, and sites further offshore are black. Mud volcanoes are indicated in brown, cold seeps in blue, and submarine hydrothermal systems in red. In the five revisited sites (Site No. 2015-3, 2012-1, 2015-5, 2012-7, and 2012-8), data from the first visit are indicated by open symbols, and data from the second by solid symbols. Only the open symbols are utilized on the map (Figure 1). Continental slope data were collected from a large number of points located in the same study area; therefore, this feature was divided into north and south with a boundary lying at approximately 28°30′N.
TABLE 1 | Location and description of seawater sampling by a Niskin sampler.
[image: Table 1]2.2 Seawater sampling
Niskin samplers were used to collect seawater, and CTD sensors utilized to simultaneously measure water temperature, pressure, and salinity. Once at the designated location, the water sampler was lowered to the area just above the seafloor, and seawater was sampled at the designated depth using the water sampler with a 12-hanger. Sampling was conducted according to depth, and a bucket was used to obtain surface samples. Seawater samples were divided into two vials and 500 µL of saturated mercury solution immediately added to inhibit the microbial activity. Samples were then capped with a butyl rubber stopper and aluminum cap and stored around 4 °C in a refrigerator to prevent rupture before transfer to a laboratory refrigerator for analysis.
2.3 Analytical procedures
Dissolved gases were extracted from 100 mL samples of seawater and measured using a gas chromatograph equipped with an FID (GC-2014; Shimadzu, Supplementary Figure S1). The samples (100 mL) were transferred to a purge bottle using helium gas and helium bubbling initiated until almost all dissolved gas reached the gas-phase. Initial water vapor removal was performed by passing gas through a cold trap that was cooled at −120 to −80°C using liquid nitrogen and ethanol, after which gas was filtered through silica gel at room temperature for further water vapor removal. The six-way valve was used to allow carrier gas to flow out of the gas chromatograph, and all trapped gas was vaporized with boiling water. The degassed sample was then placed in the gas chromatograph, separated by a Porapak Q column, and carried into the FID detector, where all gases were burned and ionized to measure the concentration of hydrocarbons. The standard gas was introduced upstream of a bottle filled with ultrapure water, after ensuring that the blank containing 10 ppm methane was completely lowered at a measured pressure. Gas extracted using a similar method was analyzed by FID to determine the sensitivity for methane. Analysis was performed until the accuracy reached less than 8%. The same seawater sample was measured daily to ensure that the concentrations were within the error limit of 8% before the sample was measured. Sample weights were calculated by weighing each tare and subtracting the average weights of the empty bottle, butyl rubber stopper, and aluminum cap. The concentration of each sample (M) was then calculated as the concentration of methane per kilogram of seawater (mol/kg).
3 RESULTS
3.1 T-S diagram
The salinity and temperature data obtained from the CTD were used to produce a T-S diagram with salinity on the horizontal axis and temperature on the vertical axis (Figure 2). Kuroshio Surface Seawater (KSW), Kuroshio Sub-surface Seawater (KSSW), Kuroshio Intermediate Seawater (KIW), and Shelf mixed seawater (SMW) are identified in all water masses (Zhang et al., 2008). Graphs were divided into different sea areas and “geological singularities” (Figure 2). Henceforth in this paper, submarine hydrothermal systems, mud volcanoes, cold seeps, and pockmarks are referred to as geologic singularities. Figures 2A–C shows the salinity and temperature data describing seawater collected from the featureless seafloor of the continental shelf (Site No. 2011–6, 2011–5, and 2012–3). Among them, Figure 2C is the CTD data acquired over the mud volcanic landform reported by Yin et al. (2003). Figures 2D–M shows the northern part of the continental slope, Figures 2L, M shows the cold seep site reported at the southern end of the northern continental slope (Kuhara et al., 2014), and Figures 2N–S shows the T-S data acquired from the southern part of the continental slope, and Figure 2S shows data collected over the pockmarks reported by Yin et al. (2003). Figures 2T–Y shows the T-S data from above the Okinawa Trough, Figure 2W shows data acquired from above the mud volcanoes (Ning et al., 2009) reported in the Okinawa Trough, and Figures 2X, Y shows the T-S data obtained from the area above the submarine hydrothermal system corresponding to the geological singularity in the Okinawa Trough. Figures 2Z–ab shows the data acquired from the area above the island shelf, and Figure 2ac illustrates the data acquired from the forearc region.
[image: Figure 2]FIGURE 2 | T-S diagram for sampling stations in the study. KSW, Kuroshio Surface Water; KSSW, Kuroshio Subsurface Water; KIW: Kuroshio Intermediate Water; SMW, the Shelf Mixed Water in the ECS. Water masses are classified according to Zhang et al. (2008). Light blue symbols indicate samples collected from the continental shelf (A,B), green indicates samples collected above the continental slope (D–K), (N–R), and black denotes samples collected from other areas (T–V), (Z–ab). Samples collected directly above mud volcanoes are in orange (C, S, W, and ac), samples collected just above the cold seep site are in blue (L,M), and samples collected just above the hydrothermal system are in red (X,Y). The high number of sampling points on the continental slope area led to division of this feature into northern (D–K) and southern (N–R) regions with the boundary at around 28°30′N latitude.
The T-S data obtained from the top of the featureless seafloor of the Okinawa Trough are considered representative of the Kuroshio Current (Figures 2T–V), and the inverse S-shaped curve from the KSW to the KIW via the KSSW is typical of that obtained using T-S data for water masses in the Kuroshio Current (Figures 2T–V). Data from water masses above the continental shelf are mostly outside these regions and curves, and are interpreted to be continental shelf mixed water (SMW) (Figures 2A–C). The surface water above the continental shelf is cooler and less saline than that of the KSW (Figures 2A–C). Ultimately, continental river water is considered to be the end member; however, because it is river water, its salinity is lower than that of seawater, and its water temperature is also lower than that of warmer currents such as the Kuroshio Current. The influence of the SMW is clearly visible in the water masses above the continental shelf (Figures 2A–C, but it is also visible in some of the water masses in the continental slope region, especially the northern waters (Figures 2D–I). Similarly, the influence of the SMW is visible in the water masses above the cold-seep site classified as the northern sea area, especially in 2012 (Figure 2L). The fact that this is not as evident in the 2015 data (Figure 2M) suggests differences in water mass between 2012 and 2015. However, the SMW influence was relatively small in the data from 2015-6, 2015-7, 2015-8, 2015-9, and 2015-10 at sites south of 28°30′N and above the pockmark (site 2012-4), which are classified as the southern area (Figures 2N–S). The data obtained from the seafloor hydrothermal system on the island shelf and in the forearc slope region are plotted within the KSW, KSSW, and KIW (Figures 2T–ab). Only data from the slope area of the forearc deviated slightly from the KIW region, possibly because it was not a Kuroshio Current region in the first place (Figure 2ac). In any case, the T-S diagram generally shows the strong influence of continental shelf mixed waters on the continental shelf and in the northern part of the continental slope area, but not in other areas, and geological features such as submarine hydrothermal or mud volcanoes do not seem to influence the T-S diagram (Figure 2). The T-S is thus considered to be controlled mainly by factors such as ocean area, distance from the continent, and the influence of the meandering Kuroshio Current or continental rivers at shallower than about 100 m.
3.2 Vertical distribution of methane concentration
The distribution of methane concentrations was divided in the same manner as the CTD data (Figure 3). Classification was categorized into continental shelf (Figures 3A–C), northern continental slope (Figures 3D–K), the cold seep located at the southern end of the northern continental slope (Figures 3L, M), southern continental slope (Figures 3N–S), Okinawa Trough (Figures 3T–W), submarine hydrothermal system located in the Okinawa Trough (Figures 3X, Y), island shelf (Figures 3Z–ab), and mud volcano-like features in the forearc slope area (Figure 3ac). Classification is based on submarine morphology such as continental shelf, continental slope, back-arc basin (Okinawa Trough), forearc uplift zone (island shelf), and forearc trench side slope, which changes significantly with distance from the continent, and by the presence of as geological features such as submarine hydrothermal systems, cold seeps, and mud volcanoes (both reported and potential). Each site is plotted on a different graph. The colors and shapes of the symbols used are listed in Table 1.
[image: Figure 3]FIGURE 3 | Vertical distribution of methane concentrations in seawater obtained in this study. Symbols and groupings are the same as in Figure 2. Shading indicates background levels in seawater certified with reference to data from site 2017-7 (U) (see Section 3.2).
First, we examine the distribution of methane concentrations in seawater collected from the area over Okinawa Trough (Figures 3T–V). This area could have ocean water without continental influence as the distribution of methane, because it is part of the Kuroshio Current region. According to these data, the methane concentrations in the seawater were one to two nM up to 400 m below the surface and 0–1 nM at greater depths (Figure 3U). These methane concentration distributions are shown as shaded areas in all graphs in Figure 3, as they correspond to the background of this area.
The distribution of methane concentrations in seawater collected over the continental shelf reveals slightly higher methane concentrations (Figures 3A, B), albeit with small differences, even on a featureless seafloor. On the other hand, the methane concentration in the seawater sampled above a mud volcano (Yin et al., 2003) on the continental shelf (Figure 3C) indicated that the methane concentration was within the same range as the background in the surface layer and increased rapidly below 100 m depth, with a maximum concentration observed at 120 m, below which it dropped. However, a particularly large peak of 10–12 nM was observed at approximately 150 m, and the methane concentration decreased to almost background levels immediately above the seafloor (Figure 3C).
Next, we examined the distribution of methane concentrations in seawater collected from the continental slope region (Figures 3D–S). According to these results, methane concentrations appear to be somewhat scattered in the southern region (Figures 3N–S) but are mostly within the range of background methane concentrations (note that the other graphs have different concentration ranges), including seawater above the pockmarked topography on the continental slope reported by Yin et al. (2003) (Figure 3S). In addition, the distribution of methane concentrations in the seawater just above the cold-seep site, where sampling was conducted twice (Figures 3L, M), shows much higher methane concentrations (∼4 nM) over the surface 100–200 m (Figure 3L) than the background (shaded area in Figure 3L). The methane concentration decreases at 300 m, increases at 400 m, decreases again at 500 m, and increases just above the seafloor. However, in the seawater sampled during the return visit in 2015 (Figure 3M), the methane concentration anomaly observed at around 200 m was not observed, with only the increase just above the seafloor observed. In comparison, methane concentrations in the northern part of the continental slope were generally high (Figures 3D–K) and were significantly higher than the background at approximately 100–200 m below the surface at most sites. Methane concentrations reaching far above background levels were observed at depths below 400 m at several of the sites, with relatively large concentrations observed just above the seafloor at Site No. 2012-1 (Figure 3K). This site was also visited in 2011, the year before the concentration anomaly was observed (Figure 3I), and although the methane concentration at that time was not as high, a peak was observed in the seawater at 800 m (approximately 200 m above the seafloor), similar to 2012 (Figure 3I).
The methane concentrations in seawater sampled above the submarine hydrothermal systems were exceptionally high (Figures 3X, Y). High concentrations of >10 nM were obtained from seawater above known mud volcanoes on the continental shelf (Figure 3C) and in methane-rich seawater on the continental slope (Figure 3G). In contrast, methane concentrations in seawater collected above the seafloor hydrothermal system at the Iheya North Knoll (Figure 3X) exceeded 30 nM, although methane concentrations of only slightly above 10 nM were obtained above the Hatoma Knoll (Figure 3Y).
Site No. 2011-2, an island shelf area (Figure 3aa), was revisited in 2012 (Figure 3ab) and methane above background levels was detected in the samples taken during the second visit in 2012. The concentration distribution of methane in the seawater collected during the first visit in 2011 (Figure 3aa) was similar in shape to that in 2012; however, the absolute value of concentration was approximately 30% lower. Methane concentrations in seawater up to 200 m below the surface remained at background levels in 2011 (Figure 3Z) but were slightly higher than the background in the water mass at 300–500 m. Site No. 2011-8 (Figure 3Z) is located on the same island shelf; however, it is much farther north than the other island shelf sites and is situated in the Tokara Gap, which connects the Okinawa Trough to the Philippine Sea (Figure 1). The methane concentration distribution at Site No. 2011-8 (Figure 3Z) shows background levels in the surface layer with mild methane concentration anomalies in water masses below 400 m in depth.
Finally, the distribution of methane concentrations in the seawater sampled over the volcano-like mud terrain in the forearc region showed methane concentrations at background levels (Figure 3ac).
4 DISCUSSION
4.1 Background concentration distribution of methane in seawater
Let us define the normal distribution of methane in seawater. In the surface layer of the ocean, the concentration is approximately 1‒2 nM, which decreases to an extremely low concentration of 0–1 nM at depths below 400 m (Figure 3U). This suggests that methane reaches a solubility equilibrium with the atmosphere in the surface layer and is oxidized by microorganisms in the water column at depths below 400 m, resulting in the low concentrations observed. Methane is also produced by the decomposition of organic matter in the sediments, from which it can seep, resulting in high methane concentrations both in the sediments and in the seawater just above the seafloor (Sun et al., 2018). In some locations, the methane concentrations in the seawater immediately above the seafloor are particularly high because of disturbance to the seafloor surface, such as that observed in shallow waters under the action of strong currents or in areas with discharging fluids such as hydrothermal or cold-seep fluids (Zhang et al., 2020). Even at these locations, methane in the seawater is degraded by methane-oxidizing microorganisms away from the seafloor, and methane concentrations in the mid-water drop to very low concentrations of 0–1 nM (Watanabe et al., 1995).
4.2 The Yangtze River as a source of methane
The distribution of methane in seawater above the continental shelf is characterized by 1) low salinity and high methane concentration, mainly in the ocean surface layer at the mouth of the Yangtze River, and 2) high methane concentrations just above the seafloor due to the release of methane from the sediments (Sun et al., 2018). In this study, the effects of SMW mixing with low-salinity water of riverine origin were observed on the continental shelf (Figures 2A, B) and continental slope areas (Figures 2D–M). To verify whether these influences also affect the methane concentrations in ocean water, we plotted the distributions of salinity and temperature with depth (Figure 4). As before, the graphs were divided into the continental shelf (Figures 4A–C), northern part of the continental slope (Figures 4D–K), cold seep site located in the northern part of the continental slope (Figures 4L, M), southern part of the continental slope (Figures 4N–S), Okinawa Trough (Figures 4T–W), submarine hydrothermal system in the Okinawa Trough (Figures 4X, Y), and the island shelf area (Figures 4z–ab). The colors and shapes of the symbols used are the same as those listed in Table 1. The water temperature and salinity characteristics for each water mass shown in Figure 2 are boxed in accordance with depth, with water depths shallower than 100 m considered KSW, water between 100 and 400 m denoted KSSW, and water masses deeper than 400 m characteristic of KIW (Zhang et al., 2008). No distribution of the water masses was observed outside the KIW at any of the sites, and no middle water other than that of Kuroshio origin was found. In contrast, water masses with lower salinity (≤34–34.45 psu) and temperatures (≤25 C) than KSW are distributed in water at depths shallower than 100 m (Figures 4A–M).
[image: Figure 4]FIGURE 4 | Vertical profiles of salinity and water temperature at the grouped stations. Symbols and groupings are the same as in Figure 2. The areas of each water mass are indicated by squares using water temperature and salinity data from Zhang et al. (2008).
The water sampled on the continental shelf, which is only approximately 100 m deep, shows lower salinity and temperature than the KSW (Figures 4A, B), suggesting that it is influenced by water of riverine origin (SMW in Figures 4A, B). The methane concentrations on the continental shelf show modest anomalies (∼two to three nM) that are only slightly higher than the background (∼1–1.5 nM; Figures 3A, B). This suggests that SMW is characterized by a methane concentration anomaly of only a few nM.
Seawater was also sampled just above the mud volcanoes on the continental shelf (Figure 3C), where the salinity is uniformly low (<34.5 psu) from the surface to a depth of approximately 150 m (Figure 4C), suggesting that low-salinity water of riverine origin may be influential in this area. Salinity was observed to increase sharply from ∼33.7–33.8 psu to ∼34.4 psu and water temperature decrease slightly around 15°C with depth in this location (Figure 4C), indicating that the KSSW can affect depths below 150 m (Figure 4C). In contrast, the methane concentration increases sharply at a depth of approximately 100 m, decreases at around 130 m, and reaches a maximum between 140 and 160 m (Figure 3C). Continental water originally contains a large amount of methane (Zhang et al., 2020), but continental water near the Kuroshio Current region, which is about 400 km away from the continent, does not seem to contain so much methane. Instead, our data suggest an origin from mud volcanoes (Figure 3C).
4.3 Marine sediments as a source of methane
While SMW effects are visible at depths shallower than 100 m from the continental shelf to the continental slope (Figures 4A–M), methane concentrations reaching 10 nM (Figures 3C, G) or 4 nM (Figure 3L) have been detected at 100–200 m. As we have mentioned, methane concentrations in seawater without anomalies decrease with depth (Figure 3U), however even on the seafloor without anomalies, methane concentrations in sediments are so much higher than in seawater that methane concentrations can increase in seawater just above the seafloor due to gas diffusion and bubble release (Reeburgh, 2007; Weber et al., 2019). On continental shelves, methane concentrations of >10 nM have been reported just above the seafloor in previous studies (Zhang et al., 2020), which likely result from methane reaching the water via sedimentary particles drifting through the seawater (Sun et al., 2018). Based on these observations, we can say that methane that was abundantly distributed in sediments disturbed by bottom currents can spread into seawater, resulting in higher methane concentrations in seawater just above seafloor. It is quite possible that methane-rich seawater just above the seafloor on the continental shelf at depths of 100–200 m formed in such a way migrates horizontally, leading to the observed methane concentration anomalies that exceed 10 nM in the water masses around 100–200 m on the continental slope.
4.4 Hydrothermal systems as a source of methane
Several different methane distributions were identified in seawater immediately above hydrothermal vents (Figures 3X, Y). Seawater sampled directly above the seafloor hydrothermal system shows an unparalleled methane concentration distribution (Figure 3X) that covers a range of several tens of nM, whereas a range of only a few nM with a maximum of 10 nM was observed in other areas (Figure 3Y). The submarine hydrothermal systems found at several locations in the Okinawa Trough exhibit high methane concentrations (Kawagucci, 2015). This feature is thought to be due to the geological background of the Okinawa Trough, which is classified as a sediment-covered back-arc system, from which methane from organic matter in the sediment is released when submarine hydrothermal fluids circulating through the sediment are expelled (Kawagucci, 2015). Table 2 summarizes the methane concentrations in the seafloor hydrothermal fluids of the Okinawa Trough reported to date. The maximum methane concentrations in the seawater immediately above the hydrothermally active zone are also summarized (Table 2), and for comparison, the maximum concentrations of methane detected in seawater immediately above a seafloor hydrothermal system without sediment are summarized (Table 2). A methane concentration of 3.7 mM was observed at the Iheya North Knoll, which is marked with a red open circle (Kawagucci et al., 2011), whereas 21 mM was reported at the Hatoma Knoll, which is marked with a red open triangle (Toki et al., 2016). Two submarine hydrothermal activity zones JADE and HAKUREI, have been identified in the Izena Hole, where methane concentrations of 4.9–7.1 mM and 6.8 mM have been observed, respectively (Ishibashi et al., 2014). In addition, a value of 13.5 mM was reported for Yonaguni Knoll IV (Konno et al., 2006). By comparison, methane concentrations in the hydrothermal fluid of 82 µM were reported in a submarine hydrothermal system without sediment cover in the Kairei field at the Rodriguez Triple Junction in the Central Indian Ridge (Gamo et al., 2001) and concentrations of 2 µM were observed in the TOTO caldera at the southern end of the Mariana arc (Gamo et al., 2004). Using the Mg concentrations listed in Gamo et al. (2004), assuming that pure hydrothermal fluid contains no Mg and that all Mg is derived from seawater (Von Damm, 1995) and correcting for seawater dilution, we estimate that approximately 26 µM of hydrothermal fluids are vented from the TOTO caldera around the southern end of the Mariana arc (Gamo et al., 2004). The methane concentrations detected in the seawater immediately above the features described have been reported at ∼10‒1,030 nM (Table 2; Gamo et al., 2001; Gamo et al., 2004; Gamo et al., 2010; Kawagucci et al., 2010). The datasets describing these areas are shown in Figure 5.
TABLE 2 | Maximum concentrations of methane in seawater immediately above the hydrothermal system in the Iheya North and Hatoma Knoll obtained in this study and reported end-membered concentrations of methane in hydrothermal fluid. In addition, similar datasets reported for the Okinawa Trough and representative similar datasets for other areas are also presented for comparison.
[image: Table 2][image: Figure 5]FIGURE 5 | Comparison of the highest methane concentration in seawater above the hydrothermal system to the concentration of methane in the hydrothermal fluid.
Thus, there was an overwhelming difference in the concentration of methane in the hydrothermal fluids from the sediment-covered Okinawa Trough and that of other hydrothermal systems without sediment cover. However, regarding the methane concentrations obtained previously, little difference was observed in the methane concentrations of seawater obtained in this study (Figure 5). Furthermore, the methane concentrations in the seafloor hydrothermal fluid reported at Hatoma Knoll and Yonaguni Knoll IV were one order of magnitude higher than those at Iheya North Knoll and the Izena Hole. However, the concentration of methane in the seawater was overwhelmingly high just above Yonaguni Knoll IV and lowest at Hatoma Knoll (Figure 5). These results indicate that it is relatively difficult to quantitatively determine the methane concentration in a seafloor hydrothermal system as compared to seawater. For example, even if a Niskin water sampler is used directly above the point of a reported seafloor hydrothermal system, the proximity of the sampler to the seabed cannot be accurately determined, and the results obtained by a surface ship survey are limited by sampler sweep and the distance at which samples are obtained in the horizontal direction. Nevertheless, the methane concentrations in seawater sampled by the Niskin water sampler directly above various geological features such as the submarine hydrothermal system were found to be orders of magnitude higher those observed in seawater from other locations (Figure 3), indicating that the submarine hydrothermal system is an exceptional source of methane to the water column.
At the very least, we can be certain that there is a source of methane where water masses with methane concentrations higher than background are found. Conversely, no active sources are assumed in areas where the methane concentration is similar to background levels. If a sampler is lowered at a location where there should be a source of methane as a result of latitude and longitude but no water mass higher methane concentrations are observed, it is possible that the sampler has been swept away or that the source of methane is currently inactive. For example, anomalous methane concentrations can be detected several tens of kilometers downstream of a bottom flow stream, but not upstream, of water masses with methane concentrations higher than the background, even at a distance of only a few kilometers (Zhang et al., 2020). Indeed, it is common for no methane concentration anomalies to be detected in the seawater near undiscovered hydrothermal systems (Gamo et al., 2001; Yamanaka et al., 2015).
4.5 Mud volcanoes as a source of methane
Figure 3W shows the distribution of methane concentrations directly above a mud volcano (Ning et al., 2009), in an area where the water reaches a depth of ca. 1,500 m. A concentration anomaly can be observed just above the seafloor, albeit small (∼1.5 nM), with background levels of methane at other depths (Figure 3W). The site marked with a brown open square (Figure 3ac) selected from the bathymetry map as a mud volcano-shaped site was associated with methane concentrations slightly above background levels approximately 100 m above the seafloor (1,200 m depth). This indicates that this site, which is located in the southern part of the Ryukyu Forearc, where no mud volcanoes have been reported, may be close to a slightly active methane venting area (Figure 1). Considering the normal places for magma formation (near an island arc, back-arc, mid-ocean ridge, or hot spot), the source of methane venting into the fore-arc would be either mud volcanoes or cold seeps.
4.6 Cold seeps as a source of methane
Seawater samples were collected over 2 years in the area directly above the cold seep site (Figure 3L: 2012, Figure 3M: 2015). In both years, very mild methane concentration anomalies (∼2 nM) were found just above the seafloor surface, and once the methane concentration dropped to background levels, methane concentrations (∼2.5 nM in 2015 and ∼1.5 nM in 2012) were still detected in water masses a few hundred meters above the seafloor surface (Figures 3L, M). We cannot confirm whether this is an indication of methane migration via bubbles or discharge at different heights, except through direct observation of the seafloor. However, the methane concentration anomaly at around 100–200 m (∼4 nM), which was observed only in 2012 at this site, may have been due to bottom currents on the continental shelf, as discussed in Section 4.3. Because this methane concentration anomaly was not observed in 2015, it can be assumed that such currents yearly, depending on the conditions just above the seafloor surface. These methane concentration anomalies (Figures 3L, M) are mild as compared to the methane concentration anomalies observed above the submarine hydrothermal systems (Figures 3X, Y) or highly active mud volcanoes (Figure 3C). This may be partly due to the relatively mild material fluxes of mainly reducing substances such as methane, hydrogen sulfide, and ammonia associated with cold-seep events as compared to mud volcanoes and submarine hydrothermal systems (Levin et al., 2016). Nevertheless, the results of this study indicate that methane can also be used to detect cold-seep activity.
4.7 Unidentified methane sources in the continental slope area
The data for water masses collected from the continental slope area are shown in green; however, because of the large number of sites, those in the north (Figures 3D–K) were plotted separately from those in the south (Figures 3N–R). Sites with relatively high methane concentrations are located farther north. The sites located to the south had relatively lower methane concentrations in comparison (<∼1–3 nM); however, the overall concentrations appear more scattered than those in the background (Figures 3N–R). It is possible that the continental slope is supplying methane laterally at various depths with some phenomenon that will be discussed later (Figures 3N–R). However, this is likely not a significant source. Such a supply was observed at relatively systematic depths at the northern site, with three positive sites at 100 m (∼4 nM), a large peak at approximately 150 m (∼10 nM), another at 600 m (∼7 nM), three at 800 m (∼3 nM or ∼9 nM), and one at 1,000 m (∼8 nM; Figures 3D–K). The methane concentration anomalies observed at 100–200 m may indicate diffusion of methane from seafloor sediments, as discussed previously. However, the source at 1,000 m may be located on the seafloor surface, whereas the methane concentration anomalies observed around 600 m or 800 m may indicate methane on the continental slope. In the case of a submarine hydrothermal system, magma can be assumed present in the Okinawa Trough; however, the existence of magma on the continental slope area is unthinkable. As for other sources of methane supply from the seafloor, methane emissions caused by the decomposition of organic matter, such as mud volcanoes and cold seeps (Kopf, 2002), may occur even in continental slope areas. It is thought that a source of methane is present 600–1,000 m below the seafloor at around 29°N, as indicated by the green open triangles, open diamonds, and green plus marks in Figure 1.
Of these, at Site No. 2012-1 (white plus mark in green solid square; Figure 3K), seawater was also sampled in 2011 (green plus mark), at that time a small methane concentration anomaly (∼2 nM) was detected at 800 m (Figure 3I). Near this site, a Chinese group recently found a cold seep (Xu et al., 2021), and bubbles emanating from the seafloor have been suggested by acoustic imagery (Chen et al., 2022). Although the detailed location has not been specified, bacterial mats and Calyptogena colonies have been found on the seafloor at a depth of about 900–1,000 m near 127°30′E, 29°N, and water masses with methane concentrations exceeding 20 nM have been detected in the seawater directly above the area (Zhang et al., 2020). In this study, only a maximum of approximately 8 nM was detected (Figure 3K). However, it seems certain that there was a source of methane on the seafloor in the continental slope area. Further clarification of the distribution of methane sources is required through extended seafloor observation.
4.8 Unidentified methane sources in the shelf area
Sites that are described by black open and solid squares were sampled in 2011 and 2012 by selecting an empty area on the island shelf and considering it a reference. Anomalous methane concentrations (∼1.5–2.5 nM) were detected from 200 m to 600 m in 2011 (Figure 3aa), whereas anomalous methane concentrations (∼1.5 nM) were detected from the surface to approximately 600 m in 2012 (Figure 3ab). This site is located on the Ryukyu Islands across the Okinawa Trough in mainland China. The Kuroshio Current flows into the sea just above the Okinawa Trough (Figure 1), and the distribution of methane in this current is at background levels (Figure 3U). The influence of continental shelf-mixed water was also observed just above the continental shelf in the yellow open circle and open triangle areas in the T-S diagram, where slightly higher methane concentrations were detected (Figures 3A, B); however, these effects are expected to be reset in the Kuroshio watershed. This suggests that the island shelf itself is the source of the methane concentration anomalies observed in the middle layers of these island shelf areas (Figures 3aa, ab). Because of the influence of domestic wastewater, rivers, and coral reefs, it is possible that groundwater that previously seeped into the subsurface may be upwelling from the coastal seafloor (Umezawa et al., 2002). Submarine groundwater discharge has been observed along the world’s coasts, and it has been reported that as groundwater passes through sediments, it entrains and discharges reducing substances such as methane, hydrogen sulfide, and ammonia, which are rarely distributed in seawater (Lecher et al., 2016; Purkamo et al., 2022; Brankovits et al., 2017; Lecher, 2017; Lecher and Mackey, 2018; Sadat-Noori et al., 2018). Such an inflow of land water, such as groundwater or river water, could be observed using anomalies in the T-S diagram. However, such salinity and temperature anomalies were not visible in the T-S diagrams (Figures 2aa, ab) and the T-S profiles (Figures 4aa, ab). Therefore, groundwater and river water from the island cannot explain the anomalous methane concentrations in the middle layer that was observed at these sites. This area is not completely enclosed, but is surrounded by the Kerama Islands, Okinawajima, and Kumejima (Figure 1), and only the north, which is considered shallow water at a depth of approximately 750 m, can be considered open (Figure 1). No volcanic or hydrothermal activity was observed in the surrounding area, and the methane distribution did not seem to indicate a source on the seafloor (Figures 3aa, ab). Instead, the methane accumulates annually in this area, with concentration peaking at approximately 300–400 m, and despite the concentration differences, it appears to have peaked at the same depth in 2011 (Figure 3aa). One possible explanation is that methane seeps from the seafloor of the nearby island shelf at this depth, forming the peak. Around southern Okinawajima, an organic-rich formation called the Shimajiri Group is known to contain natural gas (Toki, 2013). The origin of methane is thought to be the Nago Formation, which is equivalent to the lower Shimanto Formation but is exposed in the Kerama Islands as the Kerama Formation (Chinen et al., 2004; Miyagi et al., 2013). In addition, faults that are associated with the marine terraces that were actively formed during the Pleistocene have been inferred along steep cliffs near the isobath at a depth of 500 m (Izumi et al., 2016), which may form pathways along which methane from beneath the seafloor can traverse. Methane accumulates in summer and is released into the atmosphere during the development of the mixed layer in winter and reset (Tsurushima et al., 1996). Its distribution varies from year to year. However, further studies are required to confirm this hypothesis.
The site (black open diamond) at which the East China Sea and the Philippine Sea are connected, denoted the Tokara Gap, is located between Amami Oshima and Yakushima and has a water depth of nearly 1,100 m (Figure 1). Anomalous methane concentrations (∼one to two nM) were also observed in the mid-oceanic layer at depths of 200–800 m at this site (Figure 3Z). Similar to the site denoted by the black open square, the influence of continental China is unlikely here (Figure 1). Furthermore, no influence of land-sourced water from the island is visible in the T-S diagram (Figure 2Z) and the T-S profile (Figure 4Z). However, plumes with methane concentrations of 200 nM and of 6 µM have been observed at depths of 140 m and 300–350 m, respectively, at the Tokara Islands located immediately to the west (Wen et al., 2016). The supply of these high methane concentrations can be effective, depending on the distance and direction. However, the effect is not quantifiable as the methane peak at 300 m may have been affected by high concentrations of methane spread over a distance. Because anomalous concentrations were observed to a depth of approximately 800 m, it is possible that other unknown submarine hydrothermal activities are present on the seafloor slope between the Tokara Islands and the Tokara Gap.
4.9 Overview of the sources of methane in the East China Sea
Vertical sampling of seawater was conducted intermittently over the East China Sea in early June from 2011 to 2015. The combination of temperature and salinity indicates that different water masses are distributed in each geographical area, such as the Kuroshio, continental slope, and continental shelf regions, which can be explained by water masses mixing with continental shelf mixed water, which comprises pure seawater and river water from the continent. On the other hand, an additional feature observed in the methane concentration indicates the presence of a geological singularity (Figure 6). Mild anomalies in the methane concentration were observed in the water masses around the continental shelf area, suggesting the influence of water with high organic matter and methane content derived from the diffusion of methane from seafloor sediments. Seawater sampled just above the mud volcano also showed larger methane concentrations, which probably depend on the activity level and distance to which the water sampler was swept from the volcano. The identification of the world’s first methane concentration anomaly indicating the presence of a mud volcano that is not associated with the southern Ryukyu Islands created a stir for future research on new mud volcanoes.
[image: Figure 6]FIGURE 6 | Schematic representation of representative methane sources in the East China Sea obtained in this study.
Anomalous methane concentrations were observed directly above the submarine hydrothermal system at levels not observed in other areas, indicating the high potential of this area as a source of methane. Anomalous methane concentrations were also observed directly above the cold-seep site, but not the submarine hydrothermal system. During the 2 years over which samples were taken from the cold seep site, high methane concentrations observed just above the seafloor on both occasions indicate that the cold seep was definitely discharging methane. In addition, anomalous methane concentrations were often observed at 100–200 m in the vertical profiles collected from continental slope areas, including a cold-seep site, suggesting that diffusion from submarine sediments on the continental shelf was probably the source of the methane. The vertical profiles of seawater sampled from the continental slope appear to show greater methane concentration scatter than other areas of the ocean as compared to the background. This suggests that methane is supplied from continental slopes at various depths, and may be the cause of the variation in concentration. This is particularly true for the continental slope around 29°N, where methane concentrations are high, suggesting that the continental slope itself may provide other sources of methane such as cold seeps and mud volcanoes, which are not related to igneous activity. In addition, slight anomalies in the methane concentrations were detected mid-level in the shelf area of the Ryukyu Islands. Because methane seeps from the surrounding seafloor may occur, it is necessary to search for seafloor phenomena such as cold seeps, mud volcanoes, or submarine hydrothermal activity that could be sources of methane in the continental slope area, southern Ryukyu forearc, and the Ryukyu Islands shelf area.
5 CONCLUSION
Our study of methane distribution in seawater around the Ryukyu Arc reveals the following. Terrestrial water from continental China is a relatively mild source of methane to seawater (<4 nM), while more methane appears to be supplied by mud volcanoes (∼12 nM). In addition, submarine hydrothermal systems are a uniquely large source of methane (∼30 nM). The continental slope appears to be a source of methane mainly north of 29°N (∼10 nM). High concentrations (<3 nM) of methane water masses have also been detected on the island shelf and in forearc region, and it appears that there are still undiscovered sources of methane on the island shelf and in forearc region.
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Mud volcanoes (MVs) are surface structures typically created by episodic discharge of fluids and solids, often associated to onshore and offshore accretionary prisms on convergent plate boundaries. Detailed investigations of ongoing activity and its associated morphological changes, as well as a better understanding of the temporal evolution of these highly dynamic systems, may improve the estimations of material fluxes from MVs drastically. Until today, approximately 70 individual MVs were discovered in the northern Ionian Sea in the Calabrian Arc (Central Mediterranean Sea), but only a few have been analyzed and described in detail. In this study, new evidence for recent recurring eruptive activity of the ∼45 m-high and 1 km-wide Sartori MV situated in the clastic wedge of the Calabrian Arc is presented. High-resolution seafloor mapping as well as sediment temperature, geochemical, and sedimentological data received from two research cruises in 2016 and 2020 are used. Bathymetric and seafloor backscatter data (1 m scale) indicate the presence of two active eruption centers at the flat-topped Sartori MV. Elevated sediment temperature gradients at both eruption centers show that currently heat is transferred to the surface sediments. Pore water analyses indicate that fluids rising below the eruption centers are CH4-rich, Cl−-poor, and SO42−-free. Stable C and H isotopic compositions of methane suggest that it originates from a mix of primary microbial, secondary microbial, and/or thermogenic sources. A relatively shallow position of the sulfate–methane interface at both eruption centers also indicates the presence of upward fluid migration in recent times. Pore water modeling suggests that seawater has penetrated the surface sediments to a greater extent within the last few years. In contrast, centimeter-thick layers of hemipelagic sediments overlying mud breccia in sediment cores taken from both eruption centers show that no solid material has been ejected in recent times. Sediment core analyses combined with high-resolution seafloor mapping show an absence of rim-passing mudflows over the past ∼10 ka. It is concluded that Sartori MV is an episodically active MV from which fluids with a comparatively low flux were released into the bottom water in recent times.
Keywords: mud volcano, Calabrian Arc, AUV mapping, fluid flux, sediment temperatures, pore water chemistry, methane, stable isotopes of methane
1 INTRODUCTION
Mud volcanoes (MVs) are geological structures that occur in onshore and offshore settings but are most abundant in geologically active regions (Higgins and Saunders, 1974; Milkov, 2000; Kopf, 2002; Mazzini and Etiope, 2017). The majority of MVs are distributed in compressional tectonic settings, such as accretionary prisms (Dimitrov, 2002; Kopf, 2002). MVs are fed by one or more feeder channels rooting deep within their source rock (Etiope and Milkov, 2004; Somoza et al., 2012; Menapace et al., 2017b) and are driven by the upward migration of overpressured fluids, ending in the extrusion of solids (mud breccia), liquids, and gases (Revil, 2002; Planke et al., 2003; Etiope, 2015; Mazzini and Etiope, 2017). Mud breccia contain fine-grained mud and clasts of different sizes from strata the material crossed on its way up through the sub-surface (Milkov, 2000; Revil, 2002). The morpho-structural shapes of MVs consist of a broad variety, including crater-like structures, (collapsed) mud cones, and flat-topped edifices (Kopf, 2002; Paull et al., 2015; Mazzini and Etiope, 2017). It has been proposed to divide the activity cycle of a MV into four phases: eruption (episodic overpressured material in the feeder channel with the formation of the MV edifice and the eruption of high volumes of mud breccia), depletion (upward fluid migration and the ejection of small volumes of mud breccia), quiescence (MV subsidence, caldera build-up, accumulation of pore pressure, and ejection of small volumes of mud breccia), and reactivation (resuming of the active phase; Mazzini and Etiope, 2017; Menapace et al., 2017a). Ongoing MV activity is often associated with seafloor discharge of bubble-forming gas originating from overpressured or naturally escaping pore fluids, which are hydroacoustically detectable as flares in the water column (Greinert et al., 2006; Sauter et al., 2006; Sahling et al., 2009; Römer et al., 2014). Further evidence of MV activity comes from temperature and pore water concentration anomalies (Bohrmann et al., 2003; Castellini et al., 2006; Mastalerz et al., 2007; Feseker et al., 2009; Pape et al., 2010; Feseker et al., 2014; Pape et al., 2014), which are, in contrast to gas bubble escape in the water column, also identifiable after the eruptive phase of a MV. When pore water compositions show a significant depth gradient, any transient deviation from stationary conditions may be used to estimate the timing of sediment-disturbing events (Niewöhner et al., 1998; Hensen et al., 2007; Strasser et al., 2013; Pape et al., 2020b).
Marine sediments typically show pore water of dissolved sulfate concentrations to be linearly decreasing with depth until they reach the sulfate–methane interface (SMI), where most of the seawater-derived SO42− is consumed by the microbially mediated anaerobic oxidation of methane (AOM; Claypool and Kaplan, 1974; Boetius et al., 2000). Below the SMI, methanogenesis is the main metabolism and pore waters are characterized by increasing methane concentrations with depth (Castellini et al., 2006). The depth of the SMI is controlled by the flux of organic matter, the intensity of sulfate consumption, and the strength of upward migrating CH4 from buried methane reservoirs in the sediment column (Dickens, 2001; Bhatnagar et al., 2008; Pape et al., 2020b). In advection-dominated regimes (such as MVs), the SMI is situated close to the seafloor when CH4 and other light hydrocarbons migrate rapidly through the channel to the seafloor, driving hydrocarbon oxidation in the shallow seabed (Borowski et al., 1999; Suess et al., 1999). To prove transient SO42− concentration profiles and track the fluid evolution over time, pore water chloride (Cl−) concentrations can be used (Castellini et al., 2006).
More than 500 submarine MVs are known from the Mediterranean Sea so far (Mascle et al., 2014; Miramontes et al., 2023), and the regions of MV activity are influenced by the African–European subduction zone (Dimitrov, 2002; Kopf, 2002). From the northern Ionian Sea, which hosts Sartori MV investigated here, approximately 70 individual MVs were discovered until today (Ceramicola et al., 2014b; Cuffaro et al., 2019). Except from detailed analyses of the active twin-cone Venere MV (Loher et al., 2018a; b, c) and the dormant flat-topped Bortoluzzi MV (Cuffaro et al., 2019), both located in the forearc basins, studies about the Calabrian Arc MVs mainly concentrated on their general distribution and morphologies (Praeg et al., 2009; Panieri et al., 2013; Ceramicola et al., 2014b). In the area of Sartori MV, two sediment cores consisting of chaotic deposits and pebbly mudstones were recovered in 1981 (Morlotti et al., 1982) and referred to MV activity by Sartori (2003), confirmed by Panieri et al. (2013). In 2014, the ∼45 m-high and ∼1 km-wide Sartori MV was first described and named by Ceramicola et al. (2014b).
In this study, new data from Sartori MV that was investigated in detail during two research cruises in May 2016 and October–December 2020 (POS499 with R/V POSEIDON and SO278 with R/V SONNE) are reported. It includes high-resolution seafloor mapping, investigations of in-situ sediment temperatures, geochemical pore water analyses, and sedimentological observations. These data are used to define the timing and extent of mass and pore water egress and the utility of these sampling techniques for constraining active processes in mud volcano settings.
2 GEOLOGICAL SETTING
The Calabrian Arc subduction complex in the central Mediterranean Sea is the Calabrian Accretionary Prism (CAP; Figure 1). It is formed as a result of the progressive northwest-oriented subduction of the African Plate below the Eurasian Plate, accompanied by slab-rollback and formation of back-arc basins during the past 30 Ma (Malinverno and Ryan, 1986; Wortel and Spakman, 2000; Faccenna et al., 2011). The African–Eurasian convergence in this area is relatively slow, with rates of less than 5 mm/yr (Serpelloni et al., 2007; Palano et al., 2012). The Calabrian subduction zone is assumed to present an area where remnants of the Mesozoic oceanic crust of the Neo-Tethys Ocean are involved in subduction until today (Spakman, 1986; Rosenbaum et al., 2002; Granot, 2016). The CAP consists of up to 10 km of scraped-off sediments which accumulated and formed the overall accretionary complex spanning over 300 km from onshore Calabria to the Ionian Abyssal Plain, where it intersects with the Mediterranean Ridge (Figure 1; Rossi and Sartori, 1981; Minelli and Faccenna, 2010). It is bounded by the Malta escarpment to the southwest and the Apulia escarpment to the northeast. These are the two major structural discontinuities in this area (Cernobori et al., 1996; Gallais et al., 2012). The morphology and structure of the CAP may be divided into three main parts: 1) the post-Messinian external evaporitic wedge, 2) the pre-Messinian internal clastic wedge in which Sartori MV studied herein is located, and 3) the Spartivento–Crotone forearc basins (Figure 1; Polonia et al., 2011; Ceramicola et al., 2014a; Gutscher et al., 2017). The pre-Messinian internal wedge mainly hosts clastic sediments affected by thrusts forming basins and ridges of several hundred meters in relief. The Calabrian Escarpment, which reaches up to 750 m above the seafloor, marks the transition from an inner plateau to an outer, more rugged area (Cernobori et al., 1996; Praeg et al., 2009; Polonia et al., 2011; Gutscher et al., 2017). In contrast, the post-Messinian external wedge hosts evaporites originating from the Messinian salinity crises (Hsü et al., 1977; Roveri et al., 2014). Complex geodynamic processes, strike–slip faulting, and internal deformation of the external and internal wedges are the responses of the steady and ongoing subduction (Gutscher et al., 2019). Low-velocity anomalies of seismic waves are coincident spatially with compressional structures and tectonic thrusting, resulting in mud volcanism associated with fluid and mud expulsion at the surface (Prada et al., 2020). The offshore Spartivento–Crotone forearc basins with accreted Mesozoic–Cenozoic units at their basements are filled with sediments of the Miocene age (i.e., Messinian evaporites) up to Plio-Pleistocene units (Capozzi et al., 2012; Zecchin et al., 2015).
[image: Figure 1]FIGURE 1 | (A) Overview map showing the location of Sartori MV (red star) in the northern Calabrian Accretionary Prism (CAP) within the northern-central Ionian Sea. Plate boundaries and the African–Eurasian subduction zone are shown in black (according to Gutscher et al. (2017)). (B) Bathymetric map of the CAP (https://emodnet.ec.europa.eu/en/bathymetry). Sartori MV (red star) is situated within the internal clastic wedge of the CAP, west of the Calabrian escarpment (red line, Ceramicola et al., 2014b). Black dots represent other MVs in this region which are expected, inferred, and partially approved (Ceramicola et al., 2014b; Loher et al., 2018a). Plate boundaries and the African–Eurasian subduction zone are shown in black (according to Gutscher et al., 2017).
3 MATERIALS AND METHODS
3.1 Hydroacoustic seafloor and water column investigations
Swath bathymetry data were obtained during cruise SO278 in 2020 (Bohrmann et al., 2022) using a Kongsberg EM122 (12 kHz) ship-borne hydroacoustic system. The multibeam data included the water column backscatter information, which has been analyzed for anomalies resulting from gas bubble emissions using the QPS Fledermaus midwater tool. During cruise POS499 (Bohrmann et al., 2016), high-resolution swath bathymetry and seafloor backscatter data were collected with a Kongsberg EM 2040 (400 kHz) system mounted on the autonomous underwater vehicle (AUV) MARUM-SEAL 5000. The altitude of the AUV was ∼80 m above seafloor. Post-processing of bathymetric and backscatter data was carried out using the open-source software MB-System (Caress and Chayes, 1996). While the resulting ship-based bathymetric grid has a resolution of 25 m, the AUV-based bathymetry data were gridded at 1 m lateral and decimeter-scale vertical resolution. The AUV-borne grids were tied to the ship-borne bathymetry by setting anchor points at prominent morphological features which shifted the AUV grids both vertically and laterally to its final position with an uncertainty of ∼30 m.
3.2 Sediment sampling, core description, and line scanning
Cores of near-surface sediment from Sartori MV were collected during cruises POS499 and SO278 with a gravity corer (GC) equipped with a 5.75 m-long core barrel (Table 1). For retrieval of sediment cores with almost undisturbed sediment surfaces, a multicorer (MUC) equipped with six tubes (≤50 cm core length) was used.
TABLE 1 | Specifics of GC and MUC cores collected during cruises POS499 (2016) and SO278 (2020) relevant in this study and geochemical analyses performed for gas and pore water samples.
[image: Table 1]Individual coring positions were chosen by investigating bathymetric and seafloor backscatter data, focusing on sampling sites as close as possible to the mud extrusion sites (Figure 2). For accurate positioning, the Posidonia underwater navigation system (IXSEA) with a transducer mounted on the cable 50 m above both coring devices was used. Gravity core GC21 was taken in a flexible plastic foil liner, which allowed for rapid access to the sediment. The core was used for core description and pore water sampling. Gravity cores GC01, GC33, and GC38 were taken in rigid plastic liners for transportation and long-term storage in the MARUM core repository. The uppermost (∼5 cm) of very fluidized material of GC01 is not preserved within the core liner and, therefore, not further analyzed. To capture sedimentary structure patterns, such cores were longitudinally split immediatedly after recovery on board during cruise SO278, and the archive halves were photographed at a 500-dpi resolution using the smartCIS1600 line scanner of the MARUM GeoB Core Repository. To investigate the presence of mud breccia and analyze changes in the lithology, macroscopic core descriptions were generated for all cores. These can be found, merged with the line scans, in the Supplementary Material.
[image: Figure 2]FIGURE 2 | (A) Ship-borne bathymetry acquired during cruise SO278 showing the flat-topped Sartori MV at a resolution of 25 m and the positioning of the heat flow probe sites. (B) High-resolution (1 m) AUV-borne bathymetry of the entire edifice of Sartori MV visualizing small-scale seafloor features. Positions of GC and MUC coring sites are also shown. EEC, eastern eruption center; WEC, western eruption center. (C) High-resolution backscatter map showing central high seafloor backscatter areas and GC and MUC sites. (D) Slope data as well as GC and MUC locations. (E) NW–SE-oriented profile across the MV showing major morphological elements (WEC, EEC, plateau, and rim).
3.3 Preparation of headspace gas and pore water samples
For vertical profiling of ex-situ concentrations of dissolved methane and the determination of methane stable C and H isotopic composition, headspace gas samples were prepared from both MUC cores and gravity cores, following a modified method based on Kvenvolden and McDonald (1986), as described in Pape et al. (2014). Approximately 3 mL of bulk sediment was collected from the cores with cut-off plastic syringes and transferred into 22-mL glass vials prefilled with 5 mL of a 1 M NaOH solution. The vials were crimp-capped with a butyl rubber stopper and stored upside-down until analysis. The sampling interval for pore water CH4 measurements was 2 cm in MUC tubes and generally 25 cm in GCs (min. 21 cm to max 50 cm depending on the core characteristics).
Pore water concentrations were used for i) assessment of the modern SMI depth and ii) for modeling the evolution of pore water concentration profiles. Pore water was extracted ex situ from selected sediment depths of four gravity cores (GC01, GC21, GC33, and GC38) and two MUC cores (MUC23 and MUC30). Pore water samples were collected from whole round sediment cores using disposable syringes and rhizon samplers (Seeberg-Elverfeldt et al., 2005; Dickens et al., 2007). Rhizons automatically filter samples at <0.15 µm. Unused rhizons have been soaked in DI water prior to use; to rinse the dead volume (approximately 120 μL) and potential production-related contaminants, the initial volume of the pore water sample has been discarded. The sampling interval for pore water measurements of SO42− and Cl− at MUC cores was every 5 cm, starting from 2 cm (MUC30) and 3 cm (MUC23) core depth. A sampling interval of 10 cm was used for pore water measurements of SO42− and Cl− in GC cores ranging from a core depth of 5 cm (GC21; GC33; and GC38) or 10 cm (GC01) sediment depth. For concentration analysis of anions Cl− and SO42− at the MARUM sediment geochemistry lab, untreated pore water samples of filtered and unacidified aliquots were extracted and stored at 4°C until analysis.
3.4 Gas and pore water analyses and modeling of pore water concentration profiles
Concentrations of dissolved methane in headspace gas samples were either determined onshore (POS499) or on board (SO278) using an Agilent Technologies three-channel 7890B gas chromatograph (Pape et al., 2010). Methane and C2–C6 hydrocarbons were separated and quantified with a capillary column connected to a flame ionization detector. Calibrations and performance checks of the analytical system were conducted regularly using commercial pure gas standards and gas mixtures, which yielded a precision better than 1.5%. Reported concentrations are not corrected for sediment porosity and Bunsen coefficient.
Stable carbon and hydrogen isotope ratios (13C/12C and 2H/1H) of methane were determined for selected headspace gas samples prepared from gravity cores at MARUM as described in Pape et al. (2020a) and Pape et al. (2020b). A Trace GC Ultra-GC IsoLink connected to a MAT 253 isotope ratio mass spectrometer (IRMS) via a ConFlo IV interface (all components Thermo Fisher Scientific Inc.) was used. Methane was separated by gas chromatography and either combusted (1,030°C) or pyrolyzed (1,440°C) to generate CO2 or H2, respectively. CO2 or H2 was then transferred to the IRMS for analysis of 13C/12C or 2H/1H. Reported isotope ratios are arithmetic means of duplicate measurements at least in the δ-notation (in ‰) relative to Vienna PeeDee Belemnite (VPDB) for carbon and Vienna Standard Mean Ocean Water (VSMOW) for hydrogen. Reproducibility was checked daily using commercial methane standards (Isometric Instruments, Canada; Air Liquide GmbH, Germany). The standard deviations of triplicate measurements (δ13C-CH4) were <0.5‰.
Concentrations of Cl− and SO42− in pore water samples were analyzed by ion chromatography (IC) using a Metrohm 882 Compact Ion Chromatograph with an 858 Professional Sample Processor. Standardization was performed against multi-element solutions prepared from commercial single-element standard solutions (National Institute of Standards and Technology Certified Reference Material® NIST CRM). Moreover, IAPSO Standard Seawater from Osil® was used as an external reference material. The precision was 1-σ: < ± 1.0% for Cl− and 1-σ: < ± 2.0% for SO42−.
Depth correction by +10 cm was successfully applied at GC01 only (see Supplementary Material). The alignment is found to be most sensitive by comparing the pore water alkalinity profile (Supplementary Figure S1). The corrected depth of GC01 is used for depth estimation of the SMI and for modeling the pore water concentration profiles of GC01.
Modeling of pore water concentration profiles was performed to mimic the diffusive response to the last disturbance in pore water concentration gradients that may be used to estimate the time that has elapsed since the last MV activity. It is a diffusion-only model in which the initial conditions are prescribed, and the boundary conditions are fixed at the seafloor and at the base of the pore water profile. The method is described in detail in Schulz and Schulz (2005). For modeling, Cl− and SO42− depth-corrected concentrations of GC01 and depth-uncorrected data of GC21 and GC38 were used.
3.5 In-situ sediment temperature measurements
At site GC21 of cruise POS499, five miniaturized temperature data loggers (MTLs; ANTARES Datensysteme GmbH, Germany) attached to the gravity corer were used for measuring in-situ sediment temperatures at an interval of 0.5–1 m (Pfender and Villinger, 2002). An additional logger was mounted on top of the weight to measure bottom water temperature as reference. The gravity corer was left in the seabed for ∼10 min. The accuracy of the MTLs is ∼0.1°C, while the resolution is more than ±0.002 K. During cruise SO278, two in-situ temperature gradient profiles, including 20 individual temperature probe sites, were measured with a conventional 6 m-long giant heat flow probe from the GEOMAR Helmholtz Center for Ocean Research Kiel, Germany. The temperature probe is constructed following the classical “violin bow” design (Bullard, 1954) and described in detail in Hyndman et al. (1979) and Villinger et al. (2010). In total, 22 single thermistors were distributed in an interval of 0.25 m in an oil-filled sensor tube, resulting in an active length of 5.25 m. The resolution of the thermistors is better than 0.002 K over a temperature range from −2 to 60°C. The sensor tube contains a heating wire for heat pulse generation for in-situ thermal conductivity measurements. The sampling interval of temperature readings was set to 1 Hz. A calibrated PT-100 seawater temperature sensor allowed calibrating all thermistors with reference to the seawater. At each site, the heat flow probe was left in the sediment for ∼10 min after penetration to allow the thermistors to adjust to ambient temperatures at each depth. The in-situ sediment temperature in its equilibrium state was calculated afterward by extrapolation from the time series of each individual thermistor. Usually, 21 thermistors were found to work properly.
All temperature data are analyzed and processed after deployment using the program MHFRed, according to Villinger and Davis (1987). A penetration-depth control and tilt correction are included in this program (Villinger and Davis, 1987).
4 RESULTS
4.1 Seafloor morphology
The ship-based multibeam bathymetry of the region around Sartori MV (Figure 2) shows that the MV is a nearly circular, flat-topped topographic structure. The MV has a diameter of ∼1 km and a height of ∼45 m, relative to the surrounding seafloor. In general, the surface of the central area is characterized by a relatively rough and chaotic morphology and is downward sloping from its geometric center toward the outer rim with steep flanks (Figures 2D, E). The high-resolution bathymetry shows two mud eruption centers located approximately 225 m apart from each other in the inner part of the MV to the east and west of the geometrical center of the MV (Figures 2B, E). In the following text, these eruption centers are called the western eruption center (WEC; situated at ∼1,863 m water depth) and the eastern eruption center (EEC; situated at ∼1,853 m water depth).
The EEC is a positive surface feature with a summit (peak) that rises about 3 m above the surrounding area and has a diameter of ∼50 m. It has a smooth and plain surface, which is in contrast to the rough surface structure of the rest of the plateau (Figure 2B). The profile of the EEC (Figure 2E) shows a steeper flank in the west and a flatter side in the east of the summit. The WEC shows a morphologic depression in its inner part, which is bordered by a rim-like frame (Figures 2B, D). Both eruption centers are also identifiable in the AUV-derived seafloor backscatter map which shows pronounced and high backscatter signatures at these sites (Figure 2C). The backscatter amplitudes at the EEC and WEC are significantly higher than those of a relatively low backscatter on the remaining plateau of Sartori MV. The high-resolution bathymetry allows to distinguish numerous topographic ridges and depressions forming concentric mud rings (cf. Dupré et al., 2008) propagating radially and sub-circular as elongated surface features from the two eruption centers to the outer areas of the plateau (Figures 2B, D). The plateau of the MV is surrounded by a pronounced and sub-circular rim, forming its outer edge (Figure 2D).
Emissions of bubble-forming gas migrating from the seafloor to the water column were not observed during research cruises POS499 and SO278.
4.2 Sediment characteristics
The two MUC cores (MUC23 and MUC30) taken from the EEC and WEC, respectively, consist of unconsolidated mud breccia overlain by a hemipelagic sediment cover of 4 cm (MUC23) and 3 cm (MUC30), respectively (Figure 3). The mud breccia contains mud clasts of up to 6 cm in size and is characterized by a strong smell characteristic of H2S. The hemipelagic sediment is composed of brownish foraminifera-bearing silty clay with blackish grains of <1 mm in size (see core description in Supplementary Material).
[image: Figure 3]FIGURE 3 | Schematic representation of sediment compositions in individual GC and MUC cores from Sartori MV collected during cruises POS499 (2016) and SO278 (2020). Mud breccia recovered from the eastern and western eruption centers is fluidized in the upper part and shows a moussy texture in the deeper parts of the cores. The hemipelagic sediment consists of foraminifera-bearing silty clay. For GC01, depth-corrected data are used. Detailed core descriptions can be found in Supplementary Material.
The mud breccia of gravity core GC21 from the southwestern edge of the WEC is overlain by a ∼11 cm hemipelagic sediment dominated by foraminifera-bearing silty clay. As the hemipelagic sediment cover is strongly fluidized, the thickness might be overestimated. The underlying greenish-gray mud breccia revealed abundant mud breccia clasts of sandstones and carbonates with calcite veins. The mud breccia shows degassing structures (moussy texture) at core depths >50 cm (Figure 3; see core description in Supplementary Material). The two gravity cores recovered close to the EEC and WEC (GC01 ∼50 m southwest of the EEC; GC38 ∼40 m of the WEC) show greenish-gray mud breccia and abundant friable mud breccia clasts in sizes of a few millimeter up to 9 cm throughout the core. Degassing structures (moussy texture) are present below an approximate depth of 50 cm of GC01 and ∼55 cm of GC38. No boundaries indicating individual mud breccia sequences are found (Figure 3; see core description in Supplementary Material). A hemipelagic sediment coverage is virtually absent in GC01 and GC38 due to an overpenetration of the gravity corer at both sites. Gravity core GC33 from the western rim of the MV consists of a greenish-gray mud breccia that is overlain by a ∼66 cm-thick hemipelagic sediment package of foraminifera-bearing silty clay. The hemipelagic sediment may be divided into three groups. The 30 cm-thick, light olive-brown clay layer is interrupted by a ∼5 cm interval of silty fine sand with blackish particles, which is graded to its top. This layer of silty fine sand is referred to as the tephra layer Z1 of the Somma–Vesuvius eruption AD 79 (Wulf et al., 2008; Zanchetta et al., 2011). Underneath, a pronounced and turbiditic interlayered (Polonia et al., 2015), organic-rich, dark greenish-gray clay layer of ∼40 cm thickness is present, which is referred to as sapropel S1, with its age dated back to 10.8 ka to 6.1 ka (De Lange et al., 2008; Polonia et al., 2015). In contrast to cores GC01, GC21, and GC38, no degassing structures are observed within the mud breccia of GC33. Instead, the uppermost ∼159 cm of the mud breccia layer comprises only a few clasts, whereas the clast size and clast content increase to larger fragments up to 5 cm in the lower ∼100 cm of the mud breccia layer (Figure 3; see core description in Supplementary Material).
4.3 Pore water composition and methane stable isotopes
Vertical concentration profiles of pore water Cl− of GC21, GC38 (WEC), and GC01 (EEC) show a general decrease with depth (Figure 9, Supplementary Material). Cl− concentrations of GC21 scatter within the upper 50 cm, with the concentrations ranging between ∼493 and 624 mmol/L. Below 50 cm, Cl− concentrations decrease constantly, reaching ∼206 mmol/L at the maximum sampling depth of 275 cm (Supplementary Figure S2). In GC38, the Cl− concentration is nearly constant within the upper 50 cm, ranging between 612 mmol/L and 627 mmol/L. The concentrations decrease from 50 cm to the maximum sampling depth (245 cm), from ∼617 mmol/L to ∼204 mmol/L. In GC01, the Cl− concentrations in the upper sediment layer show a continuous decrease, with a changing magnitude at a depth of approximately 70 cm, from approximately ∼633 mmol/L at the top to ∼213 mmol/L at the lowermost sampling depth (190 cm). In GC33, the Cl− concentrations are stable between 0 cm and 265 cm sediment depth but slightly decrease from ∼600 mmol/L to ∼462 mmol/L at a sampling depth between 265 cm and 315 cm.
Pore water SO42− concentrations of GC21 are slightly scattering between ∼31 mmol/L and ∼24 mmol/L in a sediment depth from 0 cm to 40 cm (Supplementary Figure S3). In a sediment depth between 40 cm and 60 cm, SO42− concentrations decrease to 0 mmol/L and are stable until reaching the maximum sampling depth of 275 cm. In GC38, the SO42− concentrations of ∼30 mmol/L are stable in the upper 45 cm sediment depth and decrease between 45 cm and 85 cm until reaching 0 mmol/L and are stable until reaching the maximum sampling depth. Pore water SO42− concentrations of GC01 decrease from 0 cm to 70 cm sediment depth to concentrations from ∼32 mmol/L to 0 mmol/L and are stable downcore until reaching the maximum sampling depth. In GC33, the SO42− concentrations are stable at ∼30 mmol/L from 0 cm to 195 cm sediment depth and decrease between 195 mmol/L and 275 mmol/L until reaching 0 mmol/L. The SO42− concentrations are stable downcore until reaching its maximum sampling depth of 315 cm.
Vertical concentration profiles of pore water SO42− and CH4 show that the current SMI at both eruption centers of Sartori MV is positioned at a relatively shallow depth [WEC—GC21: ∼45–75 cm (Figure 4B), GC38: ∼50–70 cm (Figure 4C); EEC—GC01: ∼40–60 cm (Figure 4D)]. At the western rim site (Figure 4A), the SMI is positioned significantly deeper (GC33: ∼250–270 cm). Due to differences in the depth correction (see method section), the position of the SMI at GC01 and GC38 is in approximately the same sediment depth, but depth differences should be mentioned. It is suggested that the SMI of GC38 occurs deeper in the sediment, as indicated by the uncorrected depth data.
[image: Figure 4]FIGURE 4 | Concentrations of pore water sulfate and methane (ex situ concentration) at (A) the western rim, (B, C) the western eruption center, and (D) the eastern eruption center of Sartori MV. Seawater concentrations (stars) are plotted as the reference. Core GC21 was collected in 2016 (cruise POS499), and cores GC01, GC33, and GC38 were recovered in 2020 (cruise SO278).
The highest ex situ CH4 concentration (∼1.06 mmol/L) is present in GC01 from the EEC at a depth of 128 cm below the seafloor (Figure 4). In GC38 and GC21 recovered from the WEC, maximum CH4 concentrations are slightly lower, between ∼0.77 mmol/L and ∼0.83 mmol/L, respectively. GC33 taken from the western rim site shows comparably low CH4 concentrations (maximum 0.38 mmol/L). CH4 concentrations in the two gravity cores [GeoB21366-1, 21367–1; maximum core length 4.89 m; data available on the PANGAEA database; Bohrmann et al. (2016)] taken approximately 0.5–1.0 km west of Sartori MV are lower than 0.003 mmol/L. This demonstrates that mud volcanic activity leads to considerable methane enrichments in near-surface deposits, presumably within the entire MV.
δ13C-CH4 values in headspace samples from GC01 (EEC), GC33 (western rim), and GC38 (WEC) ranged between ∼–56 and −63‰ with an irregular and insignificant negative trend with depth (Figure 5). The only two outliers from the general trend are samples from GC01 at ∼0.5 m and from GC33 at ∼2.7 m, which are depleted in 13C by ∼12‰ and ∼5‰, respectively, compared to the adjacent samples. These samples are positioned close to the SMI (see Figure 4D) and may have been affected by microbial isotope fractionation in the course of AOM. δ2H-CH4 values in headspace samples ∼from GC01 (EEC) and GC38 (WEC) show a steep decrease from ∼–140‰ to ∼–190‰ in the uppermost layer (meter) of sediment. Below that depth, δ2H-CH4 values only slightly decrease with depth, and the most negative δ2H-CH4 value of ∼198‰ is determined for the deepest sample from GC38 at ∼2.6 m.
[image: Figure 5]FIGURE 5 | (A) Stable carbon and (B) hydrogen isotopic composition of methane in headspace gas samples prepared from gravity cores collected from the western rim (GC33), the western eruption center (GC38; WEC), and the eastern eruption center (GC01; EEC). The depth of the SMI at the eastern eruption center is shown as the horizontal gray bar.
4.4 Temperature distribution in near surface sediments
Temperature gradients from the central area of Sartori MV vary between −15.4 mK/m and 447.2 mK/m (Figures 6A, B). High gradients were restricted to the central area of the MV. Maximum gradients were measured at sites close to the WEC (139.9 mK/m at HF-20-7; Figure 6A) and EEC (367.8 mK/m at HF-20-5 and 447.2 mK/m at HF-29-5; Figures 6A, B). Gradients from the EEC (HF-29-5) were about three times higher than those from the WEC (HF-20-7). Both eruption centers are characterized by generally higher absolute temperatures near the sediment surface and steeper temperature gradients compared to its surrounding sites. The maximum temperature difference is measured at site HF-29-5 and varies from 14.7°C at the seafloor up to 17.4°C at a sediment depth of 5.7 m below the seafloor (Supplementary Figure S4). The temperature gradient of temperature probe site HF-20-6 is about five times smaller compared to that of both temperature probe sites at the EEC (HF-20-5 and HF-29-5; Figures 6A, B). At a distance of ∼100 m from the EEC, vertical temperature gradients decrease from 447.2 mK/m (HF-29-5) to 66.5 mK/m (HF-20-4) and 89.5 mK/m (HF-20-6). This is a difference from the measured temperature gradient of 357.7 mK/m at a distance of less than 100 m (Figures 6A, B). The linear temperature gradient at site GC21 at the southwestern edge of the WEC is moderate with 44.8 mK/m (Figure 6B). Linear temperature gradients in the nearby areas surrounding the MV ranged between 6.6 mK/m and 10.7 mK/m (Figures 6A, B). Negative temperature gradients (−15.4 mK/m to −1.9 mK/m), which are mainly caused by relatively low sediment temperatures below ∼3 m depth, were measured at six sites (HF-20-3, HF-20-8, HF-29-4, HF-29-6, HF-29-7, and HF-29-9) on the plateau and in the surrounding area of Sartori MV (Supplementary Table S1). All measurement sites of negative temperature gradients are distant to the WEC and EEC (Figures 6A, B).
[image: Figure 6]FIGURE 6 | Temperature gradient profiles HF-20 (A) and HF-29 (B) from cruise SO278 (2020) and the position of GC21, equipped with MTLs, from cruise POS499 (2016). AUV-derived high-resolution map shows the positioning of temperature sites for the central part of Sartori MV. Positions of all temperature measurement sites including those being located outside the MV are shown in Figure 2A. In-situ temperatures at the central part of Sartori MV are higher compared to background temperatures of the surrounding area.
5 DISCUSSION
5.1 Seafloor topography and episodic MV activity
The flat-topped Sartori MV (Figures 2E, 7) with its steep rim flanks and relatively smooth elevation in its central part can be categorized as a plateau-like MV, according to Mazzini and Etiope (2017). The generally smooth morphology is attributed to intermittent eruption events of highly viscous mud breccia stacking in the most central part of the MV. Ring-like structures are present at the flat top, and the mud builds up a slightly positive morphology (Figure 7A). However, gradually collapsing mud cones, which are typical for plateau-like MVs, prevent the development of significant elevations in the central part (Mazzini and Etiope, 2017). Plateau-like MVs in the Mediterranean Sea that have similar dimensions to the Sartori MV include Isis MV, Amon MV (Dupré et al., 2008; Feseker et al., 2009), and Giza MV that are all located in the Nile deep-sea fan (Feseker et al., 2010).
[image: Figure 7]FIGURE 7 | (A) Schematic drawing of prominent morphological features of Sartori MV showing positions of the eastern and western eruption centers, mud rings, the plateau, and the rim of the MV. GC and MUC positions are shown for orientation. High backscatter patches of both eruption centers (shaded in dark gray) and the most prominent mud rings derived from slope data are illustrated. Youngest and top-most material is colored in yellow. (B) NW–SE-oriented profile crossing the EEC showing a pronounced peak within its youngest part. The most recent erupted mud breccia was flowing down the peak to the SE. (C) SW–NE-oriented profile crossing the WEC illustrating the central morphologic depression assumed to result from a mud cone collapse.
Bathymetric and seafloor backscatter mapping show a non-damaged and non-disturbed rim of the MV. The most recently erupted mud breccia, which show the thinnest hemipelagic sediment coverage, is deposited near the central part of the EEC and WEC, respectively (see GC01 and GC33). It is assumed that the featureless surface of the cone-like summit (peak) of the EEC (Figure 7B) consists of the freshest, and therefore youngest, material erupted by Sartori MV. From this mud cone, the most recent erupted material would downflow to the east, creating a flat, sloping (∼2.5°) eastern flank of the EEC peak (Figure 7B). The western flank of the EEC is much steeper (∼8.2°), giving rise to the assumption of a constant mud build-up with no layers of downflowing mudflows at the western flank. The morphological profile of the WEC (Figure 7C) indicates a depression in its most central part, which might result from a mud cone collapse, creating a rugged and slightly depressed topography.
The more or less concentric ridges and depressions on the plateau are interpreted as mud rings attributed to the irregular supply of mud breccia from the eruption centers and its lateral transport toward the MV rim (Figure 7A). Such mud rings show superposition and intercalation, pointing to several consecutive eruption events. It is assumed that episodical activity and, therefore, upward migration of fluids and solids within the central parts of the eruption centers push mud breccia within the conduit vertically and mud breccia that has already been expelled (mud rings) to the sides. Sediment (mud) displacement was also reported for, e.g., Håkon Mosby MV on the Barents Sea slope, from which a lateral displacement of 0.4 m per year, triggered by episodical recurring mud eruption events within the central part, is measured (Feseker et al., 2014).
5.2 Sedimentological aspects indicating sub-recent mud eruption
Generally, the dating of hemipelagic sediment above mud breccia provides information on the dynamics, rates, and ages of mud extrusion events and its related fluid flow (Lykousis et al., 2009). Moreover, knowledge of the local sedimentation rate is necessary to constrain the timing of the extrusive activity of Sartori MV. At the investigated sites close to the eruption centers, the moussy mud breccia is covered by hemipelagic sediment of ∼40 mm (MUC23; EEC) and ∼30 mm (MUC30; WEC) in thickness. The sedimentation rate of the Calabrian Arc is estimated to range between 0.04 and 0.26 mm/yr (Kastens, 1984; Polonia et al., 2013a; Ceramicola et al., 2014b; Loher et al., 2018a). At Sartori MV, a sedimentation rate of 0.077 mm/yr is estimated (Morlotti et al., 1982; Ceramicola et al., 2014b). Specific time markers, such as sapropel- (Mercone et al., 2000; Mercone et al., 2001; De Lange et al., 2008) or tephra layers (Keller et al., 1978; Narcisi and Vezzoli, 1999; Wulf et al., 2008), may help delimit the relative age dating in more detail. The pronounced and coarse-grained postglacial tephra layer Z1 of the Somma–Vesuvius eruption in AD 79 (Wulf et al., 2008; Zanchetta et al., 2011) can be found at shallow sediment depth all over the central Mediterranean Sea (Keller et al., 1978). Underneath, the dark and anoxic sapropel S1 layer, which was deposited 10.8 ka to 6.1 ka ago (De Lange et al., 2008; Polonia et al., 2015), is present in sediment cores all over the Mediterranean Sea (Capotondi et al., 2011). By combining the information, it is suggested that the ∼30 mm (MUC30; WEC) and 40 mm (MUC23; EEC) thick hemipelagic sediment layers cover a time span of ∼390 years and ∼520 years, respectively. However, the GC and MUC cores were not taken from the most central part of the eruption centers (Figures 2, 7), which presumably hosts the youngest mud breccia extruded at the MV (Figure 7B). The high-resolution bathymetry shows that the preferred mudflow direction was progressing downslope from the peak of the EEC to the SE rather than flowing to the southwestern direction where the sediment cores are taken (Figures 7A, B). Mudflows in the SE of the EEC are most likely younger than the mud breccia recovered with GC01 and MUC23 ∼50 m SW of the peak of the EEC. Therefore, it is assumed that the recovered sediment cores do not contain the youngest mud breccia ejected at Sartori MV.
The presence of sapropel S1 (10.8–6.1 ka) in GC33 clearly points to an estimated age of maximum 10.8 ka for the underlying mud breccia. Whether the mud breccia deposition ended immediatedly before or during the anoxic phase is beyond the scope of this study. Therefore, an age estimation of ∼10 ka is made for the latest mud breccia deposition at the western rim of Sartori MV. By combining sediment core information with the high-resolution bathymetry of the non-damaged rim, it is assumed that no substantial mudflows were transported beyond the rim of Sartori MV during the past ∼10 ka.
5.3 Temperature anomalies as an indication of recent MV activity
In-situ sediment temperatures show laterally considerable changes. With decreasing distance to both eruption centers of Sartori MV, the gradients increase first gradually and then rapidly towards the center, resulting in a distinct peak of 447.2 mK/m close to the EEC. The highest temperature gradient is observed at the EEC, but its intensity is much lower compared to that determined at other active MV summits in the eastern Mediterranean Sea. For instance, a maximum temperature gradient of 15.5 mK/m was reported from the mud extrusion site of Venere MV in the Calabrian Arc (Loher et al., 2018c). In addition, Feseker et al. (2010) reported temperature gradients of 25,890 mK/m at the active summit site of North Alex MV in the Nile deep-sea fan delta. Nevertheless, a locally restricted anomaly of the temperature gradient on top of Sartori MV is distinguishable from background data (Figure 6; Supplementary Table S1). Compiled background temperature gradients of the study area published in the Global Heat Flow Database are generally low, varying between 0 mK/m and 20 mK/m (Fuchs et al., 2021).
The considerable difference in temperature gradients close to the WEC and EEC suggests that heat transport from below is spatially restricted to areas that are believed to be characterized by most recent mud eruptions as well. Gravity core site GC21 and heat flow sites HF-20-5; HF-20-7, and HF-29-5 missed the most central and, therefore, most active areas of the MV by ∼46 m west of the WEC (HF-20-7), 32 m southwest (HF-20-5), and 18 m west of the EEC (HF-29-5), respectively. Therefore, comparably higher temperature gradients are expected for the summit of the EEC and most central area of the WEC. However, the temperatures are considerably elevated, pointing to the recent activity of the MV. Both eruption centers show elevated temperatures and temperature gradients. We interpret that the EEC was more active in recent times compared to the WEC because it has revealed higher absolute temperatures and also higher temperature gradients with depth.
At some sites, negative temperature gradients, ranging from −15.4 mK/m (HF-20-8) to −1.9 mK/m (HF-29-4, HF-29-7), were measured. In comparison to measured positive temperature gradients, the scatter of negative temperature gradients is relatively small (Supplementary Figure S4). An explanation of negative temperature gradients could be the transient effect of gas hydrate dissociation. Frictional heat generated as the heat flow probe penetrates the seafloor can lead to dissociation of gas hydrates in an endothermic process. In-situ temperature excursions attributed to hydrate decomposition were previously proposed for sites in the Kumano Forearc Basin in Japan (Kinoshita et al., 2015). As Sartori MV is located within the gas hydrate stability zone (GHSZ) close to the phase boundary for sI hydrate (see Section 5.4), hydrate dissociation caused by sediment temperature increase due to frictional heat is possible (Supplementary Figure S5). However, neither intact gas hydrate specimen nor significant anomalies in pore water chloride concentrations, which are indicative of the presence of hydrates, were found in the max. 3.24 m-long gravity cores. Determining if negative temperature gradients are related to the effect of gas hydrate dissociation needs further and more detailed analyses; however this investigation is beyond the scope of this study.
5.4 Flux and sources of methane in the uppermost sediments
Seafloor emission of bubble-forming gas was not observed during the investigations in 2016 and 2020, and it was also not reported from previous studies of Sartori MV (Morlotti et al., 1982; Ceramicola et al., 2014b; Bohrmann et al., 2016; Bohrmann et al., 2022). However, relatively shallow depths of the SMI and substantial CH4 enrichments below it at the four coring stations surveyed within the MV demonstrate activity in the recent past. The shallowest SMI and highest ex situ CH4 concentration (∼1.1 mmol/L, GC01) below suggest that the EEC was the area of most intense and/or recent fluid upward migration. This assumption is supported by the highest sediment temperature gradient being detected at the EEC (see Section 5.3).
Both gravity cores recovered in the WEC area (GC21 and GC38) showed maximum CH4 concentrations in the same range (∼0.8 mmol/L). However, since the cores were obtained with a time interval of almost 4.5 years (spring 2016 and fall 2020) and a spatial distance of ∼100 m from each other, it is unclear whether the similar concentrations originate from one or more fluid ascent pulses.
Calculations of the phase boundary of sI gas hydrate using the HWHyd software by Masoudi and Tohidi (2005) show that Sartori MV (P ∼19 MPa, S ∼15 PSU, T ∼16.5°C) is basically within the GHSZ (Supplementary Figure S5). However, since the in-situ CH4 solubility (141.4 mmol/kg; Tishchenko et al., 2005; Kossel et al., 2013) is more than two orders of magnitude above the measured maximum ex situ CH4 concentrations, the presence of gas hydrates in the sediment sampled is unlikely. Moreover, stable pore water profiles of Cl− concentrations do not show any indication for gas hydrate dissociation. This is in contrast to the sites of the previously described negative temperature anomalies, which might be related to the instant dissociation of gas hydrates within the disturbed sediment by the measurement itself.
In general, maximum CH4 concentrations at each site correlate positively with temperature gradients (Figures 4, 6A, B). However, the maximum concentration at the western rim station (GC33, ∼0.4 mmol/L, Figure 2B) is significantly elevated relative to background values [<0.003 mmol/L, gravity cores GeoB21366-1, 21367-1, Bohrmann et al. (2016)], whereas the temperature gradient at nearby temperature probe sites HF-29-7 and HF-29-8 (Figure 2A) is not. Hence, the data suggest that the methane signal persists longer than the temperature signal after an eruption, which is consistent with thermal conductivity being significantly faster than the diffusion of solutes. In addition, lateral methane propagation might be more effective than temperature propagation.
Very similar stable C and H isotopic compositions of methane in the deepest samples of gravity cores GC01 and GC38 suggest that fluids migrating toward the EEC and WEC are fueled from the same reservoir. These samples are positioned lowest below the SMI and should be least affected by microbial alteration of the AOM. Therefore, their isotopic composition should mostly reflect the isotopic composition of the source(s). In Figure 8A, the fields representative of methane generation pathways based on methane stable C and H isotopic compositions are shown. The deepest samples from GC01 and GC38 plot close to the field representative of methane originating from secondary microbial sources, which are based on methanogenic petroleum biodegradation (Milkov and Etiope, 2018). The presence of secondary microbial methane has also been proposed for submarine and terrestrial MVs in other regions (Stadnitskaia et al., 2008; Etiope et al., 2009; Gilbert et al., 2022). For Sartori MV, stable C isotope signatures of CO2, which would provide better information on the presence of secondary microbial methane (Milkov and Etiope, 2018), are not available. However, relatively low contents of organic carbon (TOC; ∼0.3%; Supplementary Table S2) in the three gravity cores investigated suggest that petroleum degradation is not the main source of methane.
[image: Figure 8]FIGURE 8 | (A) Generic diagram based on stable C and H isotopic compositions of methane showing the major methane production pathways at Sartori MV (modified after Milkov and Etiope (2018)). Deepest samples from GC01 (EEC) and GC38 (WEC) plot close to the field assigned for secondary microbial methane, in between the fields representative for primary microbial and thermogenic methane. Given the known depths of MV roots and geometries of internal structures from other submarine MVs (Somoza et al., 2012), the admixture of methane from several sources resulting in measured stable C and H isotope values is likely. (B) Diagram showing δ2H-CH4–δ2H-H2O relationships diagnostic for the two microbial methane generation pathways, carbonate reduction (CR) and acetate fermentation (AF; Whiticar, 1999). All samples from GC01 and GC38 plot within or close to the field assigned for the carbonate reduction pathway.
Alternatively, methane stable C and H isotopic compositions may also reflect the mixture of methane from primary microbial and thermogenic sources to some extent. MVs are typically deeply rooting structures in which fluids are mobilized from several kilometers of depth (Mazzini and Etiope, 2017). In addition, fluids and solids are homogenized during their passage toward the seafloor (Lalk et al., 2022). Therefore, it is plausible to assume that the methane isotopic compositions determined in this study do not reflect a single source but result from the mixture of methane from several sources.
Consequently, methane collected from near-surface sediments at Sartori MV most likely originates from a mix of primary microbial, secondary microbial, and/or thermogenic sources. Figure 8B shows H isotope relationships of methane and pore water typical for the microbial methane generation pathways, including carbonate reduction (CR) of microbial bacteria and acetate fermentation (AF). However, the CR pathway is believed to dominate in marine settings, while the AF pathways appear to predominantly occur in freshwater systems (Whiticar, 1999). Because samples from GC01 and GC38 plot within or close to the field indicative for the CR pathway, it is proposed that low-salinity water potentially released in the course of clay mineral alteration (e.g., Dählmann and De Lange, 2003; Mazzini and Etiope, 2017) does not promote significant methane production via the AF pathway at Sartori MV.
5.5 Diffusive fluid discharge as an indicator of recent MV activity
Pore water Cl− and SO42− concentration profiles show the intrusion of seawater into the uppermost 0.5–1 m of the sediment (Figure 9). A transient diffusive effect of this initial disturbance was calculated to reach the measured concentration distribution for both Cl− and SO42−, as described in detail in Schulz and Schulz (2005), using depth-dependent data for regional porosities and temperatures. In all three sites, an initial situation with no SO42− in the lower layer and an upper event layer with seawater SO42− concentration has been assumed. In order to match the SO42− concentration distribution measured, sulfate reduction rates were fine-tuned individually. For Cl− profiles, an initial situation with seawater chlorinity of 600 mmol/L with a linear decrease to a low chlorinity of approximately 200 mmol/L, most probably due to freshwater input from depth and to a much lesser extent to dilution with crystal water from disintegrating gas hydrates, was assumed. The steep decrease in pore water chlorinity in the uppermost sediment layers is attributed to diffusive seawater infiltration into the mud, as previously reported in other MV systems (Henry et al., 1996; Feseker et al., 2009; Paull et al., 2015; Loher et al., 2018c). Modeling was optimized to match the measured Cl− and SO42− profiles with the modeled time, which has passed from the initial start until measurement, while maintaining the same physical boundary conditions. That modeling curvature, which fits best with measured Cl− and SO42− concentrations, is expected to be the most accurate modeling result for this prescribed scenario.
[image: Figure 9]FIGURE 9 | Measured and modeled pore water concentration profiles of chloride and sulfate in GC and MUC cores (red squares) taken from (A) the WEC in 2020, (B) the EEC in 2020, and (C) the WEC in 2016. The black lines indicate the start conditions assumed to model the measured transient pore water profiles using in-situ temperatures and porosities. The best fit to the pore water data is reached after approximately 1 year of diffusive readjustment (green line). The yellow fields indicate the location and the relative intensity of sulfate reduction assumed to match the measured data.
The actual transient stage found in the pore water Cl− and SO42− profiles is reached after 1 year or less in all three sites (green and purple lines in Figure 9). The measured steep gradients could be diffusively significantly smoothed within another 4 years (see blue line in Figure 9). On a larger scale, such pore water profiles are typical for slumps overlying background sediments at the slope of continental margins (Niewöhner et al., 1998; Strasser et al., 2013). In this study, the modeling of pore water diffusion might also indicate a very recent and abrupt onset of fluid migration within the conduit of the MV. The pore water data might indicate either a MV activity-related exchange or an intensive mixing with seawater concentrations within the uppermost 0.5–1 m of all three gravity cores (GC21, GC38, and GC01) close to the two eruption centers. The data lead to steep transient pore water profiles in both Cl− and SO42−. Those pore water profiles are created by either a sudden but relatively slow exchange of pore fluid with seawater fluid concentrations due to a low MV activity only or due to a sudden but very active phase of the MV accompanied by the discharge of fluids and solids. The analyzed sediment cores do not show any indication of the extrusion of solids in the past ∼390 years to ∼520 years. In contrast, from pore water analyses, a very recent fluid migration event accompanied by elevated temperatures at the EEW and WEC, is observed. Therefore, it is assumed that a sudden but relatively slow pore fluid exchange with seawater fluid concentration, created due to the low activity of Sartori MV, is responsible for the measured data in 2016 and 2020. The new findings clearly show a decoupling of these processes at Sartori MV. A low activity, responsible for pore fluid and heat anomalies at the EEC and WEC, is episodically ongoing very recently. In contrast, high-active phases, accompanied by degassing to the water column, very high CH4 concentrations, and strong temperature anomalies, as well as the extrusion of high viscous solids, occur episodically in time scales of hundreds of years.
6 CONCLUSION
Sartori MV in the Calabrian Arc is a flat-topped mud volcano that was virtually dormant in terms of focused gas emission and mud ejection during two research campaigns in 2016 and 2020. High-resolution bathymetry, in combination with seafloor backscatter data, revealed the presence of two eruption centers (WEC and EEC) close to the geometric center of the MV. The EEC shows a peak-like summit, whereas a slight depression was found in the area of the WEC. Fluid migration and the exchange of pore fluid with seawater fluid concentrations within the uppermost sediment layers, in combination with elevated temperatures at both eruption centers, support the assumption of a low activity of the MV in 2016 and 2020. These low active phases were not accompanied by the eruption of solids. Sediment cores from the central part of the MV show a hemipelagic sediment coverage ranging from 30 mm (MUC30) to 40 mm (MUC23), allowing to estimate the age of the youngest mud breccia deposits at the coring position to ∼0.39 and ∼0.52 ka ago, respectively. Potentially, these materials did not reach gravity and MUC core positions located ∼50 m SW to the most central part of the EEC (GC01) and ∼132 m SW (GC21) and ∼44 m W (GC38) to the most central part of the WEC. This might explain the moderate temperature gradients measured at those sites. Higher in-situ sediment temperatures and even less (or missing) hemipelagic sediment coverage are assumed for the most central parts of both eruption centers. We suggest that the low activity of Sartori MV, responsible for diffusive fluid migration, is decoupled from the extrusion of solids (mud breccia), and only pore fluid exchange was occurring in recent times. This could explain the gap between pore water modeling results, pointing to a very recent fluid flux, and sedimentological observations, pointing to only sub-recent material extrusion at the eruption centers. It is proposed that only high active phases of the MV are responsible for the extrusion of solids and that low active phases, responsible for changes in fluid and heat flux, may occur more often. In contrast to those low active phases, stronger activity of the MV is accompanied by very high temperature excursions and very high CH4 concentrations (also identifiable in the water column as gas bubbling) and the formation of new and relocated mud rings. However, these phases of low activity could be categorized to the depletion phase of a MV, whereas high active phases are typical for categorized eruption phases of a MV.
The SMI depth is shallower close to the EEC compared to the WEC. CH4 concentrations in 2020 are higher compared to those in 2016, and they are clearly elevated close to both eruption centers. The highest CH4 concentration was detected at the EEC. Moreover, it is assumed that the EEC (higher CH4 concentrations, flatter SMI, temperature anomaly, and peak-like structure with downflowing mudflow) was active in recent times compared to the WEC. In addition, we assume that relatively small volumes of high-viscous mud breccia have been erupted and deposited in the recent past. The material was not overflowing older mud rings from older eruption events and also not the rim of the MV edifice. The high-resolution bathymetry of the rim shows its non-damaged and undisturbed appearance. Analyses of sediment core GC33 and the presence of sapropel S1 allow us to conclude that no mudflow has overflown the western rim of the MV edifice for the past ∼10 ka.
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We identified 27 new mud volcanoes, including potential ones, in a part of the Hyuga-nada area, southwest offshore Japan, at the northern end of the Ryukyu Trench, based on subseafloor geological structures using geophysical investigations. These mud volcanoes exhibited high density and breadth and were likely connected to other mud volcano fields in the south. Acoustic investigations indicated subseafloor structures. Multiple acoustically transparent bodies were interpreted as a region containing gas. They were likely to appear along faults and below the bottom of valleys and sometimes reached the seafloor, expressing mud volcanoes onto the seafloor. They also indicated the wide distribution of subseafloor free-gas throughout the area. These acoustic investigations suggested that a swarm of mud volcanoes exists over the Hyuga-nada area, heterogeneously distributed along a series of plate convergent margins, the Nankai Trough, and the northern part of the Ryukyu Trench.
Keywords: mud volcano, Hyuga-nada, Kumano Basin, three-dimensional reflection seismic survey, sub-bottom profiler, subseafloor structure
1 INTRODUCTION
Mud volcanoes are a surface expression of moving sediment and fluid from the Earth’s depths to the surface. Mud volcanoes can only be certified when mud diapirs reach the surface and change the topography (Milkov, 2000; Dimitrov, 2002; Kopf, 2002). Mud volcanoes have been used as subsurface oil and natural gas reservoir indicators because they were initially observed in oilfields (Bates and Jackson, 1987). Despite the name “volcano” being reminiscent of a hot and mountain-like structure, the definition of the mud volcano does not include high temperature any specific landform because they are formed by sediment and the shape is determined by the viscosity of the extrudes which varies with the water content (Shih, 1967; Brown, 1990; Hamada et al., 2009). Mud volcanoes have been reported worldwide from sediment basins, along convergent margins, delta systems of large rivers with high sedimentation rates, inland seas, lakes, and geothermal fields (Milkov, 2000; Dimitrov, 2002; Kopf, 2002; 2016; Mazzini and Etiope, 2017). Thus, mud volcanoes are considered to be constructed under a compressional stress field. To make mud and fluid move upward from depths to the surface, gravitational instability and/or buoyancy sources such as heat and gas are required as driving forces (Milkov, 2000; Dimitrov, 2002; Kopf, 2002; 2016; Mazzini and Etiope, 2017). In particular, gas is necessary for buoyancy during the formation of mud diapirs that reach the Earth’s surface (Brown, 1990). Over 98% of land mud volcanoes discharge methane gas (Milkov, 2005). Deformation and decreasing strength of rocks under the compressional stress field can be a driving or triggering force for mud volcanism (Soto et al., 2021a; b). Seismic activities that occur nearby can also trigger mud volcanisms (Manga et al., 2009; Wang and Manga, 2021).
Because mud volcanoes transport mud and fluids from the depths to the surface, heat and elements discharged from mud volcanoes sometimes harm living organisms (as observed for the Lusi mud volcano, Sidoarjo, Indonesia) and may result in pollution. Mud volcanoes can sometimes trigger tsunamis if located offshore and have explosive characteristics, resulting in large slump-generating waves. Thus, mud volcanoes are considered a potential submarine geohazard, and this is a reason why attention should be paid to them (URL1). Moreover, mud volcanoes can discharge fluid and living organisms from the subseafloor (e.g., Hoshino et al., 2017); they can affect the submarine environment and be a stepstone for the propagation and distribution of chemosynthetic ecosystems. These are the reasons why we want to determine an accurate distribution of offshore mud volcanoes.
Japan, located along a convergent plate margin, has large and a few small mud volcano fields in offshore areas and on land, respectively. Previous studies of offshore mud volcanoes in Japan have mainly focused on the Kumano Basin, a forearc basin in the Nankai Trough (Figure 1). Within the Kumano Basin, a swarm of 14 mud volcanoes, comprising a large mud volcano field, has been reported (Kuramoto et al., 2001; Pape et al., 2014; Asada et al., 2021) (Figure 2). Geochemical (Tsunogai et al., 2012; Toki et al., 2013; Pape et al., 2014; Nishio et al., 2015; Menapace et al., 2017; Ijiri et al., 2018a; b; Lalk et al., 2022), geophysical (Martin et al., 2010; Strasser et al., 2011; Tsuji et al., 2014; Moore et al., 2015), and other investigations have been conducted in the area. Bottom simulating reflectors (BSRs), seismic reflections nearly parallel to the seafloor, are significant indicators of subseafloor free-gas distribution and have been reported through the Kumano Basin.
[image: Figure 1]FIGURE 1 | Bathymetry map of the study area. Circles: mud volcanoes (white) and potential mud volcanoes (black) in the Kumano Basin (Kopf et al., 2013; Pape et al., 2014; Asada et al., 2021), off-Muroto (this study), Hyuga-nada (this study), mud volcanoes in off-Tanegashima (Inagaki et al., 2018). Polygon: mud diapir and surge off Tanegashima to off-Amami Oshima (Ujiié, 2000), and mud volcano off-Kikaijima (Sato and Itaki, 2015); black arrow: direction of the Pacific Plate convergence relative to the Eurasian Plate (DeMets et al., 2010). The isobath contour interval is 100 m. The black boxes on the map indicate the location of Figures 2A–C.
[image: Figure 2]FIGURE 2 | Location of mud volcanoes on Red Relief Image Maps. Gray-colored narrow belts indicate areas in which acoustic mapping has been performed during two cruises (YK15-10 and YK18-05). (A) Kumano Basin. Circles and numbers indicate known mud volcanoes (Kopf et al., 2013; Pape et al., 2014, 1a). KBEFZ: Kumano Basin Edge Fault Zone (Martin et al., 2010). (B) off-Muroto. Circle: a potential mud volcano. (C) Hyuga-nada. The 13 open boxes indicate the location of the newly identified mud volcanoes including potential ones, confirmed using an SBP, and the 14 open circles indicate mud volcanoes identified using seismic profiles, respectively. White symbol: mud volcano with distinguished high backscatter intensity (square) or with subseafloor feature (circle); gray symbols: potential mud volcano with unclear features. Number: a newly certified number in this study. RIMA: restricted area because it is used by the U.S. Navy for training purposes.
Our research target area, the Hyuga-nada (Figure 1), is another offshore and scientifically underrepresented location positioned at the intersection of two trenches, the Nankai Trough and the Ryukyu Trench, in the eastern offshore region of Kyushu Island. Mud volcanoes in the Hyuga-nada were first identified around the 2000s during the installation of submarine cables by a telecommunication company; however, to date, academic investigations have yet to be performed.
We report 27 newly identified mud volcanoes in the Hyuga-nada area, including mud volcano candidates. We defined new mud volcanoes based on whether their conduit reached the seafloor on subseafloor profiles obtained from three-dimensional (3D) seismic surveys or sub-bottom profilers (SBP). Moreover, bathymetric expressions and backscatter intensity on the seafloor in the surrounding area where the conduit reached the seafloor sometimes helped recognize new mud volcanoes. Furthermore, we propose that the huge mud volcano field (a swarm of multiple mud volcanoes) encompassing the Hyuga-nada and areas further south, which are off Tanegashima, and the region toward Kikai-jima Island (Ujiié, 2000; Nakayama et al., 2010; Inagaki et al., 2018) are established along the Ryukyu Trench (Figure 1). The series of mud volcano fields may be the largest mud volcano field in offshore areas of Japan.
2 GEOLOGICAL SETTING
2.1 Mud volcano
Mud volcano fields can be found worldwide in Azerbaijan (both on land and offshore oilfields) (Planke et al., 2003; Yusifov and Rabinowitz, 2004), Cadiz Bay (offshore sedimentary field; e.g., Somoza et al., 2003; Van Rensbergen et al., 2005), southwest Taiwan (both on land and offshore sedimentary fields; Shih, 1967; Chuang et al., 2010; Sun et al., 2010; Doo et al., 2015), northeast New Zealand (both on land and offshore sedimentary fields; Ridd, 1970; Leighton et al., 2022), Barbados (offshore sedimentary field; Brown and Westbrook, 1987; Lance et al., 1998; Summer and Westbrook, 2001), and in the Kumano Basin in Japan (offshore sedimentary fields) for instance. The mud volcano is sometimes used in geothermal fields (e.g., Yellowstone in the US, LUSI in Indonesia, and Rotorua in New Zealand). However, this phenomenon is rather confusing because mud volcanoes are not formed from magmatic rocks like many other volcanoes in the region but from buoyant sediments owing to gases and heat. Mud volcanoes frequently appear along existing geological structures such as faults and fissures (Bonini, 2012; Soto et al., 2021a; Soto et al., 2021b) and anticline (Shih, 1967; Hamada et al., 2009). Nevertheless, not all faults, fissures, and ridges accompany mud volcanoes. Knowledge of the characteristics of seismic signals (Soto et al., 2021a; Soto et al., 2021b; Hudec and Soto, 2021), which visualize conduits below the mud volcanoes, is essential to understanding the depths; however, knowledge on the origin of conduits remains limited. Several studies have discussed planar distribution and original depths of conduits by comparing sediments with geological data (Miyakawa et al., 2013). The planar distribution of mud volcanoes can be easily investigated on land, but it is difficult offshore because they sometimes display tiny geophysical features. Geophysical investigations have indicated the presence of conduits just below mud volcanoes, which can be evidence of sediment movement from the depths toward and reaching the surface (Van Rensbergen et al., 2005; Deville et al., 2006; Feyzullayev, 2012; Asada et al., 2021; Soto et al., 2021a; Soto et al., 2021b; Hudec and Soto, 2021; Kirkham and Cartwright, 2022). We sometimes need to use several methods to verify mud volcanoes.
2.2 Geology along southwest Japan from the Kumano Basin to Hyuga-nada
The Philippine Sea Plate subducts beneath southwest Japan, along the eastern edge of the Eurasian Plate at the Nankai Trough and the Ryukyu Trench (Figure 1). The Nankai Trough is notorious for large earthquakes triggered by the subducting Philippine Sea Plate, which subducts at a rate of approximately 5.84 cm/yr (DeMets et al., 2010). The Kumano forearc basin is located along the eastern part of the Nankai Trough (Figure 2A) and is a sedimentary basin with a thickness of > ∼1 km overlying the accretionary complex (Moore et al., 2015; Ramirez et al., 2015). The bathymetry within the basin undergoes a minimal change across tens of kilometers across the area. The basin’s south-eastern (oceanward) edge, known as the Kumano Basin Edge Fault Zone, is characterized by its steep geometry (Martin et al., 2010). The distribution and geochemical characteristics of mud volcanoes in the Kumano Basin have been reported in previous studies based on results from the scientific drilling vessel Chikyu (Japan Agency for Marine-Earth Science and Technology) (Nishio et al., 2015; Ijiri et al., 2018a; b).
The fluid discharged from several mud volcanoes in the Kumano Basin is mostly methane gas of biogenic and thermogenic origins. The depth from which this methane gas originated is approximately 1 km below the seafloor (near the bottom of the sedimentary basin of the Kumano Basin) for biogenic gas, and several kilometers below the seafloor (within the accretionary prism) for thermogenic gas, respectively (Pape et al., 2014; Ijiri et al., 2018b; Wiersberg et al., 2018). Additionally, fluid originating from the depth of the mantle wedge, possibly deeper than approximately 30 km below the seafloor, is included within the discharged fluid from mud volcanoes in the Kumano Basin (Nishio et al., 2015). Sediments discharged from mud volcanoes are considered to have originated at depths of a few kilometers below the seafloor (near the basement rocks of the sedimentary basin; Ijiri et al., 2018a), suggesting that the depths from which fluids and sediment are sourced are not necessarily the same.
The ancient accretionary complex, named the Shimanto Belt, formed between the Cretaceous and Paleogene periods is exposed onshore of southwestern Japan parallel to the trench axis in the Nankai Trough (e.g., Taira et al., 1992; Moore and Saffer, 2001; Kawabata et al., 2007). Industrial operation of gas fields is performed along the eastern coast of Kyusyu Island, which is adjacent to the western onshore area of the Hyuga-nada, based on the accretionary complex. Gas products from onshore gas fields indicate that the gas has a mixed origin and is both biogenic and thermogenic and is released upon mining from 150 to 1700 m below the surface (Kato et al., 2011). The original stratigraphy and reservoir of the onshore gas fields consist of late Miocene sediments (Kato et al., 2011) belonging to the accretionary complex and continue to dip steeply oceanward (Okamura, 2008). The narrow shelf along Kyusyu Island is tens of kilometers wide. There is a forearc basin named the Miyazaki-oki Basin with a rough bathymetry, which is unlike that of the Kumano Basin. Deformation structures, such as faults and folds, can be recognized on the offshore geological map and seismic profiles (Okamura, 2008).
3 DATA ACQUISITION
3.1 3D seismic reflection data
Subseafloor geological structures were obtained from 3D seismic reflection surveys conducted between 2009 and 2013 by domestic oil and natural gas explorations in the eastern offshore area of Kyushu Island. Since disclosing specifics of the exploration is forbidden, we cannot provide more details; however, seismic profiles showed high-quality subseafloor structures to depths of ∼3500∼4000 ms in two-way travel time below the seafloor, which sufficiently supports the purpose of this research. The dominant frequency of the seismic waves at the seafloor was ∼35 Hz, corresponding to a wavelength of −40 m when the sound wave velocity was 1,500 m/s (Figure 3). The frequency within 10 dB from the peak frequency was in the range between ∼ 15 and 60 Hz, with a corresponding vertical resolution of ∼ 4–25 m ([image: image]/4). The bin size of the profiles ranged from approximately ten to several tens of meters the inline and crossline, and each bin contained 10 or more reflection points. The acquired seismic data were processed with a series of data processing steps centered on 3D pre-stack time migration.
[image: Figure 3]FIGURE 3 | Results from the frequency analysis. (A) Frequency spectrum distribution of reflected waves on the seafloor. Red and yellow lines show the results of the frequency analysis performed at the location of the boxes in the same color in (B). (B) Seismic profile. Frequency spectrum analysis was performed at the position of each box, indicating a simple and flat seafloor. The color of the box corresponds to the colored line in (A).
3.2 Acoustic mapping through the YK15-10 and YK18-05 cruises
An acoustic investigation using a shipboard SBP for shallow subseafloor structures (EdgeTech, 3300-HM, 2–16 kHz, for shallow subseafloor structures) and a shipboard multi-beam echo sounder for mapping (Kongsberg, EM122, 12 kHz, for bathymetry and backscatter intensity) was conducted during research cruises in 2015 (YK15-10, URL2) and 2018 (YK18-05, URL3) along southwest offshore Japan, over the areas connecting the Kumano Basin and Hyuga-nada areas (Figure 1). Bathymetry data and backscatter intensity were obtained along the same survey lines as the sub-bottom profiles. The sub-bottom profiles displayed shallow subseafloor structures down to ∼ 60 ms of two-way travel time below the seafloor. The SBP transmits a single conical acoustic signal per ping, thus it only detects the structure just below the survey lines (Figure 4).
[image: Figure 4]FIGURE 4 | Subseafloor structures obtained by the SBP, in the Hyuga-nada area, for HyMV1–5, 7, and 9–15. Darker colors indicate a higher amplitude. Black arrow: mud volcano; gray arrow: anticline. Vertical exaggeration is ∼2.0. The horizontal lines (on both left and right panels) are spaced 500 ms in two-way time.
3.3 Bathymetric visualization
The compiled bathymetry data (Yamashita et al., 2017) were used to observe surface expressions in the area in which the acoustically transparent body touched the seafloor in the Hyuga-nada or the locations of known mud volcanoes in the Kumano Basin reported by previous studies (Kuramoto et al., 2001; Pape et al., 2014; Asada et al., 2021). Figures 2, 5 display bathymetry maps using a 3D presentation technique called the Red Relief Image Map (RRIM) (Chiba et al., 2007; 2008). RRIM is an elaborate illumination-independent 3D visualization method that uses high-density and high-resolution digital elevation model (DEM) data to extract the slope, concavities, and convexities from a given zenith (Chiba et al., 2007; 2008). In RRIM, a change in the slope angle is represented by a red-to-white color variation and concavities and convexities by grayscales, which enhances the characteristics of bathymetric features such as small-scale deformations. The source of the bathymetric data for our target area was compiled from acoustic mapping data provided by Yamashita et al. (2017), which does not include backscatter intensity.
[image: Figure 5]FIGURE 5 | Subseafloor structures obtained by the seismic reflection survey in the Hyuga-nada area, for HyMV6, 8, and 16–27. The horizontal lines (on both left and right panels) are spaced 500 ms in two-way time. Bold lines indicate BSRs (blue: shallowest BSR, yellow: second BSR). Orange area indicates layer or block with internal chaotic facies. Vertical exaggeration is ∼4.0.
4 INTERPRETATIONS OF ACOUSTIC INVESTIGATIONS
4.1 Methods for recognizing mud volcanoes in the Hyuga-nada
We identified conduits that appeared transparent with few reflected waves (“acoustically transparent body”) in the sub-bottom and 3D seismic profiles to identify subseafloor moving sediment. The acoustically transparent body is mostly a vertical structure which sometimes cuts through the stratigraphy from the depths toward the surface. If there are no sediment layers on top of the acoustically transparent body, we inferred that the location of the point of the acoustically transparent body reaching the seafloor is a point of extrusion, and the bathymetric feature at the point is a surface expression of it, a mud volcano. At the same time, if the top of the acoustically transparent body is covered by sediment layers, it should not be a mud volcano and might be a mud diapir and/or a part of a compressional ridge. The identification of “Christmas-tree structures” (a typical subseafloor structure below mud volcanoes, which refers to the penetration of a lateral part of the acoustically transparent body into the surrounding stratigraphy) contributed to the identification of the subseafloor structure forming the mud volcano.
The bathymetric feature with high backscatter intensity suggests fluid discharge from the seafloor. The higher backscatter intensity on the seafloor indicates harder materials such as outcrops and/or animals with hard shells. This is because hard materials generate larger jumps in acoustic impedance than the surrounding sediment (Asada and Yokota, 2021). Chemosynthetic shelled animal communities often inhabit fluids discharged from the seafloor. Methane-derived authigenic carbonates (MDACs; Hovland et al., 1987; Buckman et al., 2020; Aloisi et al., 2002) are also generated in such areas due to the reaction between seawater and methane gas, and they contribute to generating higher backscatter intensity of acoustic signals (Ceramicola et al., 2018). Consequently, the detection of high backscatter intensities has been used historically for the exploration of mud volcanoes (e.g., Van Rensbergen et al., 2005; Blondel, 2009; Ceramicola et al., 2018; Asada et al., 2021). Circular patterns of high backscatter intensities support the identification of locations in which fluid is discharged from a point source. Bathymetry is often useful in identifying mud volcanoes, however, due to the resolution limits of geophysical surveys, its accuracy is not always sufficient to indicate bathymetric changes in the seafloor.
4.2 Mud volcanoes in the Kumano Basin
Based on previous studies, we have summarized the bathymetric characteristics of mud volcanoes in the Kumano Basin (Kopf et al., 2013; Pape et al., 2014; Asada et al., 2021; Table 1). A total of 14 mud volcanoes have been reported in the Kumano Basin, and they have been numbered based on the order of their discovery (Figure 2A). They are distributed on the relatively flat basin floor and mostly classified as the “pancake type” with a mean surface gentle slope angle of <10° (Kioka and Ashi, 2015).
TABLE 1 | Center location, depth, and remarks regarding the bathymetric features of mud volcanoes, including potential ones, in the Kumano Basin, off-Muroto, and Hyuga-nada areas based on the bathymetry map drawn by the RRIM shown in Figure 6. If no bathymetric feature was found in the bathymetry map, only the location of the point at which the acoustic transparent body reaches the seafloor (determined by the profiles shown in Figures 4, 5) is shown in the table. The basis of the location is shown in the remarks, 1: Pape et al. (2014); 2: Asada et al. (2021); 3: this study, positions from the sub-bottom profile; and 4: this study, positions from the 3D reflection seismic profile.
[image: Table 1]Depths (Pape et al., 2014) at the top of a small hill. The small and remarkably steep KMV14 shows a local inclination exceeding 30°, indicating high ejecta viscosity. Asada et al. (2021) suggested that KMV14 may have fault gouges because it is located in the Kumano Basin Edge Fault Zone (Martin et al., 2010).
A remarkably high backscatter intensity was observed near the mud volcano KMV14, where gas discharge had been reported (Menapace et al., 2017; Asada et al., 2021; Asada and Yokota, 2021). The high backscatter intensity of KMV5, a known active mud volcano discharging fluids (Nishio et al., 2015; Ijiri et al., 2018a; b), displays a circular pattern (Figure 5, KMV5 and 6), indicating an area influenced by fluid discharged from a point source.
4.3 Mud volcanoes off Muroto, the area connecting the Kumano Basin and Hyuga-nada
Acoustic mapping with sub-bottom profiles connecting the Kumano Basin and Hyuga-nada areas was obtained during the YK18-05 cruise (Figure 1). The survey line was designed along a constant depth of ∼2,000 m, roughly the same depth as that of the mud volcanoes in the Kumano Basin, to maintain a stable acoustic signal output power level. This survey enables us to compare the observed backscatter intensities between different areas. Only one potential mud volcano was identified along the connecting area, marked by a notably high backscatter intensity and an isolated hill slightly off-nadir of SBP (Figure 2B). The high backscatter intensity shows a characteristic three-way branching resembling the tip of a chicken foot (Figure 5, MuMV1). The isolated hill is located at the heel of the chicken foot, and the high backscatter intensity distributes flow downward to increase water depth. The hill is located along the fault zone in the off-Muroto area. Because MuMV1 was slightly off-nadir, the shallow subseafloor structures could not be obtained, so we designated the isolated hill as a “potential” mud volcano.
4.4 Mud volcanoes in the Hyuga-nada
We identified 27 mud volcanoes including potential ones in the Hyuga-nada, based on a subseafloor acoustically transparent body reaching the seafloor (Figures 4, 5, HyMV1–27). HyMV1−5, 17, 19, and 22–27 have distinctive subsurface features; thus, we propose that they are mud volcanoes (Figure 2C, white open symbols). At the same time, subseafloor features below HyMV6−16, 18, 20, and 21 were weak and required more verification using other methods such as the dating of sampling materials; nevertheless, they are new potential mud volcanoes (Figure 2C, gray open symbols). These mud volcanoes show a dense distribution within the surveyed area. Several other bathymetric features were detected outside the seismically studied area and off the survey line of SBP, suggesting the presence of other mud volcanoes in the area. Most mud volcanoes in the Hyuga-nada were identified on slopes; therefore, it is difficult to define their exact diameter and inclination.
Sub-bottom profiles display acoustically transparent bodies cutting through the sediment layers at shallow depths. In this study, if the stratigraphy was not cut by acoustically transparent bodies or a shallow sedimentary layer was found on top of these bodies, thus not reaching the seafloor at present, they were not considered mud volcanoes (gray arrows in Figure 4). A circular to semi-circular high backscatter intensity pattern was recognized around HyMV5, 9, and 15 (Figure 5). Partially high backscatter intensities reflect a patchy distribution of relatively harder materials on the seafloor and/or shallow subseafloor, suggesting the existence of hard rocks and/or shelled animals due to fluid discharge from the seafloor. Although the bathymetric expression was distinct at HyMV1, 10, and 14, the backscatter intensity is relatively low. This suggests that HyMV1, 10, and 14 are mostly covered by sediment similar to that covering the surrounding seafloor, which indicates ceased fluid discharge. HyMV2–4, 7, and 11–13 stand on acoustically transparent bodies; however, their bathymetric expression and the backscatter intensity were not distinct, thus they were categorized as potential mud volcanoes.
Seismic profiles provide the fine structure of the deeper subseafloor (Figure 5). The shallower part of the profile shows a horizontally traceable stratigraphy. The attenuation of seismic waves weakens the intensity of reflection waves in areas deeper than 1,000 ms below the seafloor. The lateral continuity of the stratigraphy is more prominent landward, and deformation increases oceanward. A layer and/or a block with chaotic facies inside bounded by a well-continuous upper and lower stratigraphy are interpreted as a result of mass transport which occurred during the geological timescales. The blocks are especially interpreted as a part of mass transport deposits (MTDs), whose internal geometry and configuration can be used to reconstruct the kinematics of the sediment (Moore et al., 2015; Lackey et al., 2018; Figure 5). Some MTDs had a duplex structure within their internal facies, which is interpreted as deformation due to the horizontal shortening of stratigraphy. Unlike MTDs, the lenticular bodies show mostly transparent interiors and lack duplex structures inside (Figure 5, HyMV20 and buried lens). Lenses are occasionally situated at the upper end of the acoustically transparent body and reach the seafloor. Acoustically transparent bodies were likely to appear along a ridge of gentle anticlines (HyMV8, 16, 18–21, 25, 26), places at which the stratigraphy changes depth, likely due to being faulted (HyMV17, 22, 27), and below the bottom of a valley (HyMV23, 24). Sometimes the acoustically transparent body included a weak stratigraphy dragged upward.
BSRs were widely distributed throughout the area (Figure 5). They occurred sub-parallel to the seafloor, with a high-amplitude and reverse polarity of seismic waves from the seafloor (Figure 5, blue line). BSRs became continuous and clearer oceanward. In places, two and three BSRs were identified (Figure 5, yellow line). In this case, the shallowest BSR shows relatively good lateral continuity, and the second and third ones tend to be discontinuous and weak. Most mud volcanoes were accompanied by BSRs in and around the underlying acoustically transparent bodies.
Acoustically transparent bodies reaching the seafloor could be especially clear below HyMV17, 19, and 22–27, which had bathymetric expressions on the seafloor. Seismic profiles showed a Christmas-tree structure at the side of the acoustically transparent bodies, especially below HyMV19–22 (Figure 5). The acoustically transparent bodies below HyMV6, 8, 16, 18, and 25–27 were relatively weak and narrow. The acoustically transparent bodies become less distinct at greater depths, and their bottom could not be identified. The magnified bathymetry map around the location at which subseafloor structures reached the seafloor (Figure 6) shows various bathymetric expressions such as hills or ridges with various backscatter intensities. Some of them (HyMV8, for example) lacked distinct bathymetric features.
[image: Figure 6]FIGURE 6 | Closeup bathymetric maps of mud volcanoes and their candidates, shown as isobath contour lines (1-m depth intervals) on Red Relief Image Maps (Yamashita et al., 2017). KMV1–KMV14: mud volcano in the Kumano Basin. The backscatter intensity obtained by the YK15-10 cruise (URL2) is shown below KMV5 and 6. MuMV1: a potential mud volcano in the off-Muroto area (yellow dotted circle). The backscatter intensity obtained by the YK18-05 cruise is shown below MuMV1. HyMV1–27: mud volcano in the Hyuga-nada area. The backscatter intensity obtained by the YK18-05 cruise (URL3) is shown below HyMV1–5, 7, and 9–15. Circles on HyMV1–27 show the location of the mud volcano, which are indicated by points where acoustic transparent bodies reach the seafloor (Figure 4). The center location and morphological features in Table 1 are based on this map of bathymetrically recognized features. Continuing from Figure 6, HyMV1–8, HyMV6, and 8 are in the area of seismic observation; thus, there is no backscatter strength image. Continuing from Figure 5, HyMV9–15. Continuing from Figure 5, HyMV16–27 are in the area of seismic observation; thus, there is no backscatter strength image.
5 DISCUSSION
5.1 A large mud volcano field in the Hyuga-nada
The Hyuga-nada is located ∼100 km eastward from the onshore industrial gas field on Kyusyu Island. As the source stratigraphy of the gas field is inclined oceanward (Okamura, 2008), the gas field is expected to extend to the Hyuga-nada. The 3D reflection seismic profiles showed that BSRs were widely distributed over the surveyed area and became more pronounced oceanward; thus, gas-bearing fluids are also expected to spread over the area of interest. The mud volcanoes identified in the Hyuga-nada displayed a variety of bathymetric features: mounds and ridges with various sizes and inclinations. Furthermore, some of these topographical features could not be detected within the observation accuracy. Additional mounds outside the observed area suggest the presence of more mud volcanoes in the target area. Including potential ones, we suspect the number, density, and area of mud volcanoes covering the Hyuga-nada to be extensive, possibly much larger than those covering the Kumano Basin. Moreover, the mud volcano field in the Hyuga-nada may extend toward southern areas. Ujiié (2000) reported a wide-ranging distribution of “mud diapir and surge” along the landward slope of the Ryukyu Trench, extending off-Tanegashima and southward (Figure 1). Other scientific research cruises conducted in the off-Tanegashima region, which lies on the southern side of the Hyuga-nada, reported that a group of mud volcanoes had been discovered in that area (Hoshino et al., 2017; Inagaki et al., 2018). Itaki et al. (2015, 2017) and Sato and Itaki (2015) reported at least one mud volcano and 11 similar bathymetric features off-Kikai-jima area (Figure 1) based on the results of acoustic mapping and sediment sampling. The huge area from the Hyuga-nada to off-Kikai-jima may contain a large mud volcano field.
5.2 Characteristics of mud-volcano conduits based on seismic profiles
Acoustically transparent bodies nearly correspond to “mobile shales” (Soto et al., 2021a; b; Hudec and Soto, 2021), nearly vertical conduits below mud volcanoes that cut the stratigraphy. Soto et al. (2021a) mentioned that shales become mobile owing to increasing overpressure and shear and then reduce the rock strength. They reviewed physical properties indicated by seismic characteristics and reported that sediment had decreased porosity, phase change of clay minerals, and smectite to illite transformation with increasing depth and temperature. Gas, another main component of discharged elements by mud volcanoes worldwide, is generated thermogenically at greater depths (and then migrate upward) and biologically at shallower depth; thus, changes in gas saturation within sediments affect acoustic impedance and can be detected in seismic signals (Soto et al., 2021a). The seismic profiles shown in Figures 3, 5 that reach down to a depth of several hundred meters (∼a few kilometers deep below the seafloor) may indicate such a change in physical properties, although we cannot confirm this suggestion without having in-situ and geophysical data at depth.
Acoustically transparent bodies represent a part of the transparent interior of seismic or sub-bottom profiles from which weak signals are returned and where nearly no stratigraphy exists inside. As discussed by Brown (1990), all conduits reaching the seafloor require buoyancy containing gas. In addition, as discussed by Domenico (1976), the transparent acoustic nature suggests that the gas within the body absorb seismic waves. Acoustically transparent bodies can also occur in other scenarios, such as in the absence of any structure (no density-velocity contrast) within the body or reflection of all seismic energy at the top. The former is quite likely when a conduit lacks the inner layered structure. Even in that case, it is natural to assume that the gas is not necessarily contained in the entire acoustically transparent body but only in a part of the conduit. In contrast, the reflection of all energy at the top of acoustically transparent bodies in this study was unlikely, as there were no remarkable high-amplitude parts at the top of these bodies. Therefore, it is reasonable for us to assume that a gas field exists in the background of our target area, and the condition is an important setting for forming mud volcano fields. The existence of multiple BSRs in this field (Figure 5) implies a continuous gas supply, thus supporting this idea.
5.3 Heterogeneous distribution of mud volcano field along offshore southwest Japan
The acoustic investigations connecting the Kumano basin and Hyuga-nada did not reveal the existence of any other dense mud volcano field within the area covered by our acoustic investigation (Figure 2B). Only one potential mud volcano was found in the off-Muroto area, which is located in a fault zone. It is an isolated hill with a high backscatter intensity and a steep surface slope angle. Although we could not clearly identify the isolated hill as a mud volcano because we did not have data on the subseafloor structure nor samplings, the distinctive bathymetric expression implies that the hill consists of a highly viscous sediment captured fault gouge along the fault zone, similar to KMV14 in the KBEFZ (Asada et al., 2021). The distinctive high backscatter intensity over the hill suggests that large amounts of fluid are discharged at present and may cultivate shelled animals and carbonate rocks. Thus, we expect the isolated hill to be a mud volcano. However, no other similar features that could be considered mud volcanoes were found nearby.
No swarm of mud volcanoes in the off-Muroto area indicates a heterogeneous distribution of mud volcano fields (with a blank area from the Kumano basin to Hyuga-nada) under a series of convergent plate margins. We expect that the subseafloor environment of the off-Muroto area differs from the Kumano and Hyuga-nada areas, which may explain the heterogeneity in the mud volcano fields. The Kumano Basin and the potentially vast area extending from the Hyuga-nada toward the south are in a similar tectonic setting: subducting seamounts are present, i.e., Paleo-zenisu and related seamounts are subducting under the Kumano Basin, and the Kyusyu-Palau Ridge and related ridges and plateaus are subducting under the Hyuga-nada and regions further south (Figure 1). Subducting volcanic and sedimentary rocks are widely encountered in other mud volcano fields worldwide; for example, the Gagua ridge near the southwest part of Taiwan, the northern part of Hikurangi part of New Zealand, and the oceanic plate (does not accompany thick hemipelagic sediment) below Barbados and the Bay of Cadiz, on a regional scale. The subduction of seamounts results in a higher number of volcanic rocks that are a source of clay minerals, which are the main component of mud volcanoes in the Kumano Basin (Menapace et al., 2017; Ijiri et al., 2018a), rather than pelagic sediments (Kameda et al., 2011; 2017). Further, the formation of local stress fields owing to the bumpy surface of subducting seamounts may contribute to the formation of mud volcanoes. In other words, clay minerals may be needed to form swarms of mud volcanoes. Moreover, subseafloor temperature, the chemical environment, and loading conditions at depth may characterize the subseafloor environment. In other words, satisfying compressional stress fields and relatively large amounts of gas discharge along convergent plate margins are insufficient for forming the swarm of mud volcanoes, and other subseafloor conditions are required. Such characteristic subseafloor environments may contribute to other geological phenomena, such as crustal deformation and/or slip. The heterogeneous distributions of mud volcanoes may thus be used as indicators of deep and local subseafloor geological conditions, which may be difficult to visualize using geophysical surveys or sediment core samplings.
6 CONCLUSION
Faults, folds, lenses, MTDs, BSRs, and other geological subseafloor structures were located across the target area. The deformation of stratigraphy increased, and BSRs became clearer oceanward. We identified new mud volcanoes, including potential ones, in the Hyuga-nada by analyzing subseafloor structures indicated by seismic and sub-bottom profiles. In the Hyuga-nada, abundant mud volcanoes show a dense distribution and are considered extensive in the area toward the south, connected to the off-Tanegashima and off-Kikai-jima areas. However, mud volcanoes may be scarce in the connecting area between the Kumano Basin and the Hyuga-nada, suggesting heterogeneous distribution of the mud volcano fields along the series of convergent margins, the Nankai Trough and the northern part of the Ryukyu Trench, off the southwest coast of Japan.
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Quantitatively assessing the porewater dissolved inorganic carbon (DIC) cycling in methane-enriched marine sediments is crucial to understanding the contributions of different carbon sources to the global marine carbon pool. In this study, Makran accretionary wedge was divided into Zone 1 (high methane flux area) and Zone 2 (background area). Porewater geochemical compositions (Cl–, SO42–, NH4+, Mg2+, Ca2+, Ba2+, DIC and δ13C-DIC) and a reaction-transport model were used to determine the DIC source and calculate the DIC flux through carbonate precipitation and releasing into overlying seawater in sediments. Zone 1 is characterized by the shallower depth of sulfate-methane transition (SMT), where most of porewater sulfate was consumed by anaerobic oxidation of methane (AOM). In contrast, a relatively low flux of methane diffusion in Zone 2 results in a deeper SMT depth and shallow sulfate is predominantly consumed by organoclastic sulfate reduction (OSR). Based on the porewater geochemical profiles and δ13C mass balance, the proportions of porewater DIC originating from methane were calculated as 51% in Zone 1 and nearly 0% in Zone 2. An increase of porewater DIC concentration leads to authigenic carbonate precipitation. Solid total inorganic carbon (TIC), X-ray diffractometry (XRD) and scanning electron microscopy (SEM) analysis display that carbonate content increases with depth and aragonite appears at or below the depths of SMT. Meanwhile, the flux of DIC released from sediments calculated by the reaction-transport model is 51.3 ~ 90.4 mmol/m2·yr in Zone 1, which is significantly higher than that in Zone 2 (22.4 mmol/m2·yr). This study demonstrates that AOM serves as the dominant biogeochemical process regulating the porewater DIC cycle, which has an important impact on the authigenic carbonate burial and the seawater carbonate chemistry.




Keywords: Makran accretionary wedge, anaerobic oxidation of methane (AOM), sulfate reduction, dissolved inorganic carbon (DIC), authigenic carbonate precipitation




1 Introduction

Methane (CH4) seepage refers to methane-rich fluid leakage from the seabed, which is widely observed in active and passive continental margin slopes. The fluids show apparent spatial-temporal variations (Haas et al., 2010; Feng et al., 2016; Feng et al., 2020; Liu et al., 2020b; Wei et al., 2021), and often be accompanied by gas hydrate accumulations in areas of gas hydrate stability and where methane concentrations reach saturation (Milkov, 2004; Coffin et al., 2014; Mau et al., 2017; Feng et al., 2018; Zhang et al., 2021a). Under the driving force of geological structure, pressure or temperature changes, the gas hydrate can dissociate and increase the intensity of gas seeps, thereby significantly affecting benthic biogeochemical processes that control the highly spatially heterogeneous seafloor ecosystems (Suess, 2014; Liu et al., 2020a; Liao et al., 2022).

Although the CH4 carbon estimates of hydrate-bound gas in global marine sediments are thought to be highly uncertain, the current estimate is widely believed to range from 1000 to 2500 Gt (Kvenvolden, 1988; Lerche, 2000; Milkov, 2004; Kretschmer et al., 2015). This buried organic carbon reservoir greatly exceeds many other reservoirs such as marine dissolved materials (980 Gt), terrestrial biota (830 Gt), the atmosphere (3.6 Gt) and marine biota (3 Gt) in the global carbon cycle (Kvenvolden, 1988). The dissociation of gas hydrates will result in the consequent liberation of various carbonaceous compounds such as CH4, CO2, and HCO3– (Suess et al., 1999; Phrampus and Hornbach, 2012). Previous studies have shown that more than 90% of the CH4 is consumed through anaerobic oxidation of methane (AOM) in marine sediments (e.g., Boetius et al., 2000; Haese et al., 2003; Chen et al., 2021; Wei et al., 2021; Li et al., 2023), which effectively prevents the diffusion of dissolved CH4 into overlying seawater or even the atmosphere. The AOM is mainly coupled to the sulfate reduction and occurs at a distinct zone which is known as the sulfate-methane transition (SMT) in the sediments (Equation 1) (Reeburgh, 1976; Borowski et al., 1996; D'Hondt et al., 2002; Snyder et al., 2007).

 

The upward flux of methane is theoretically nearly equal to the downward diffusive sulfate flux within the SMT due to the stoichiometric ratio of 1:1 between SO42- and CH4 in the AOM (Niewöhner et al., 1998; Knittel and Boetius, 2009; Akam et al., 2020). However, the calculated downward diffusive sulfate flux often exceeds that of the upward flux of methane (e.g., Wu et al., 2016; Akam et al., 2020; Zha et al., 2022). A compilation by Egger et al. (2018) from 740 sites covering a wide range of oceanic conditions observed the global mean net flux ratio between SO42− and CH4 of 1.4:1. This observed flux imbalance can be attributed to the organoclastic sulfate reduction (OSR) through the oxidation of buried organic matter (Berner, 1980; Jørgensen et al., 2019; Chen et al., 2020; Zha et al., 2022), and the reaction is represented in very simple form as Equation 2:

 

Both the microbially-mediated AOM and OSR can generate dissolved inorganic carbon (DIC) and increase porewater alkalinity (Equations 1, 2), thus leading to the promotion of authigenic carbonate precipitation (Equation 3) (Chatterjee et al., 2011; Smith and Coffin, 2014; Chen et al., 2023).

 

It should be pointed out that other alkaline earth elements such as Mg, Sr, Ba, and Fe can substitute for Ca in varying amounts during the process of carbonate precipitation (Equation 3). In addition to being removed by carbonate precipitation, a portion of the porewater DIC will migrate toward the seafloor and finally enter the overlying seawater (e.g., Smith and Coffin, 2014; Graves et al., 2015; Feng et al., 2020). Therefore, quantitative assessment of the porewater DIC cycle in marine sediments is crucial for better understanding the global authigenic carbonate burial and seawater carbonate chemistry.

The DIC concentration and its isotopic composition (δ13C-DIC) in porewater serve as sensitive indicators of the alteration of carbon species in marine sediments (Chen et al., 2010; Feng et al., 2020; Zha et al., 2022). Previous studies of DIC concentration and its δ13C-DIC have quantitatively tracked various sources, sinks, and transformation terms using the end-member isotopic compositions of various carbon pools (e.g., Aller and Blair, 2004; Formolo et al., 2004; Winde et al., 2014; Wu et al., 2016). Due to the high spatial and temporal heterogeneity of methane turnover above the gas hydrate stability zone (GHSZ), it is necessary to conduct geochemical investigations of the dissolved species found in the porewater of closely associated marine sediments. These resulting geochemical data will help constrain the cycling and fate of DIC related to diagenetic processes in marine sediments with similar continental margin environments, and thus contribute to ascertaining global carbon flux in these settings.

Methane seepage and obvious gas emissions widely occur on the continental slope of the Makran accretionary wedge off Pakistan (von Rad et al., 2000; Delisle and Berner, 2002; Fischer et al., 2012; Wei et al., 2021). Existing works have mainly focused on the use of geophysical methods to identify the distribution and reserves of methane hydrate in this area (von Rad et al., 2000; Römer et al., 2012; Wei et al., 2021; Wu et al., 2021). The conversion of methane carbon to DIC by geochemical processes in the Makran accretionary wedge was rarely reported and in particular, the quantitative assessment of the DIC cycle was not involved. In 2018, China Geological Survey carried out a China - Pakistan joint marine scientific cruise on the Makran continental margin offshore Pakistan (Figure 1A). The hydroacoustic evidence for Bottom Simulating Reflections (BSRs) indicates significant methane-hydrate burial in the study area (e.g., Wei et al., 2021; Wu et al., 2021; Zhang et al., 2021b). In this study, we collected six sediment gravity cores and analyzed the porewater geochemical composition (e.g., Cl–, SO42–, NH4+, Ca2+, Mg2+, Ba2+, DIC and δ13C-DIC), total organic carbon (TOC) and carbonate phase compositions. Our aims are to determine the source of DIC, the relative contributions of different geochemical processes (AOM vs. OSR) to the porewater DIC pool, and quantitatively assess the fate of DIC in the study area using the reaction-transport model.




Figure 1 | The maps of the study area and sampling sites. (A) Study area and its related tectonic setting; (B) Sampling sites and bottom topography of the investigated area. The stations with gas flares are referred to Wei et al. (2021). White line is the track line of the seismic profiles panel (C); (C) Multi-channel seismic data shows the occurring of bottom simulating with reversed polarity (BSR) in the study area (Zhang et al., 2020).






2 Study location and methodology



2.1 Study area

The study area is located in the Makran accretionary wedge of the northern Indian Ocean, which has a complex thrust structure and the lowest subduction angle worldwide (about 3°) (Kopp et al., 2000; Wu et al., 2021) (Figure 1A). Shallow gas accumulates and moves along normal faults in abundant anticlinal hinges created by the highest subducted sediments, resulting in seepage to the seafloor (Römer et al., 2012; Himmler et al., 2015; Liao et al., 2022). Seismic data revealed widespread distributions of BSRs in the slope area across the Makran continental margin (Figure 1C), indicating the widespread occurrence of gas hydrates in this area (e.g., Grando and McClay, 2007; Zhang et al., 2020; Liao et al., 2022). Various types of faults, mud diapirs, gas chimneys, and associated diapiric structures provide conduits for methane seepage in the Makran (von Rad et al., 2000; Schlüter et al., 2002; Khan et al., 2020; Wei et al., 2021; Wu et al., 2021; Liao et al., 2022). Methane seepage has been discovered ubiquitously (Römer et al., 2012), accompanied by cold seep ecosystems (Fischer et al., 2012) and authigenic carbonates (Himmler et al., 2015).




2.2 Sample collection

From December 2018 to February 2019, a systematic multi-beam sonar survey for gas emissions was conducted with the R/V “Haiyangdizhi 10” during a scientific diving expedition of the Makran accretionary wedge off Pakistan (Wu et al., 2021). Based on active flare density and methane seepage intensity, six sediment gravity cores with lengths ranging from 355 to 835 cm were recovered in two zones: Zone 1 (sites G01, G16, G19, and G34) has a high methane flux and a water depth of 500-2500 m; Zone 2 is the background area near Zone 1, with a water depth greater than 3000 m. In terms of geological structure, Zone 1 is heavily transected by imbricate faults and accretionary structures, while the forearc area is largely intact in deeper Zone 2 (Figure 1B).

After being retrieved, the core was promptly transported to the onboard laboratory for the purpose of collecting methane and extracting porewater. Sediment samples for methane analysis (3 ml) were taken using a 10 ml cut syringe and immediately transferred into 10 ml headspace vials, which contained 3 ml of 1 mol/l NaOH solution. The vials were subsequently capped with a rubber septum and sealed with a crimper, stored at low temperatures for the determination of sediment CH4 concentration. Porewater samples were collected at 60 cm intervals using Rhizon samplers according to the procedure presented by Liu et al. (2020a). The porewater samples were then immediately chemically treated and preserved for a variety of analysis purposes. The solid phase was divided into sub-samples at 10 cm intervals and stored at −20 °C for further analysis.

About 2 ml of porewater subsamples for cations (Ca2+ and Mg2+) and anions (SO42– and Cl–) analysis was acidified with 20 μl 65% HNO3 (suprapure, Merck) to prevent precipitation and sulfur oxidation. Samples for porewater NH4+ analysis were preserved in a 2 ml PE tube and frozen. Subsamples for measurements of DIC concentration and its isotopic composition were stored in 3 ml Labco anaerobic flasks without a headspace and kept at 4 °C in the research vessel’s cold room. Once on land, these samples were immediately placed in a refrigerated case and shipped to the onshore laboratories for further analysis within 4 weeks.




2.3 Analytical methods



2.3.1 Chemical and isotopic analysis of porewater

Dissolved Ca2+, Mg2+ and Ba2+ concentrations were diluted at 1:30 with 18-MΩ water and measured with inductively coupled plasma atomic emission spectroscopy (ICP-AES; IRIS Advantage, Thermo Jarrell Ash). Scandium (0.5 mg/L) was added to both standards and samples for correcting signal drift during instrument operation. Porewater samples were diluted with 2% subboiled HNO3 along with reference materials (CASS-4) from the National Research Council of Canada (NRCC). The accuracy and precision were better than ± 5%.

Porewater samples for SO42− and Cl− concentrations were diluted at 1:250 using 18-MΩ water and measured using a Dionex DX-600 ion chromatograph equipped with a 4 mm AS-9HC column. Reagents from the National Research Center for Certified Reference Materials (Beijing, China) were used as standards. Measurement of duplicate samples indicates the analytical error is less than 2%.

The samples for ammonium (NH4+-N) concentration were diluted at 1:5 and determined using flow injection spectrophotometry in wavelength 543 nm, as described by Hall and Aller (1992). NH4+-N standard solution was prepared using the NH4+-N reference material (BWZ6768-2016). All standard solutions were appropriately diluted to generate a series of standard concentrations. Duplicate analysis after every 10 samples was performed to validate the porewater analysis procedure, and the reproducibility is better than ± 5%.

The CH4 concentration was measured using the method of Jørgensen et al. (2001). The vial containing the sediment sample was shaken thoroughly to allow the porewater methane between the aqueous and gaseous phases to equilibrate. A 0.2-ml headspace gas sample was injected into a gas chromatograph (Agilent 6820). For porewater dissolved CH4 concentration, the calculated CH4 concentration per sediment volume is corrected by assuming a constant sediment porosity of 0.75. The two duplicate samples were measured with a precision of ± 3.0%.

The DIC concentration and its δ13C-DIC were analyzed with the 0.3 ml porewater samples according to the methods described by Liu et al. (2020a). The sealed porewater samples were acidified in precleaned extainers with 0.2 ml of 2 mol/l H3PO4, and the resulting CO2 was purged from the samples. The DIC concentration and the carbon isotopic composition of the CO2 were measured using a Thermo Finnigan MAT 253 isotope ratio mass spectrometer coupled with a Thermo Finnigan Gasbench II. The DIC concentration was measured with a precision of ± 2%. The carbon isotopic ratios are reported in the standard δ notation concerning the Vienna PeeDee Belemnite (VPDB) standard and with both precision and accuracy of better than ± 0.15% (1σ).




2.3.2 Solid sediment analysis

Sediment total organic carbon (TOC) and its stable isotopic values (δ13C-TOC) were analyzed in duplicate, using an elemental analyzer (Vario EL III, Germany) connected to a continuous flow system (Isoprime 100), after removal of carbonate with HCl. The average standard deviations of the measurements were ± 0.2% for TOC and ± 0.2‰ for δ13C-TOC. Weight percentages of total carbon (TC) were determined in duplicate (without acidification) by combustion (at 1000°C) on the elemental analyzer, and total inorganic carbon (TIC) was determined by difference: TIC = TC − TOC.

The X-ray diffraction (XRD) was performed to characterize the mineralogy of the powders of interest. Selected samples (55 cm, 415 cm, and 475 cm at site G16; 55 cm, 415 cm, and 535 cm at site G34; 55 cm, 355 cm and 775 cm at site G58) of 1.5 g were micronized under ethanol with a McCrone micronizing mill and then oven-dried at 60°C. After drying, the micronized samples were thoroughly mixed in an agate mortar and pestle to ensure homogeneity, followed by analyses using an X’pert Pro X-ray powder diffractometer (PANalytical, Netherlands) with Cu Kα radiation at 40 kV and 40 mA. The measurements were carried out in the range of diffraction angles 2θ from 4° to 80° with a scanning step of 0.033° and rotation of the sample at a speed of 15 rpm. Qualitative and quantitative analyses of minerals were performed using the software Profex (version 5.0.2) (Doebelin and Kleeberg, 2015).

Scanning electron microscopy (SEM) (Tescan Mira 3) with energy-dispersive X-ray microanalysis (EDX) (Oxford Ultim Max 40) was used to determine the morphology and elemental composition of the sites G16 and G34 samples because of their high level of carbonate content based on the XRD analysis (Supplementary Table S1). The freeze-dried subsamples were fixed onto aluminum stubs with two-way adherent tabs and allowed to dry overnight. Subsequently, the samples were sputter-coated with gold for 30 s. The SEM was operated at 2 kV with a working distance of 10 mm to facilitate optimum image collection while minimizing charging and sample damage. For EDX analysis, an accelerating voltage of 20 kV was used to generate sufficient X-ray counts.






3 Results



3.1 The depth profiles of porewater geochemistry

Figure 2 shows the depth profiles of the Cl–, SO42–, CH4 and NH4+ concentrations in the porewater of Zone 1 and Zone 2. Porewater Cl– concentration at all sampling sites remains almost constant and close to that in seawater. The SO42– concentration decreases almost linearly with depth in Zone 1, and complete depletion occurs at around the depth of 400 cmbsf (centimeters below sea floor) ~ 500 cmbsf (SMT depth). By contrast, complete depletion of SO42– concentration appears at around 1800 cmbsf at site G57 and 1100 cmbsf at site G58 in Zone 2. A noticeable increase in CH4 concentration was observed around the SMT of the sites G01, G16, G19 and G34 in Zone 1, but CH4 concentration is close to 0 and no change with depth at sites in Zone 2. The concentration of NH4+ ranges from 209.50 μM to 3243.00 μM, and an obvious negative correlation between the NH4+ and SO42– in depth profiles occurs at all sites.




Figure 2 | Down-depth profiles of porewater SO42-, Cl-, CH4 and NH4+ in the sediments of the sites (A) G01, G16, G19, and G34 (Zone 1), and (B) G57, G58 (Zone 2).



Depth profiles of the porewater Ca2+, Mg2+ and Ba2+ are shown in Figure 3. The porewater Ca2+ concentrations at sites in Zone 1 and Zone 2 vary from 1.38 – 7.96 mM and 4.40 – 8.50 mM, respectively. The porewater Mg2+ concentrations are in the range of 37.76 – 55.91 mM and 50.64 – 56.33 mM at sites in Zone 1 and Zone 2. The concentrations of Ca2+ and Mg2+ decrease with depth in Zone 1, and their decreasing trends are more pronounced than those in Zone 2. The porewater Ba2+ concentrations at the sites of Zone 1 vary from 0.33 to 4.76 μM, and display a noticeable increasing trend below the depth of complete depletion of porewater sulfate. At the sites of Zone 2, however, the Ba2+ concentrations remain almost constant in the depth profiles, with a range of 0.35 to 0.54 μM.




Figure 3 | Down-depth profiles of porewater Ca2+, Mg2+ and Ba2+. (A) G01, G16, G19, and G34 (Zone 1), and (B) G57, G58 (Zone 2).



The porewater DIC concentration increases with the depth, and the δ13C-DIC values are negatively correlated with DIC concentration at all sites in Zone 1 (Figure 4A). The porewater DIC concentrations at sites G01, G16, G19 and G34 vary from 11.85 – 24.29 mM, 5.47 – 18.26 mM, 4.24 – 15.45 mM and 3.79 – 18.87 mM, and the δ13C-DIC values range from −29.57 to −15.82 ‰, −35.04 to −15.70 ‰, −39.60 to −12.20 ‰ and −27.39 to −11.27 ‰, respectively. The most negative δ13C-DIC occurs at the depth of maximum sulfate depletion. For site G58 in Zone 2 (Figure 4B), δ13C-DIC values decrease almost linearly from −8.48‰ at the top to a minimum of −15.52‰ at the bottom. For site G57 in Zone 2 (Figure 4B), which has a much deeper SMT, the change in δ13C-DIC values is much more gradual since the site of AOM contributions to DIC is located deeper.




Figure 4 | Down-depth profiles of porewater DIC and δ13C-DIC in the sampling sites (A) G01, G16, G19, and G34 (Zone 1), (B) G57, G58 (Zone 2).






3.2 The depth profiles of sediment TOC, TIC and δ13C-TOC

Figure 5 displays the depth profiles of sediment TOC, TIC and δ13C-TOC. At the sites of Zone 1, the TOC shows a decreasing trend as depth increases, varying from 2.02% to 0.28%, while the TIC contents are in the range of 2.03% – 4.21% and exhibit a small increase trend with depth. In contrast, the TOC and TIC at site G58 in Zone 2 show small fluctuations in the depth profile, with ranges of 0.59% – 1.32% for TOC and 2.15% – 2.69% for TIC, respectively. At all sites, there is no clear trend of the δ13C-TOC variation in the depth profile, and their values range from –24.14‰ to –20.59‰.




Figure 5 | Down-depth profiles of sediment TOC, δ13C-TOC and TIC. (A) G01, G16, G19, and G34 (Zone 1), (B) G58 (Zone 2).






3.3 Morphology and mineralogy of the carbonate phase

Based on the vertical distribution of porewater geochemical profiles (Figures 2, 3), we selected the sediment samples from three different depths of Zone 1 (sites G16 and G34) and Zone 2 (site G58) for XRD analysis, and the results are shown in Figure 6 and Supplementary Table S1. Quantitative analyses of minerals were performed using the default structure repositories in the software Profex (version 5.0.2). Overall, the carbonates at sites G16, G34 and G58 are composed of calcite, aragonite, and dolomite. The percentage of each carbonate mineral within the bulk sediment and the relative abundance of each carbonate type in total carbonates are listed in Supplementary Table S2. By comparison, the ratio of calcite/∑carbonate is the highest in all selected samples (66.48% ~ 85.18% at site G16; 51.56% ~ 81.69% at site G34; 75.59% ~ 82.68% at site G58). Aragonite is almost undetectable in the shallow sediments (55 cmbsf depth) of sites G16 and G34 (aragonite/∑carbonate = 0), and not detected at all selected depths of site G58. The ratio of aragonite/∑carbonate decreases from 20.61% at 415 cmbsf depth to 6.94% at 475 cmbsf depth of site G16, and it increases dramatically from 4.50% at 415 cmbsf depth to 35.26% at 535 cmbsf depth of the site G34. However, the difference in the ratio of dolomite/∑carbonate is very small in all selected samples (12.91% ~ 14.82% at site G16; 13.18% ~ 18.64% at site G34; 17.32% ~ 24.41% at site G58).




Figure 6 | The XRD spectra of the selected sediment samples from three different depths of Zone 1 (G16 and G34) and Zone 2 (G58). (A) G16 55 cmbsf; (B) G16 415 cmbsf; (C) G16 475 cmbsf; (D) G34 55 cmbsf; (E) G34 415 cmbsf; (F) G34 535 cmbsf; (G) G58 55 cmbsf; (H) G58 355 cmbsf and (I) G58 775 cmbsf. Only minerals with a content greater than 5% are shown in the figures (Q, quartz; Cal, calcite; Mus, muscovite; Chl, chlorite; Pla, Plagioclase; Ara, aragonite).



In addition to XRD analysis, the SEM images and EDS signals can also be utilized to identify the various carbonate phases. In this study, most of the carbonate concretions were observed in the deep layer of sites G16 and G34 (Figure 7; Supplementary Table S3). The mineral morphology at the 415 cmbsf depth of site G16 is analogous to that at the 535 cmbsf depth of site G34. Both samples contain aragonite and calcite, where aragonite occurs in the habit of acicular CaCO3 with roughly strip-shaped bodies ranging from 1 to 3 μm in diameter (Figures 7B, G), and calcite appears in a massive form (Figures 7C, H). At the other depths of the sites G16 and G34, no strip-shaped aragonite but only calcite was found (Figures 7A, D–F).




Figure 7 | SEM images and EDS signals for sites G16 and G34. (A) Massive calcite at a depth of 55 cmbsf of site G16, (B) small loosely packed aragonite needle cluster with mainly long needles (1 ~ 3 μm) at a depth of 415 cmbsf of site G16, (C) the presence of calcite at a depth of 415 cmbsf of site G16, (D) calcite at a depth of 475 cmbsf of site G16, (E) massive calcite at a depth of 55 cmbsf of site G34, (F) a notable presence of calcite at a depth of 415 cmbsf of site G34, (G) the aragonite at a depth of 535 cmbsf of site G34, which is closely resembled that at a depth of 415 cmbsf of site G16, (H) calcite at a depth of 535 cmbsf of site G34.







4 Modeling results of porewater geochemical profiles

The porewater geochemical profiles of sulfate, methane, calcium, magnesium, and DIC concentration were simulated by a reaction-transport model (RTM) under steady state (e.g., Berner, 1980; Chatterjee et al., 2011; Meister et al., 2019; Xu et al., 2023). The RTM was written using MATLAB R2023a and its code is provided in the Supplementary Material.

The instantaneous reaction rate equation (Equation 4) is as follows:

 

where C is the concentrations, t is time, ω is the sedimentation rate, φ is the porosity of the marine sediment, Ds is the effective diffusion constant and is corrected by advection and tortuosity (τ2) as τ2 = 1-2·lnφ (Boudreau, 1997). The specific values of simulation parameters are shown in Table 1, and part of the relevant data in the table refers to previous studies in this area (Luff et al., 2000; Hu et al., 2018).


Table 1 | Model parameters and boundary conditions for the sediment cores in the study area.



The time of simulation is related to the sedimentation rate and porosity. Here we used an exponential function to describe porosity:

 

where the value of porosity (φ0) of sediment at the sediment-water interface (SWI) is set to 0.8, λ (-0.01) is the attenuation coefficient and x is the depth. The burial time can be calculated as (Meister et al., 2019):

 

Sources and sinks of methane, sulfate, and DIC are stoichiometrically coupled to rates of organic matter (OM) degradation via the simplified reactions for sulfate reduction (SR) and methanogenesis (ME).

For OM degradation, the reactive continuum model (RCM) was applied (Boudreau and Ruddick B., 1991):

 

where the parameter a describes the average lifetime of OM, v defines the shape of the distribution, t is burial time calculated by Equation 6 and G represents the content of OM.

Based on the OM degradation rate, the SR and ME rates can be written as follows:

 

 

where fs is an error residual function (Chuang et al., 2019; Xu et al., 2023), as:



where Cs is the sulfate concentration, CS* is the threshold sulfate concentration for methanogenesis (~ 1 mM), and b (~ 0.001) is a parameter controlling the steepness of fS. When OM is degradated by OSR, fs = 1; and when OM is degradated by methanogenesis, fs = 0.

The ratio of DIC production from sulfate consumption via AOM is 1:1, and the rate of AOM can be described as:

 

where CM is methane concentration, CS is sulfate concentration and kAOM is the first order rate constant for AOM.

The precipitation of carbonate is the sink of calcium and DIC (Equation 3), and its rate was calculated as Equation 12 (Luff et al., 2001):

 

where Ccalcium and Ccarbonate represent the contents of calcium ions and carbonate, K*SP is the stoichiometric solubility constant of solid carbonate, kCa is the first-order kinetic rate constant for carbonate precipitation. The precipitation rate of magnesium (Mg2+) in porewater is correlated with the precipitation rate of Ca2+ (Fantle and DePaolo, 2006; Fantle and DePaolo, 2007; Zhang and DePaolo, 2020), which can be written as following:

 

where CMg and CCa are the porewater concentrations of Mg2+ and Ca2+, and kMg is the first-order kinetic rate constant for magnesium precipitation.

The absolute concentrations of [13DIC] and [12DIC] were computed by separate reaction-transport (Equation 14) for each isotope (R = R12 + R13). Minor carbon isotope fractionation occurs during OSR, AOM and carbonate precipitation (Meister et al., 2013; Chuang et al., 2019; Meister et al., 2019). Hence, the sources and sinks are assumed proportional to the isotopic composition of the source pool, and the rate of CH4 can be calculated as follows:

 

Methanogenesis can occur via two main pathways: the autotrophic pathway using CO2 and H2 and the acetoclastic pathway using acetate. However, independent of the pathway, the sources of methane and DIC are in isotopic proportion with the OM by the fractionation factor α and 2-α, respectively (Meister et al., 2019).

 

 

The concentration profiles of diverse species and RAOM from Zone 1 and Zone 2 were simulated in this study. The modeling results are almost consistent with the measured concentrations of SO42−, Ca2+, and Mg2+ in Zone 1 and Zone 2 (Supplementary Table S4; Figure 8). By contrast, DIC concentration and δ13C-DIC have a poor match with the simulated curve (Figure 8) and the possible explanation is that DIC samples undergo degassing during collection and storage, which will cause CaCO3 to precipitate from the solution and lead to changes in physiochemical conditions (Miller et al., 2017).




Figure 8 | Measured (dots) and simulated (curves) depth profiles of the study sites (A) G01, G16, G19, and G34 (Zone 1) and (B) G57 and G58 (Zone 2). Down-depth profiles of SO42–, CH4, RAOM, Ca2+, Mg2+, DIC and δ13C-DIC. (The depth range of each site in the figure is different).



Considering the uncertainty in methane sampling, the simulation of methane profiles is not only based on methane concentration profiles but also the porewater profiles of SO42- and δ13C-DIC. As shown in Figure 8, the methane concentration at sites G01, G16, G19, and G34 in Zone 1 increases significantly at the bottom of sediments, while there is no methane occurring within the depth profiles of the sites G57 and G58 in Zone 2. In addition, the RAOM of Zone 2 is zero and the decreasing trend of Ca2+ and Mg2+ is not as obvious as that of Zone 1. Based on the calculation of the reaction-transport model, site G19 has the highest value of RAOM with 71.55 mmol/m2·yr. Furthermore, the rates of authigenic carbonate precipitation are simulated as 7.54 mmol/m2·yr at site G01, 8.12 mmol/m2·yr at site G16, 7.20 mmol/m2·yr at site G19, and 10.11 mmol/m2·yr at site G34, respectively. In contrast, the rates of authigenic carbonate precipitation in Zone 2 are much lower than those in Zone 1. According to the OM degradation rate and calculation by the reaction-transport model (Equation 9), the methanogenesis rates at sites G01, G16, G19 and G34 are 1.70 mmol/m2·yr, 2.30 mmol/m2·yr, 1.40 mmol/m2·yr and 0.92 mmol/m2·yr, respectively, however, the rates at sites G57 and G58 are nearly 0 (Supplementary Table S5).




5 Discussion



5.1 The relationship of the fluxes of DIC and SO42- with SMT depth

The SMT, an important biogeochemical zone characterized by the simultaneous consumption of sulfate and methane (AOM, Equation 1), is commonly observed in methane-rich marine sediments at relatively shallow depths below the seafloor (1 ~ 30 mbsf) (Malinverno and Pohlman, 2011). Within or near the SMT zone, the depletion of sulfate can lead to the dissolution of barite, thereby causing an increase in the concentration of porewater Ba2+ (Aloisi et al., 2004; Riedinger et al., 2006; Snyder et al., 2007). In this study, we also observed an increasing trend of Ba2+ concentration at or below the depth of SMT, but its concentration was relatively low, which may be mainly due to the lower content of barite minerals in the sediments (Supplementary Table S1). Here, we define the depth of SO42− becomes near depleted (1 mM) as the SMT depth, which can be derived using the least square method by fitting the SO42– depth profiles of all sampling sites (Borowski et al., 1999; Arndt et al., 2013; Chuang et al., 2016; Feng et al., 2018). When the sediment core sampling does not cross the SMT, the depth of the SMT can be achieved by extrapolating the SO42− concentration gradient to a depth where porewater SO42− concentrations are near depleted (Smith and Coffin, 2014).

It should be noted that a shallow SMT often occurs a few centimeters below the seafloor with significant advection of upward fluids, such as seeps and vents, because the advecting fluids typically have a higher concentration of CH4 than surrounding sediment, and advection often involves multiphase fluid flow (free gas and liquid) that may be episodic (Luff and Wallmann, 2003; Miller et al., 2017). However, the depths of SMT at our sampling sites are greater than 4 m and the porewater SO42- concentrations exhibit a linear decrease in depth profiles, thereby suggesting that the impact of advection of upward fluids is not significant in this study area. Assuming under steady-state conditions, the diffusion rates of diverse species such as SO42–, Ca2+, Mg2+ and DIC, can be calculated from the linear fit to the species concentration (Supplementary Table S4) gradient according to Fick’s first law (Equation 17) (e.g., Berner, 1978; Coffin et al., 2015):

 

where J is the diffusive flux (mmol/m2 yr); φ is the porosity; Ds is the diffusion coefficient (m2/s) which is related to temperature; c is the concentration of diverse species in pore water (mM), and x is the depth (mbsf). The bottom water temperatures at the study sites are shown in Table 1, and porosity is obtained by a functional relationship with depth (Equation 5). In this study, we set that the downward flux (SO42–) is negative (into the sediments) corresponding to an upward flux (positive) for DIC out of the sediments. Due to the core sampling not crossing the SMT, it is difficult to estimate the flux of DIC upward from below the SMT. Nonetheless, our calculation results of the reaction-transport model show that the methanogenesis rate is much lower than the rates of AOM and OSR, indicating the flux of DIC from below SMT is much smaller than that from above SMT (Equation 9; Supplementary Table S5). Thus, the DICnet flux is approximated as DIC diffusion upward through the sediments above the SMT (JDIC) and the loss of DIC by authigenic carbonate precipitation (Table 2), where the loss flux of DIC can be estimated using the porewater concentration profiles of Ca2+ and Mg2+ (Equation 18) (Smith and Coffin, 2014):


Table 2 | SMT depth, sulfate diffusion rates (JSO42-), Ca2+ diffusion rates (JCa2+), Mg2+ diffusion rates (JMg2+) and DIC diffusion rates (JDIC) at all sampling sites of methane-hydrate area in Makran continental margin.



 

The fluxes of SO42– and DICnet in Zone 2 are significantly lower than those in Zone 1, and the larger fluxes of SO42– and DICnet correspond to the shallower SMT depth (Table 2). We combined the data from this study with the published data (Figure 9), and found that the DICnet and SO42– fluxes of all comparing sites have an exponential relationship with SMT depths (y = 273.63x−1.17 and y = −267.89x−1.37, Figure 9), which is very consistent with the report by Miller et al. (2017). The explanation for this correlation potentially lies in the fact that the fluxes of DIC and SO42– to the SMT depth are mainly controlled by the reactivity and content of sediment OM in depth profiles (Egger et al., 2018; Xu et al., 2023). The diffusion flux of SO42– is approximately equal to that of CH4 within the SMT (Equation 1), so the depth of the SMT can provide a relatively qualitative prediction of upward CH4 flux in the sediments.




Figure 9 | The exponential relationship of SO42− and DICnet flux with SMT depth. The data are soured from the Makran accretionary wedge (Zhang et al., 2021b), Beaufort Sea (Coffin et al., 2013; Miller et al., 2017), East Siberian Slope (Miller et al., 2017), New Jersey Continental Slope (Berg, 2008), Blake Ridge (Paull et al., 1996; Keigwin et al., 1998; Berg, 2008), Gulf of Mexico (Kastner et al., 2008), Amazon Fan (Flood et al., 1995; Burns, 1998; Berg, 2008), Western Africa (Wefer et al., 1998; Berg, 2008), Oman (Berg, 2008), Bering Sea (Keigwin et al., 1998; Takahashi et al., 2011), Cascadia (Claypool et al., 2006; Dickens and Snyder, 2009), Umitaka Spur (Snyder et al., 2007), Japan Sea (D'Hondt et al., 2002), California Margin (Berg, 2008), Nankai Trough (Moore et al., 2001; Berg, 2008), Costa Rica Margin (Kimura et al., 1997; Berg, 2008), New Zealand (Hamdan et al., 2011; Coffin et al., 2014) and Antarctic (Geprägs et al., 2016), where the flux calculation results are cited from Miller et al. (2017).






5.2 Sulfate consumption pathways (OSR vs. AOM)

The depth profiles of porewater δ13C-DIC exhibit the obvious characteristic pattern reflecting the occurrence of AOM. Especially, the minimum values of δ13C-DIC (−27.40 ‰ to −39.60 ‰, Figure 4) at the depth of sulfate depletion are significantly more negative than that of the δ13C of sedimentary OM found in this region (~ −21.0 ‰, von Rad et al., 1996). If only the degradation of organic carbon occurs within this depth range, then the δ13C-DIC value should lie between that of seawater (0 ‰ PDB) and that of organic carbon (~−21.0 ‰). Thus, the isotopic signature of DIC of this study indicates the additional source of light carbon in Zone 1 (Figure 4). The most likely source is AOM, which produces δ13C-DIC that is isotopically lighter than that predicted from the simple mixing of the carbon derived from the OM degradation and seawater. Besides this, the decomposition of OM through bacterial sulfate reduction (OSR) can generate DIC and NH4+ and enter the surrounding porewater in the methane-bearing sediments (e.g., Luo et al., 2013; Zha et al., 2022), so NH4+ is an effective indicator of the extent of OM degradation because NH4+ is mainly produced via anaerobic bacterial decomposition of nitrogen-bearing organic compounds (Wehrmann et al., 2011; Mazumdar et al., 2014). It should be mentioned that the distribution of porewater NH4+ is influenced by many other factors. The first is the dilution of freshwater released by methane-hydrate decomposition. However, no significant fluctuations in Cl− concentration were observed in the depth profiles, indicating that porewater NH4+ concentration is not affected by this effect. Secondly, methanogenesis in the sediments can also increase porewater NH4+ concentration (Mazumdar et al., 2014), but our results from the species concentration profiles and reaction-transport modeling confirm that the effect of deep methanogenesis is very limited (Supplementary Table S5). In addition, the temperature can affect ion diffusion and microbial-mediated OM decomposition, leading to changes in porewater NH4+ concentration in depth profiles (Sivan et al., 2007; Zhang et al., 2021b), but the temperature variation is very small due to a relatively short sediment core (< 8.5 m) in our sampling sites. Thus, the influence of temperature on NH4+ concentration can be ignored.

As shown in Figures 10A and B, the cross-plots of SO42− vs. NH4+ display a significant negative relationship, indicating the OSR process is accompanied by OM decomposition and NH4+ release in the study area. By comparison, the slope of SO42−-NH4+ at site G01 (k = −0.033) is larger than those at all other sites (Figure 10), and the possible reason is due to the adsorption of NH4+ by clay minerals in the sediment at this site (Lukawska-Matuszewska and Kielczewska, 2016). Avinash et al. (2016) showed that the Arabian Sea sediments contain abundant illite with a large capacity for potassium-ammonium cation exchange, which originates from the fluvial or aeolian transport (wind-blown dust from the adjacent deserts). Therefore, we speculate that site G01 is more likely to receive abundant clay minerals like illite to absorb more NH4+ than other sites because it is located in a shallower water depth (844 m, Tabel 2). Although the OSR process occurs, our calculated flux of NH4+ (3.35 ~ 17.78 mmol/m2·yr) is much smaller than that of SO42- (77.82 ~ 101.38 mmol/m2·yr), indicating that OSR does not play a dominant role in porewater sulfate reduction.




Figure 10 | Cross-plot of porewater sulfate versus ammonium at the study sites. (A) sites G01, G16, G19, and G34 (Zone 1); (B) sites G57 and G58 (Zone 2); (C) different seepage sites in previous studies. The k represents the slope of SO42− - NH4+. The correlation coefficients are labeled close to the fitting lines, together with corresponding annotations. Data for Eastern Black Sea 11938 is cited from Reitz et al. (2011); Mahanadi Basin MD161-19 from Mazumdar et al. (2014); and Makran S3 from Zhang et al. (2021b).



Distinguishing the relative contributions of OSR and AOM to sulfate consumption is crucial to accessing methane flux into the SMT and the associated biogeochemical processes occurring in marine sediments (Malinverno and Pohlman, 2011; Luo et al., 2013). In the reaction of AOM, the molecule ratio of the sulfate consumption vs. DIC generation is 1:1 on the basis of the chemical reaction formula (Equation 1), while in the OSR process, the consumption of one molecule of sulfate produces two molecules of DIC (Equation 2). Therefore, the scatter plot of the flux of SO42− vs. DICnet can be used to estimate the relative contribution fractions of AOM and OSR to total porewater SO42− consumption (Smith and Coffin, 2014).

As shown in Figure 11, dots of Zone 1 (G01, G16, G19 and G34) in the methane-hydrate area fall near the AOM line, indicating the AOM reaction is the major process for sulfate reduction (Akam et al., 2020; Zhang et al., 2021b). In comparison, dots of G57 and G58 of Zone 2 in the background area are closer to the OSR line, thus proving that OSR is the dominant process for sulfate consumption. This is further supported by simulation results from the reaction-transport model, as the rates of AOM in Zone 1 are higher than those in Zone 2 (Figure 8; Supplementary Table S5).




Figure 11 | Scatter plot of flux of porewater SO42− vs. DICnet for the sites in Zone 1 and Zone 2 (Table 2). The 1:2 line indicates the molar stoichiometry of SO42− consumption to DIC production for OSR (Equation 2), and the 1:1 line indicates the molar stoichiometry of SO42− consumption to DIC production for AOM (Equation 1).






5.3 Sources of porewater DIC

Porewater DIC mainly originates from AOM, OSR and the seawater that trapped during sediment accumulation (e.g., Borowski et al., 2000; Chatterjee et al., 2011; Feng et al., 2018; Meister et al., 2019; Akam et al., 2020). In some cases, the incorporation of DIC from deep sediments may affect the δ13C-DIC within the SMT (e.g., Chatterjee et al., 2011; Hu et al., 2022; Zha et al., 2022), but based on the modeling results of methane turnovers, the calculating depth-integrated AOM rates at sites G01, G16, G19 and G34 are about 25 to 51 times of the in situ methanogenesis rates (Supplementary Table S6). Therefore, in situ methanogenesis constitutes a minor proportion of the total DIC, whose effect on deep DIC production can thus be ignored in this study.

Here, an isotope mass balance model (Equation 19) was used to distinguish the source of porewater DIC in the closed systems (Borowski et al., 2000; Chen et al., 2010; Zhang et al., 2021b):

 

where X is the proportion of DIC from different sources, and δ13C is the carbon isotope composition. The subscripts AOM, SW and OM refer to DIC derived from the sources listed above and the value of Xsw is obtained through dividing the DIC concentration of the overlying seawater by the DIC value within the SMT (Borowski et al., 2000). In this study, the average value of δ13C-TOC for each core sediment is taken as the δ13COM. The δ13C value of CH4 (−68.5 ‰) is followed as reported by Römer et al. (2012). The δ13CDIC-added is defined as the isotopic value of the DIC being added to the initial porewater since the burial, which can be obtained from the slope of the linear regression graph of DIC vs. δ13C-DIC*DIC (Ussler and Paull, 2008; Chen et al., 2010; Zhang et al., 2021b).

The δ13CDIC-added at sites G57 (−16.7 ‰) and G58 (−17.2 ‰) are more positive than δ13COM (Figure 12B), indicating that the porewater DIC in Zone 2 is less affected by AOM. In Zone 1, however, the relative contributions of the AOM process to total porewater DIC are 60% at site G01, 52% at site G16, 68% at site G19, and 25% at site G34 (Table 3). By comparison, the δ13C-DICadded value at site G34 (–31.6 ‰) is similar to that at site S3 in Makran from Zhang et al. (2021b) (–33.1 ‰) indicating that the two adjacent sites have the same DIC source (Figure 12A; Table 3). The difference in the percentage of porewater DIC sources at different sites is likely related to the flux of the upward diffusion of CH4 in the methane-hydrate area (Chuang et al., 2013; Wei et al., 2019; Feng et al., 2020).




Figure 12 | Linear regression diagrams of DIC vs δ13C-DIC*DIC at different sampling sites. (A) sites G01, G16, G19, and G34 (Zone 1); (B) sites G57 and G58 (Zone 2).




Table 3 | The proportions of the various sources of DIC at different sampling sites.






5.4 Removal of DIC by authigenic carbonate precipitation

The formation of authigenic carbonate is an important pathway to remove porewater DIC, particularly in continental shelf regions (e.g., Sun and Turchyn, 2014; Bradbury and Turchyn, 2019; Wang et al., 2019; Ruban et al., 2020; Loyd and Smirnoff, 2022). In this study, porewater Ca2+ and Mg2+ concentrations decrease with depth, suggesting the authigenic carbonate precipitation at sites in the study area (Ritger et al., 1987; Aloisi et al., 2002; Snyder et al., 2007; Nöthen and Kasten, 2011). Numerical simulation by the reaction-transport model shows that the rate of authigenic carbonate precipitation is 10 mmol/m2·yr at site G34, slightly higher than that at sites G01 (8 mmol/m2·yr), G16 (8 mmol/m2·yr), and G19 (7 mmol/m2·yr). The rates of authigenic carbonate precipitation at the sites in Zone 1 (average 8.25 mmol/m2·yr) are much higher than the global average (~5 mmol/m2·yr, Sun and Turchyn, 2014), emphasizing the significance of the methane hydrate area in the formation and burial of authigenic carbonate in global marine sediments. Compared with Zone 1, the rate of authigenic carbonates at sites G57 and G58 in the background area (Zone 2) is much lower (average 4 mmol/m2·yr).

The XRD analysis shows the mineral species of authigenic carbonate precipitation at sites G16, G34 and G58, which are mainly composed of calcite, aragonite, and dolomite (Figure 6; Supplementary Table S1). The molar fraction of MgCO3 in calcite can be obtained by lattice parameters of calcite (Titschack et al., 2011; Dos Santos et al., 2017; Fahad and Saeed, 2018). Based on the XRD/Rietveld analysis, we found that the molar fraction of MgCO3 in calcite is less than 10% at all sites in our study, indicating the absence of high-Mg calcite (Supplementary Table S6). In Zone 1, authigenic carbonate phases exhibit notable variations at different depths (Supplementary Table S1; Figure 6) of sites G16 and G34. At the surface sediments (55 cmbsf depth), calcite is the main component of carbonate phases, and aragonite is almost undetectable. However, the highest aragonite content occurs around the SMT with a depth of 415 cmbsf at site G16 (5.27%) and 535 cmbsf at site G34 (12.09%) (Supplementary Table S1), resulting in the highest ratio of aragonite/∑carbonate and the lowest ratio of calcite/∑carbonate appear at the SMT depth (Supplementary Table S2; Supplementary Figure S1). Many factors, such as sulfate inhibition and the presence of extracellular polymeric substances (EPS), can affect the formation of carbonate mineral phases (e.g., Formolo et al., 2004; Himmler et al., 2015; Li et al., 2018; Wang et al., 2019). Based on the results of porewater DIC and XRD analysis, however, we speculate that the solubility of carbonate minerals may play a significant role in the aragonite precipitation. According to carbonate solubility, calcite (K’= 7.98×10–7 at 5°C in 34.5‰ seawater) precipitation takes priority over aragonite (K’= 11.4×10–7 at 5°C in 34.5‰ seawater) (Berner, 1976). Therefore, at surface depth with relatively low DIC concentrations, calcite precipitates first. With the increase of DIC generated by the microbial-mediated AOM occurring around SMT depth (Chafetz et al., 1991; Peckmann et al., 2001; Liu et al., 2016), aragonite starts to precipitate, leading to the highest ratio of aragonite/∑carbonate around the SMT depth compared to other depths. Nevertheless, this ratio remains lower than that of calcite/∑carbonate at all depths. By contrast, aragonite does not appear while calcite is the dominant carbonate phase in Zone 2 (site G58) (Supplementary Tables S1, S2), which is similar to the distribution of carbonate phases in surface sediments of Zone 1, as it is less affected by AOM (Liu et al., 2016; Li et al., 2018; Wei et al., 2020). Although dolomite is one of the carbonate phases in the study area, its content is relatively low (Zone 1: 2.73% ~ 4.47% at site G16; 2.47% ~ 4.52% at site G34; Zone 2: 2.52% ~ 3.10% at site G58) (Supplementary Table S1). Currently, the formation mechanism of dolomite is very complex and remains elusive (Cai et al., 2021). Microbially-mediated dolomite precipitation could possibly occur in modern reductive saline and anoxic environments (Warren, 2000; Cai et al., 2021), such as lagoons and gas hydrate areas (e.g., Casado et al., 2014; Li et al., 2018). Therefore, we infer that it is possible in the past that the accumulation of gas hydrates resulted in saline, sulfate-free porewaters which could host the small amounts of dolomite that we observed in this study.




5.5 Release of DIC to the overlying seawater

Theoretically, DIC that is not precipitated into authigenic carbonates can enter the upper sediment and eventually the overlying seawater through advection or diffusion (Chatterjee et al., 2011; Rassmann et al., 2018; Akam et al., 2020; Zhao et al., 2020). Based on extensive seafloor observations and geochemical analysis, methane hydrate systems contribute considerable proportions of the local carbon budget to the overlying seawater by emitting a large amount of DIC (Aharon et al., 1992; Suess et al., 1999; Garcia-Tigreros and Kessler, 2018; Feng et al., 2020). DIC released from marine sediments has an important influence on the carbonate equilibrium system in seawater (Chen, 2002; Krumins et al., 2013; Akam et al., 2020; Feng et al., 2020). Previous studies have shown that global DIC flux released from sediments to overlying seawater averages 6.5 Tmol/yr (3.2 ~ 9.2 Tmol/yr), of which 98% is released from continental margin sediments with the depth of SMT less than 13 m, equivalent to approximately 20% of the global river DIC (~ 33 Tmol/yr) flowing into the ocean (Meybeck, 1993; Amiotte Suchet et al., 2003; Treude et al., 2005; Aufdenkampe et al., 2011; Egger et al., 2018; Akam et al., 2020).

In this study, we use the reaction-transport model to quantitatively assess the DIC fluxes released from the sediments into the overlying seawater of the Makran continental margin (Table 4). In this calculation, DICOSR, DICAOM and DICcarbonate are simulated by the rate of OM decomposition, the rate of AOM within SMT, and the depth profile of Ca2+ concentration, respectively. As described previously, the situ methanogenesis via shallow OM decomposition is very low (Supplementary Table S5), so the contribution of DIC generated through this process is not considered. The flux of DICburial is constrained by the sedimentation rate and DIC concentration (Zha et al., 2022), thus it can be estimated by the reaction-transport model (Table 4). Furthermore, the DIC released from sediment to overlying seawater can be defined as Equation 20 (Wallmann et al., 2008; Dickens and Snyder, 2009; Chatterjee et al., 2011; Solomon et al., 2014; Akam et al., 2020):


Table 4 | The calculated DIC fluxes of the Makran continental margin by simulation using the reaction-transport model.



 

Based on the Equation 20, we find that DICout differs greatly between the site G19 (90.4 mmol/m2·yr) and G34 (51.3 mmol/m2·yr), although both sites are located in the methane-hydrate area (Figure 1). In addition, we compared the DICout values in Zone 1 (68 ± 14 mmol/m2·yr) and Zone 2 (22.4 mmol/m2·yr), and this difference is likely caused by the different DIC cycling patterns between the two Zones (Table 4; Figure 13). As shown in Table 4 and Figure 13, the DIC fluxes produced by AOM in Zone 1 is 55 ± 11 mmol/m2·yr, which is significantly higher than that in Zone 2 (DICAOM = 0). Although the rate of authigenic carbonate formation is also relatively high in Zone 1, the process of carbonate precipitation is insufficient to prevent the release of large amounts of DIC from the sediment into the overlying seawater. By comparison, the fluxes of DIC released from sediments range from 51.3 to 90.4 mmol/m2·yr in Zone 1, which is higher than those of other methane-hydrate areas, such as the Gulf of Mexico (9 ~ 33 mmol/m2·yr, Smith and Coffin, 2014), Dongsha area of the southern South China Sea (13.1 ~ 26.1 mmol/m2·yr, Chen et al., 2017), Shenhu area of the southern South China Sea (10.1 ~ 31.7 mmol/m2·yr, Wu et al., 2013), and Beikang Basin (32.3 ~ 50.1 mmol/m2·yr, Feng et al., 2018).




Figure 13 | Two simplified schematics of the DIC release to the overlying seawater in Zone 1 and Zone 2. CP is the abbreviation for carbonate precipitation. The numbers represent the average flux and depth-integrated rates of DIC production and consumption in mmol/m2·yr of DIC.



This upward DIC flux across the seafloor accounts for an average of 88% of the total DIC in Zone 1. Importantly, the process of AOM contributed a large proportion of DICout at sites G01, G16, G19, and G34 in Zone 1 (Table 4) due to the upward flux of CH4. High rates of AOM can lead to an increase in DICout flux and total alkalinity (TA) in the overlying seawater (Akam et al., 2020; Zha et al., 2022), which is beneficial to reduce ocean acidification and increases the CO2 absorption capacity of seawater (Chen, 2002; Krumins et al., 2013; Akam et al., 2020; Feng et al., 2020). In future, more related work on carbon cycling in methane-bearing sediments should be conducted to quantitatively assess the DIC and TA released from global marine sediments to the overlying seawater and their impact on carbonate equilibrium in marine systems.





6 Conclusion

Based on the active density of flares at the Makran continental margin, we divided the study area into Zone 1 (an active accretionary environment with high methane flux) and Zone 2 (a farther offshore background area). The differences in geological structures and sampling locations between the two zones have a potential impact on the porewater geochemistry and DIC flux. Our results show that Zone 1 has the larger CH4 flux with the shallower SMT depth, and a noticeable increase in porewater Ba2+ concentration was observed within or near the SMT zone. The flux of SO42− vs. DICnet was used to determine the pathway of sulfate consumption at each site, revealing that almost all porewater SO42− at sites G57 and G58 in Zone 2 is consumed by OSR, the AOM reaction, however, is the main process of sulfate consumption affected by methane diffusion at sites in Zone 1. The relative contributions of AOM to the porewater DIC calculated by the isotope mass balance model are 60% (G01) and 52% (G16), 68% (G19), and 25% (G34) in Zone 1, respectively. The TIC, XRD and SEM analyses show that the total carbonate content increases with depth, and the carbonate phases are composed of calcite, aragonite, and dolomite. By comparison, calcite is the main carbonate phase while the dolomite content is relatively low. Due to high concentration of DIC induced by AOM, aragonite appears at or below the depth of SMT. The reaction-transport model results and calculation reveal that the flux of DIC released from sediments is 51.3 to 90.4 mmol/m2·yr in Zone 1, which is significantly higher than that in Zone 2 (22.4 mmol/m2·yr). Overall, this study highlights that the methane-related carbon pools are highly heterogeneous in the methane-hydrate area, and the contribution of AOM is essential to the authigenic carbonate burial and the bottom seawater chemistry.
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Microbial sulfate reduction is generally limited in the deep sea compared to shallower marine environments, but cold seeps and hydrothermal systems are considered an exception. Here, we report sulfate reduction rates and geochemical data from marine sediments and hydrothermal vent fields along the Arctic Mid Ocean Ridges (AMOR), to assess the significance of basalt-hosted hydrothermal activity on sulfate reduction in a distal deep marine setting. We find that cored marine sediments do not display evidence for sulfate reduction, apart from low rates in sediments from the Knipovich Ridge. This likely reflects the overall limited availability of reactive organic matter and low sedimentation rates along the AMOR, except for areas in the vicinity of Svalbard and Bear Island. In contrast, hydrothermal samples from the Seven Sisters, Jan Mayen and Loki’s Castle vent fields all demonstrate active microbial sulfate reduction. Rates increase from a few 10s to 100s of pmol SO42- cm-3 d-1 in active high-temperature hydrothermal chimneys, to 10s of nmol SO42- cm-3 d-1 in low-temperature barite chimneys and up to 110 nmol cm-3 d-1 in diffuse venting hydrothermal sediments in the Barite field at Loki’s Castle. Pore fluid and sediment geochemical data suggest that these high rates are sustained by organic compounds from microbial mats and vent fauna as well as methane supplied by high-temperature hydrothermal fluids. However, significant variation was observed between replicate hydrothermal samples and observation of high rates in seemingly inactive barite chimneys suggests that other electron donors may be important as well. Sediment sulfur isotope signatures concur with measured rates in the Barite field and indicate that microbial sulfate reduction has occurred in the hydrothermal sediments since the recent geological past. Our findings indicate that basalt-hosted vent fields provide sufficient electron donors to support microbial sulfate reduction in high- and low-temperature hydrothermal areas in settings that otherwise show very low sulfate reduction rates.
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1 Introduction

Sulfate reduction is a widespread microbial metabolism in marine sediments (e.g. Goldhaber and Kaplan, 1975; Jørgensen, 1982; Canfield, 1991; Jørgensen et al., 2019). Dissimilatory sulfate-reducing bacteria and archaea obtain energy from the reduction of sulfate (SO42-) linked to the oxidation of electron donors such as molecular hydrogen, methane or organic acids such as acetate, lactate and pyruvate that are produced by biological degradation of organic matter (Jørgensen and Kasten, 2006). This metabolic coupling with carbon implies that microbial sulfate reduction plays an important role in the global carbon cycle, and estimates suggest that the annual global reduction of 11.3 teramoles of sulfate is responsible for the oxidation of 11-29% of the organic carbon flux to the seafloor (Bowles et al., 2014). The highest activities of sulfate reducers (up to several 100s of nmol SO42- cm-3 d-1) are typically observed in near-shore shallow marine environments (e.g. Howarth and Jørgensen, 1984; Moeslundi et al., 1994; Thamdrup et al., 1994), where an optimum balance between high sedimentation rates and high primary productivity enables the preservation of organic matter after consumption by oxic respiration (Berner, 1978; Canfield, 1991). In contrast, sediments on the continental rise (2000-3500 m depth) and abyssal plains (>3500 m depth) are typically poor in organic matter, and calculated depth-integrated sulfate reduction rates are one to four orders of magnitude lower than for organic-rich shelf environments (Bowles et al., 2014).

Sedimented hydrothermal vent fields on oceanic spreading ridges have been shown to represent an exception to low microbial sulfate reduction rates found in deep sea settings. Organic-rich hydrothermal sediments in the Guaymas Basin (2000 m depth, Gulf of California) exhibit very high sulfate reduction rates of up to 1560 nmol SO42- cm-3 d-1 (Jørgensen et al., 1990; Elsgaard et al., 1994; Kallmeyer and Boetius, 2004), and rates in the hydrothermal sediments of Middle Valley (2430 m depth, Juan de Fuca Ridge) range up to 100 nmol SO42- cm-3 d-1 (Wankel et al., 2012). In addition, high sulfate reduction rates of up to 1000s of nmol SO42- cm-3 d-1 were measured in actively venting sulfide deposits at Middle Valley (Frank et al., 2013) and a hydrothermal flange at the sediment-influenced Main Endeavour vent field on the Juan de Fuca Ridge (2220 m depth) (Frank et al., 2015). The importance of sulfate reducers in these sedimented hydrothermal systems has been explained by the abundance of sulfate and electron donors resulting from the mixing of reduced hydrothermal fluids and oxidized seawater, as well as the chemosynthetic production of organic carbon (Jannasch and Mottl, 1985; Jørgensen et al., 1990; McCollom and Shock, 1997; Frank et al., 2013). However, the majority of hydrothermal vent fields worldwide occurs on bare volcanic rocks with no or minimal sediment cover (Beaulieu and Szafranski, 2020), and are characterized by high-temperature fluids with lower pH, CH4 and H2 concentrations than sediment-associated systems (Baumberger et al., 2016b). In addition, non-hydrothermal sediments surrounding deep sea vent fields typically show very low sulfate reduction rates (cf. Bowles et al., 2014), in contrast to the Guaymas Basin where organic-rich sediments yield rates of up to 11.8 nmol SO42- cm-3 d-1 (Elsgaard et al., 1994). Therefore, to better evaluate the importance of microbial sulfate reduction in hydrothermal systems on global oceanic spreading ridges, additional data is required from geological settings with bare-rock hydrothermal vent sites.

Here, we investigate the significance of hydrothermal activity on microbial sulfate reduction along the Arctic Mid Ocean Ridges (AMOR) in the Norwegian-Greenland Sea. The large variation in water depth, sedimentation rates and hydrothermal geochemistry enables us to compare sulfate reduction rates from marine sediments obtained from rift valleys with hydrothermal systems that cover a range of environmental conditions. We explore high- and low-temperature hydrothermal chimneys as well as hydrothermal sediments from basalt-hosted venting areas at Seven Sisters, Jan Mayen and sediment-influenced Loki’s Castle, and evaluate ridge segment-scale variations in microbial sulfate reduction rates in background marine sediments. Our results reinforce those of previous studies showing elevated sulfate reduction rates in hydrothermal settings, and expand this to basalt-hosted systems without significant sediment cover.




2 Geological setting

The AMOR are a system of ultra-slow spreading ridges (full spreading rate 6-20 mm/year) that extends from the northern shelf of Iceland to the Siberian shelf in the Laptev Sea (Pedersen et al., 2010b). Unlike volcanically active faster spreading ridges, the morphology of ultra-slow spreading ridges is characterized by broad axial rift valleys that are dominated by tectonics (Dick et al., 2003; Snow and Edmonds, 2007). The presence and exposure of ultramafic mantle rocks in these geological settings can generate methane and hydrogen through serpentinization reactions (Seyfried, 1987; Horita and Berndt, 1999; Cannat et al., 2010), resulting in hydrothermal vent sites with highly variable fluid compositions (Kelley et al., 2001; Edmonds et al., 2003; Baker et al., 2004; Pedersen et al., 2010a; Tao et al., 2012; Kinsey and German, 2013). Compared to faster spreading ridges, these hydrothermal systems may be active for longer periods of time and support distinct microbial communities (Nakamura and Takai, 2014; Ding et al., 2017; Lecoeuvre et al., 2021).

We focus on the part of the AMOR in the Norwegian-Greenland Sea that consists of the three segments Kolbeinsey Ridge (66.5 to 71.7°N), Mohns Ridge (70.9 to 73.6°N) and Knipovich Ridge (73.6 to 78.0°N) (Figure 1). Along this section, the rift valley floor is deepening towards the north from 1000 m at the hotspot-influenced Kolbeinsey Ridge to a maximum of 3500 m at the Knipovich Ridge. A sedimentation rate of 2-7 cm per 1000 years results in the accumulation of sediment within the rift valleys (Stein, 1990; Stubseid et al., 2023), in particular along the northernmost segments where the ridge is close to the Svalbard continental margin (Fiedler and Faleide, 1996). Glacigenic sediments from the Bear Island Fan reach the spreading ridge at the Mohns-Knipovich bend (Bruvoll et al., 2009).




Figure 1 | The Arctic Mid Ocean Ridge system (AMOR) and the island of Jan Mayen (JM) with locations of sampled marine sediments (diamonds), hydrothermal sediments (squares), high-temperature chimneys (triangles) and low-temperature chimneys (circles). Inset shows the location of the AMOR (dashed grey line) relative to Greenland (GL) and Norway (NO), and the location of the map (red box). Map created with ArcGIS using Ocean Basemap.



Several high-temperature hydrothermal vent fields are located on the AMOR (Pedersen et al., 2010b; Pedersen and Bjerkgård, 2016), of which we focus on three in this study: Seven Sisters, Jan Mayen and Loki’s Castle (Table 1). Seven Sisters is a shallow hydrothermal vent field (120 m depth) that occurs in mafic volcaniclastic rocks on top of a flat-topped volcano on the Kolbeinsey Ridge (Marques et al., 2020). Fluids of up to 200°C vent from barite and anhydrite-rich structures and are low in metals, CH4 and H2 (Marques et al., 2020) (Table 1). The Jan Mayen vent fields are situated on the southern Mohns Ridge at a depth of 550-700 meters (Pedersen et al., 2005), and consist of the Troll Wall, Soria Moria and Perle & Bruse venting areas. This study concentrates on the basalt-hosted Perle & Bruse field, which is located at 580 m depth at the flank of a large volcano that is undergoing rifting (Pedersen and Bjerkgård, 2016). Sulfide-rich chimneys vent fluids of up to 270°C with higher CH4 concentrations than at Seven Sisters (Dahle et al., 2018) (Table 1). Loki’s Castle vent field occurs at 2300 m depth on the northernmost section of the Mohns Ridge at the Mohns-Knipovich bend (Pedersen et al., 2010a). High-temperature (up to 315°C) fluids with high concentrations of NH4+, H2 and CH4 at Loki’s Castle indicate a sedimentary influence to the basalt-hosted hydrothermal system (Baumberger et al., 2016a; Baumberger et al., 2016b). Adjacent to the high-temperature venting site is a circa 50 by 50 m area (Barite field) with low-temperature (20°C) barite chimneys and diffuse venting from sediments that are covered with microbial mats (Pedersen et al., 2010a; Steen et al., 2016). Previous work has suggested an important role for microbial sulfate reduction in and below the Barite field based on sulfur isotope signatures and sequencing data (Eickmann et al., 2014; Steen et al., 2016).


Table 1 | Hydrothermal vent fields investigated in this study.






3 Materials and methods



3.1 Samples

Samples were collected during five research cruises with R/V G.O. Sars, using gravity coring equipment for marine sediments and ROV Ægir 6000 for hydrothermal chimneys, deposits and sediments (Table 2).


Table 2 | Overview of samples analyzed for microbial sulfate reduction rates, in order of increasing latitude.





3.1.1 Kolbeinsey Ridge

One anhydrite-sulfide rich hydrothermal chimney sample was collected from the actively venting Lily mound at Seven Sisters vent field (GS14-15-R02). In addition, a 2.2 m long gravity core (GS14-GC2) was collected from the nearest sedimented basin to the ridge, approximately 40 km southeast of the Seven Sisters vent field (Figure 1). No hydrothermal sediments were obtained from this location.




3.1.2 Mohns Ridge

Four sediment cores were collected from rift flanks along the Mohns Ridge (Figure 1). One core (GS14-GC4) was sampled on the southern end of the Mohns Ridge, circa 30 km west of the Jan Mayen vent field on the western rift flank. Another core was collected along the central part of the Mohns Ridge (GS14-GC8) on the eastern flank. Sediment cores were also obtained from both rift flanks at the northern section of the Mohns Ridge near Loki’s Castle hydrothermal vent field, with one core (GC14-GC9) taken in a sedimented basin on the Schulz Massif oceanic core complex and one core (GC15-GC1) in distal Bear Island Fan sediments, 5 km east of the rift valley.

Hydrothermal samples were collected from the Jan Mayen and Loki’s Castle vent fields on the southern and northern end of the Mohns Ridge, respectively. One anhydrite-sulfide rich sample was obtained from the active Bruse chimney in the basalt-hosted Jan Mayen hydrothermal vent field (GS14-7B-R2), and hydrothermal sediments were collected from the nearby Perle chimney using a shuffle box with a shovel front (GS14-8-SHUF). A temperature of 70°C was measured in the hydrothermal sediments at circa 0.5 m depth. At Loki’s Castle, five barite chimneys with different appearances were collected from the low-temperature (20°C) Barite field (Figure 2). Chimneys GS18-28-R6 and GS18-28-R8 are covered with white microbial mats and showed diffuse fluid venting, while chimney GS18-28-R3 is white and yellow-colored with no visible microbial mat, chimney GS15-9-R1 is yellow-colored and GS18-28-R5 is orange-colored (Supplementary Figure 1). Sediments from the Barite field were sampled in three different ways: a push core from the surface sediment layer (~10 cm) in between barite chimneys (GS15-9-PC2), a blade core (~20 cm) from active diffuse venting sediments below a microbial mat (GS18-28-BC3), and a gravity core (207 cm) that was deployed with a transponder to ensure correct positioning within the Barite field (GS14-GC14). One blade core was collected on the outer perimeter of the Barite field (GS18-28-BC4). In addition, one anhydrite-sulfide rich piece from the Camel chimney (GS18-22-R2) was obtained from the western high-temperature hydrothermal mound at Loki’s Castle.




Figure 2 | Detailed bathymetric map of the Loki’s Castle vent field with all sample locations indicated (location of map area is shown in Figure 1). Sleepy, Menorah, Camel and Joao are high-temperature hydrothermal vents located on two hydrothermal mounds. The Barite field (BF) is located to the northeast of the eastern mound. Depth contours are given in meters. Symbols correspond to those used in Figure 1. Map created using ArcGIS.






3.1.3 Knipovich Ridge

Three gravity cores were collected along an east-west transect on the central Knipovich Ridge (Figure 1), one on the western rift flank (GS16-GC5), one on the eastern rift flank (GS16-GC6) and one within the rift valley (GS16-GC7).





3.2 Methodology



3.2.1 Sulfate reduction rates



3.2.1.1 Marine sediments

Immediately after splitting of the retrieved sediment cores, duplicate subsamples (4 cm3) were collected at regular depth intervals using sterile plastic syringes without tips (Røy et al., 2014). Sediment samples were subsequently incubated in the on-board laboratory with 10 µL (185 kBq) of 35SO42- tracer (PerkinElmer) using a Hamilton syringe, sealed off with a butyl rubber stopper and placed in a N2-filled sealable plastic bag. Based on measured bottom seawater temperatures of ~1°C, samples were incubated in the refrigerator at 4°C for 0.5 to 35 days depending on the expected range of sulfate reduction rates. Re-oxidation of sulfide was avoided by maintaining an anoxic atmosphere during the incubations, and 1 cm3 of sediment was collected from each horizon and frozen to determine sediment porosity from the weight loss during drying for 3 days at 105°C. At the end of the incubation time, sediment samples were quantitatively transferred into 50 ml Falcon tubes with 5 ml 20% zinc acetate and frozen at -20°C to stop microbial activity. To assess background 35S levels, duplicate sediment samples were transferred directly into 20% zinc acetate solutions without the addition of radiotracer. In addition, controls to determine distillation blanks were collected by adding 35SO42- and immediately transferring the radiolabeled sediments to 20% zinc acetate solutions.




3.2.1.2 Hydrothermal sediments

Hydrothermal sediments and control samples were collected in a similar way to marine sediments using sterile plastic syringes, but a higher incubation temperature (20°C) was used for the samples collected from the Loki’s Castle Barite field based on measured in situ sediment temperatures. Incubation times ranged from 0.8 to 3.1 days and control samples were collected to measure background 35S and distillation blanks.




3.2.1.3 Hydrothermal chimneys

High- and low-temperature hydrothermal chimneys were sampled promptly after recovery on board. Chimney fragments were quickly crushed into a slurry using a flame-sterilized steel mortar and pestle and immediately transferred to an anaerobic glove bag filled with N2. A volume of 2.5 ml of slurry was added to an Exetainer vial, and 1.0 ml of fluid (sampled bottom seawater or artificial seawater) was added to represent in situ sulfate concentrations in the chimney, following the method by Frank et al. (2013). Samples were subsequently incubated with 10 µL (185 kBq) of 35SO42- tracer and Exetainers were flushed with N2 gas to ensure anoxic conditions during incubation. Incubation was performed at 20°C for chimneys from the Loki’s Castle Barite field, reflecting measured temperatures in the barite chimneys. High-temperature chimneys from the Seven Sisters and Jan Mayen vent fields were also incubated at 20°C during initial experiments due to a lack of suitable incubators on board, versus 80°C for the high-temperature chimney from Loki’s Castle that was processed during a different cruise. After incubation, samples were quantitatively transferred into 50 ml Falcon tubes with 5 ml 20% zinc acetate and frozen at -20°C until further processing. Because of the heterogeneous nature of hydrothermal chimneys, each sample was measured at least in triplicate. Control slurries were treated in the same way as the sediments to obtain background 35S values and distillation blanks.




3.2.1.4 Radioactivity measurements

Thawed samples were centrifuged to separate supernatant with the remaining 35SO42- and solids with precipitated Zn35S. A 100 µL aliquot was sampled from the supernatant and mixed with 5 ml 5% zinc acetate and 15 ml Ecoscint XR (National Diagnostics) scintillation fluid. Reduced sulfide was extracted from the sediments and crushed chimneys by cold chromium distillation (Canfield et al., 1986; Fossing and Jørgensen, 1989; Kallmeyer et al., 2004), collected in 5 ml 5% zinc acetate and mixed with 15 ml scintillation fluid. The activity of 35S in the supernatant and reduced sulfide was subsequently counted for two times 20 minutes per sample using a PerkinElmer Tri-Carb 2900TR Liquid Scintillation Analyzer at the Department of Biological Sciences, University of Bergen, with an average detection limit of 34 counts per minute. No background 35S was measured in any of the control samples and the carryover of 35S from sulfate during distillation was negligible for marine sediments. Hydrothermal samples generally yielded a small but non-zero distillation blank of up to 58 counts per minute, and measured blank values were used to calculate blank-corrected activities.




3.2.1.5 Sulfate reduction rate calculations

Sulfate reduction rates (in pmol cm-3 d-1) were calculated for the marine and hydrothermal sediments using the following equation:

 

where [SO42-]pf is the measured sulfate concentration (mM) in pore waters at corresponding sediment depths (Section 3.2), φsed is the measured sediment porosity, aTRIS is the blank-corrected radioactivity in the total reducible inorganic sulfur (TRIS), aTOTAL the total blank-corrected radioactivity in the sample, and t the incubation time in days. No pore fluid sulfate profiles could be obtained for the blade cores, so that [SO42-]pf was based on single measurements and assumed to be 23 mM for GS18-ROV28-BC3 and 28 mM for GS18-ROV28-BC4 for all horizons.

For the hydrothermal chimneys, sulfate reduction rates were calculated per volume of dry chimney material using a modified version of Equation 1. Firstly, the volume of chimney material in each sample (Vdry) was calculated using Equation 2:

 

where Vslurry is the volume of the slurry (2.5 ml) and φslurry is the porosity of the slurry. The total amount of sulfate present in each sample (in µmol) was calculated Equation 3:

 

where [SO42-]slurry is the sulfate concentration of fluids naturally present in the slurry, here assumed to be similar to seawater (28 mM) due to flushing during transport from the seafloor, [SO42-]fluid is the sulfate concentration in the added incubation fluids, and Vfluid is the volume of incubation fluid added (1 ml). Sulfate reduction rates were subsequently calculated (in pmol cm-3 d-1) using Equation 4:

 

The average detection limit for sulfate reduction rates is circa 5 pmol cm-3 d-1.





3.2.2 Pore fluid and sediment geochemistry

Pore fluids were sampled from sediment cores by vacuum extraction using 0.2 µm Rhizon filters and analyzed promptly for pH and alkalinity (Metrohm Titrando) on board. Ammonium, nitrate/nitrite, dissolved inorganic carbon, sulfide and phosphate were measured on board by a Quaatro continuous flow analyzer (Seal Analytical). Sulfate concentrations were determined on shore by ion chromatography (Metrohm) with a relative standard deviation of <4% on repeated analyses of a multi-element standard, and cations were analyzed in aliquots acidified to 2% HNO3 by inductively coupled plasma atomic emission spectroscopy (Thermo Scientific iCap 7600 ICP-AES) with Sc as internal standard and repeated measurement of SPS-SW-2 (Spectrapure) for quality control (<5% relative standard deviation). In addition, sediment subsamples (2-5 cm3) were mixed on board with artificial seawater and He for headspace extraction of dissolved CH4 and analysis by gas chromatography using a TCD-FID detector (3-5% standard error).

Total organic carbon (TOC) contents and C/N ratios were determined in oven-dried (3 days at 105°C) and finely crushed sediment samples (30-50 mg). GS15 samples were analyzed by elemental analyzer with TIC module (Analytik Jena Multi EA 4000), where TOC was calculated from the difference between total carbon and total inorganic carbon contents. All other samples were reacted with 1 ml phosphoric acid to remove inorganic carbon and subsequently analyzed for TOC and C/N ratios by a Thermo Scientific Flash 1120 EA coupled to a Thermo Scientific Delta V+ mass spectrometer. Precision on total C and N contents was better than 5% based on repeated analyses of a urea standard.




3.2.3 Stable sulfur isotopes

Stable sulfur isotope ratios were measured in hydrothermal sediments from the Barite field at Loki’s Castle to identify past microbial activity. A few grams of sediment were collected at different depths from blade core GS18-28-BC3 and gravity core GS14-GC14 and dried at room temperature. Sulfide was subsequently extracted from ca. 20 mg of dried sediment using the hot chromium distillation method (Canfield et al., 1986), and precipitated as silver sulfide (Ag2S). The fraction of sulfide represents chromium-reducible sulfide (CRS) as no significant amount of acid-volatile sulfide (AVS) was detected during the first acidification step. Ag2S was converted at the University of Münster into sulfur hexafluoride (SF6) and subsequently purified by cryogenic and chromatographic methods (Farquhar et al., 2000), after which SF6 was introduced into a ThermoScientific MAT 253 mass spectrometer via a dual-inlet system. Sulfur isotope data are reported relative to the Vienna Canyon Diablo Troilite (V-CDT) and calculated assuming vales of δ34S = -0.300‰ and δ33S = -0.055‰ for the IAEA-S1 standard, using Equations 5, 6 below:

 

 

The accuracy was monitored using reference standard IAEA-S1, yielding a precision (2s) of 0.09‰ for δ34S and 0.017‰ for Δ33S.






4 Results



4.1 Kolbeinsey Ridge

Microbial sulfate reduction was not detected in marine sediments sampled at the Kolbeinsey Ridge (Figure 3A, Supplementary Table S1A). These sediments are characterized by low TOC values of 0.2-0.6 wt.%, an average C/N ratio of 2.58 (Supplementary Table S3), and pore fluid sulfate concentrations that are close to seawater values (28.5 mM; Baumberger et al., 2016b) with no significant downcore variation (Figure 4A, Supplementary Table S2A). Ammonium (NH4+) and methane (CH4) are absent from pore waters, and alkalinity increases from 2.7 mM to slightly higher values (3-4 mM) at 200 cm depth. A hydrothermal chimney sample collected from the anhydrite-sulfide rich Lily mound in the Seven Sisters vent field yielded a sulfate reduction rate of 69 ± 34 pmol SO42- cm-3 d-1 (Figure 3C).




Figure 3 | Box plots displaying sulfate reduction rates measured along the five segments of the AMOR. Panels reflect (A) marine sediments, (B) hydrothermal sediments, (C) high-temperature hydrothermal chimneys, (D) low-temperature hydrothermal chimneys. Note different scales for the y-axes. The highest sulfate reduction rates along the AMOR were measured in hydrothermal sediments from the Barite field.






Figure 4 | Depth profiles of sulfate reduction rates, pore fluid geochemistry (SO42-, NH4+, alkalinity), total organic carbon (TOC) and average C/N ratios in marine sediment cores from the southern sections of the AMOR, with (A) Kolbeinsey Ridge, (B) Southern Mohns Ridge, (C) Central Mohns Ridge. Note that all sulfate reduction rates were below the detection limit in sediments from the southern AMOR.






4.2 Mohns Ridge

Similar to the Kolbeinsey Ridge, no evidence was found for microbial sulfate reduction in marine sediments from the southern and central Mohns Ridge (Figure 3A) Total organic carbon contents and C/N ratios are comparably low, and range from 0.2-0.6 wt.% TOC and C/N = 3.13 at the southern Mohns Ridge, to 0.2-1.0 wt.% TOC and C/N = 4.80 at the central Mohns Ridge (Figures 4B, C). None of the sediment cores display pore water sulfate concentrations that are distinctly different from seawater values. Ammonium is absent in marine sediments from the southern Mohns Ridge (GS14-GC4), although this core displays the strongest increase in alkalinity from the seawater value (2.3 mM) at the top to 6.5 mM at 237 cm depth (Figure 4B). At the central Mohns Ridge, NH4+ appears at a depth of ~200 cm and increases to a value of 35 µM at 3.5 meters below the seafloor (GS14-GC8) with a corresponding change in alkalinity from 2.7 to 3.5 mM. No CH4 was detected in the pore fluids. In contrast to the marine sediments, hydrothermal sediments (Figure 3B) and the high-temperature hydrothermal chimney Bruse (Figure 3C) from the Perle & Bruse venting area on the southern Mohns Ridge yield measurable sulfate reduction rates of 112 and 541 ± 116 pmol cm-3 d-1, respectively (Supplementary Table S1B, S1C).

Marine sediments from the northern Mohns Ridge (Figure 3A) show a similar absence of detectable microbial sulfate reduction as the southern sections of the Arctic Mid Ocean Ridge system, except for one horizon (380 cm) in sediments from the Bear Island Fan (GS15-GC1) where a rate of 18 pmol SO42- cm-3 d-1 was measured (Figure 5). This core also shows a downcore decrease in SO42- concentration, paired with an increase in NH4+ and alkalinity, as well as high TOC values of 5-8 wt.% in the bottom of the core (Figure 5). Methane was not detected.




Figure 5 | Depth profiles of sulfate reduction rates, pore fluid geochemistry (SO42-, NH4+, alkalinity), total organic carbon (TOC) and average C/N ratios in marine sediment cores from the Northern Mohns Ridge. Note that only one sub-sample had a measurable sulfate reduction rate.



The highest sulfate reduction rates in this study were measured in hydrothermal sediments (Figure 3B) and barite chimneys (Figure 3D) from the low-temperature Barite field at Loki’s Castle, northern Mohns Ridge (Supplementary Tables S1B, S1C). Barite chimneys with visible venting and white microbial mats yield a maximum rate of 14633 pmol SO42- cm-3 d-1, but the variation in rates is significant between duplicate samples as well as the two different chimneys (average 3805 ± 5228 pmol cm-3 d-1). Yellow-colored barite chimneys display higher rates than the white mat-covered chimneys, with an average of 31267 ± 17209 pmol cm-3 d-1 (Figure 6). In contrast, the chimneys that are orange-colored yield a low rate of 205 ± 143 pmol cm-3 d-1, versus 929 ± 92 pmol cm-3 d-1 for white-colored chimneys with microbial mats (Figure 6). A rate of 39 ± 29 pmol cm-3 d-1 was obtained from the high-temperature sulfide chimney of Camel at Loki’s Castle (Figure 3C).




Figure 6 | Box plots displaying sulfate reduction rates measured in low-temperature barite chimneys in the Loki’s Castle Barite field on the Northern Mohns Ridge. Actively venting chimneys with a microbial mat show lower sulfate reduction rates than yellow chimneys without observable venting.



A rate of 110478 pmol cm-3 d-1 was measured in a surface sediment layer between barite chimneys (GS15-9-PC2), and rates of 14828 to 93064 pmol cm-3 d-1 were found in sediments at 1-15 cm depth below a microbial mat (GS18-28-BC3) (Figure 7). These surface sediments are characterized by high TOC (6.6 wt.%), and pore water with high alkalinity (5.0 mM), CH4 (185 nM), H2S (2555 µM) and NH4+ (1255 µM) (Supplementary Table S2B). Sulfur isotopic compositions of sulfide from sample GS18-28-BC3 range from δ34S = 6.10 to 11.60‰, with positive Δ33S values of 0.029 to 0.044‰ (Supplementary Table S4). The sulfate concentration in this horizon (21.5 mM) is significantly lower than seawater. In contrast, sediments from the gravity core (GS14-GC14) show much lower sulfate reduction rates, ranging from 3 to 93 pmol cm-3 d-1 in the upper 120 cm (Figure 7). No sulfate reduction rates were detected from 120 cm to 200 cm depth in the core, and sulfate concentrations are close to seawater (27.9-28.5 mM). Sulfide and methane are detected in pore fluids at concentrations of 7.3-32.4 µM H2S and 1.3-13.1 µM CH4. Sulfide sulfur isotope ratios range from δ34S = -3.74 to -21.68‰ with positive Δ33S values of 0.021 to 0.138‰ (Supplementary Table S4).




Figure 7 | Depth profiles of sulfate reduction rates in hydrothermal sediments from the Loki’s Castle Barite field, with (A) push core GS15-8-PC2 and blade core GS18-28-BC3 from actively venting sediments; (B) blade core GS18-28-BC4 from the perimeter of the Barite field; (C) gravity core GS14-GC14 from inside the Barite field, with pore fluid sulfate concentrations. Note the different scales for sulfate reduction rates.






4.3 Knipovich Ridge

Marine sediments from the Knipovich Ridge yield measurable sulfate reduction rates (Figure 8). The highest rates (up to 230 pmol cm-3 d-1) were detected in sediments within the rift valley (GS16-GC7), and lower rates of 13-89 pmol cm-3 d-1 were found in sediments on the eastern and western rift flanks. The Knipovich Ridge sediments are also geochemically distinct from the southern sections of the AMOR, with relatively high TOC values of 0.2-2.2 wt.% and an average C/N ratio of 5.74 ± 1.94, with the highest TOC and C/N measured in the rift valley (1.3 wt.% and 6.88 ± 0.30, respectively). The Knipovich sediments are also characterized by the presence of NH4+ just below the sediment-water interface (Figure 8), and alkalinity profiles show an increase from seawater alkalinity to values of 3.1-4.5 mM at depth at these locations. Methane was only detected in marine sediments at the Knipovich Ridge and ranges from 10 to 105 nM.




Figure 8 | Depth profiles of sulfate reduction rates, pore fluid geochemistry (SO42-, NH4+, alkalinity, CH4), total organic carbon (TOC) and average C/N ratios in marine sediment cores from the Knipovich Ridge. In contrast to the southern AMOR segments, low but measurable sulfate reduction rates were obtained from all three sediment cores.







5 Discussion



5.1 Limited microbial sulfate reduction in deep marine sediments

Data presented in this paper expand the record of microbial sulfate reduction rates in the Arctic and confirm the relative insignificance of this metabolic pathway in the uppermost sediments of the deep marine realm in this region (cf. Bowles et al., 2014; Egger et al., 2018). Except for one horizon in core GS15-GC1, none of the marine sediment cores from the Kolbeinsey and Mohns Ridges yielded measurable gross sulfate reduction rates (Figure 3A) or showed significant changes in alkalinity coupled to decreasing sulfate concentrations in pore fluids (Figures 4, 5), indicating an absence of organoclastic sulfate reduction (OSR) and sulfate reduction coupled to anaerobic oxidation of methane (SR-AOM) in the upper 2-3 m of sediment (cf. Fossing et al., 2000; Gieskes et al., 2005; Jørgensen and Parkes, 2010; Wurgaft et al., 2019). This finding is not surprising given the low organic matter contents of the sediments (0.2-0.6 wt.% TOC) due to the relatively low sedimentation rates in the area (2-7 cm/1000 years) (Stein, 1990), and the degraded nature of this organic carbon as indicated by measured C/N ratios below that of marine plankton in Arctic regions (C/N ~ 6) (Martiny et al., 2013) (Figure 4, Figure 5). Such low-reactivity organic carbon has been shown to suppress sulfate reduction rates (Toth and Lerman, 1977; Goldhaber and Kaplan, 1975; Westrich and Berner, 1984), and as a result mineralization of organic carbon by sulfate reducers is not expressed in the studied sediments. Instead, increasing total alkalinity in core GS14-GC4 can be explained by the production of HCO3- during higher energy-yielding microbial metabolisms in oxic and suboxic zones, including aerobic degradation of organic matter and microbial oxidation of generated ammonium (NH4+) by nitrification (Zhao et al., 2021). Similarly, the NH4+ profiles in cores GS14-GC8, GS14-GC9 and GS15-GC1 are indicative of turnover of organic carbon, potentially related to iron and manganese reduction. The only non-zero sulfate reduction rate measured at 380 cm depth in GS15-GC1 may be related to the anomalously high TOC values of 6-8 wt.% at the base of this core (Figure 5), possibly reflecting variations in sedimentary sources during deposition of the glacigenic Bear Island Fan (Laberg and Vorren, 1996).

In contrast to the southern segments of the AMOR, sulfate reduction was detected in marine sediments from the Knipovich Ridge (Figure 3A). The low rates (13-230 pmol cm-3 d-1) lead to only minor changes in pore fluid sulfate concentrations and alkalinity with depth (Figure 8) and highlight the importance of radiotracer measurements to detect sulfate reduction in these sediments. We hypothesize that the occurrence of microbial sulfate reduction in the upper sediment layers of the Knipovich Ridge is best explained by a higher abundance of reactive organic matter. Although the Knipovich Ridge is the deepest section of the AMOR in this study (2994-3493 m), sediments have relatively high organic carbon contents of up to 2.2 wt.% TOC compared to a global average of 0.3 wt.% for deep marine settings (Rullkötter, 2006). In addition, measured C/N ratios of up to 6.88 (Figure 8) indicate that this organic matter is less degraded than on the Kolbeinsey and Mohns Ridges, and higher values on the eastern ridge flank (C/N = 3.7-13.6) than the western flank (C/N = 2.1-8.8) suggest that this is related to a supply of organic matter from coastal areas around Svalbard, located ca. 150 km east of the spreading ridge. Higher labile organic matter contents lead to shallower suboxic and anoxic zones, as shown by pore fluid ammonium profiles which demonstrate that oxygen penetrates less deeply into the sediments from the Knipovich Ridge than elsewhere along the AMOR (cf. Zhao et al., 2020). As a result, organoclastic sulfate reduction can be detected in the uppermost studied Knipovich Ridge sediments despite the large water depth (Figure 9A). Low levels of methane were also detected in pore fluids (Figure 8), but methane does not appear to be an electron donor for sulfate reducers in the studied Knipovich Ridge sediments, as evidenced by relatively high pore fluid NH4+ concentrations compared to SO42- (Figure 9A) and a lack of correlation between CH4 and sulfate reduction rates (Figure 9B).




Figure 9 | Trends in pore fluid geochemistry in marine sediments along the AMOR. (A) Pore fluid NH4+ versus SO42-, with the dashed line displaying the trend associated with sulfate reduction coupled to anaerobic methane oxidation, and the solid line indicating organoclastic sulfate reduction (OSR) (Redfield et al., 1963; Greinert et al., 2002). Sediment cores from the Knipovich Ridge match with the trend predicted for OSR. (B) Pore fluid CH4 versus sulfate reduction rates for sediment cores on the Knipovich Ridge, showing no correlation between methane and sulfate consumption.



Our results thus demonstrate that microbial sulfate reduction is near-absent in the uppermost marine sediments investigated along the AMOR, most likely due to a limited availability of reactive organic matter in the distal parts of the ridge system that results in an extension of the oxic and suboxic zones beyond sampled sediment depths. The anoxic sulfate reduction zone was only detected in upper sediment layers from the Knipovich Ridge, where sedimentary influence from nearby Svalbard presumably results in higher electron donor availability and a more condensed redox zonation. However, rates are several orders of magnitude lower than measured in the shallow fjords on the west coast of Svalbard range (1 to 240 nmol SO42- cm-3 d-1) (Sagemann et al., 1998; Ravenschlag et al., 2000; Arnosti and Jørgensen, 2006; Michaud et al., 2020). Next, we compare these findings from background marine sediments with microbial sulfate reduction rates in three different hydrothermal settings on the AMOR.




5.2 Microbial sulfate reduction in basalt-hosted hydrothermal vent fields

We find evidence for microbial sulfate reduction in all high-temperature iron sulfide-rich hydrothermal chimneys from the basalt-hosted Seven Sisters, Jan Mayen and Loki’s Castle vent fields, albeit at different rates (Figure 3C). The maximum measured rate in the Bruse chimney is about six times higher than for the Lily mound despite comparable experimental conditions such as incubation time and temperature (20°C), and more than one order of magnitude higher than the highest rate observed at Camel (incubated at 80°C). Frank et al. (2013) observed similar rate differences between venting deposits at Middle Valley and suggested that these variations are due to distinct biomass and microbial community composition, resulting from differences in substrate availability and physicochemical conditions. Distinct environments also provide a plausible explanation for the different rates at Lily and Bruse as the Seven Sisters vent field occurs at a shallower depth, has lower fluid CH4 concentrations (Table 1), and hosts an ecosystem with abundant anemones, unlike the Bruse vent (Olsen et al., 2016). In contrast, the rates obtained for the Camel chimney at Loki’s Castle more likely reflect the activity of archaeal and thermophilic sulfate reducers at 80°C, instead of mesophilic bacterial sulfate reduction targeted at Lily and Bruse with an incubation temperature of 20°C. The low rates are consistent with the absence of sulfate-reducing archaea Archaeoglobus and low relative abundance (<0.1%) of thermophilic sulfate reducers (Thermodesulfobacteriaceae and Desulfohalobiaceae) in our samples from Camel (Babel, 2019), but contradict with data from other chimneys at Loki’s Castle that indicate relatively abundant (10-35%) sulfate-reducing micro-organisms in chimney walls (Vulcano et al., 2022). The low measured sulfate reduction rates at Camel thus most likely result from the sampling of chimney material where the temperature was not optimal for thermophilic sulfate reduction. For example, strong differences in the abundance of thermophilic sulfate reducers were reported between interior and exterior chimney walls (Jaeschke et al., 2012), implying that measured rates are highly dependent on the relative amount of chimney interior in the incubated slurries. This could also explain why we observe significant variations between replicates from individual chimneys (Figure 3C) (cf. Frank et al., 2013; Frank et al., 2015), and underscores the caution that should be exerted when extrapolating sulfate reduction rate data to other chimneys in a vent field.

Regardless of the microbial communities targeted in our incubation experiments, our results provide clear evidence for microbial sulfate reduction in the basalt-hosted high-temperature venting areas on the AMOR. All high-temperature chimney sulfate reduction rates are higher than the zero background values measured in nearby marine sediment cores (Figure 3A). The inferred importance of the hydrothermal vent systems for microbial sulfate reduction is consistent with the general abundance of electron donors in these settings, including CH4 and H2 derived from vent fluids and organic compounds produced by chemoautotrophs and vent fauna (Jannasch and Mottl, 1985; Blake and Hilbig, 1990; McCollom and Shock, 1997; Alain et al., 2002; Sievert and Vetriani, 2012). For the investigated vent fields, energy landscape modeling predicts that organic carbon from primary production is the main electron donor for sulfate reducers (Dahle et al., 2015; Dahle et al., 2018), which is consistent with the detection of organotrophic sulfate reduction from our rate measurements that were performed for all samples in this study without the addition of CH4 or H2.

Interestingly, sulfate reduction rates from the AMOR high-temperature (200-315°C) hydrothermal chimneys are several orders of magnitude lower than rates reported from chimneys in other hydrothermal vent fields. Frank et al. (2013) measured rates of 355 to 6675 nmol cm-3 d-1 at 90°C (converted using a density of 2.5 g cm-3) in high-temperature (123-261°C) chimneys from the sediment-hosted Middle Valley vent field on the Juan de Fuca Ridge, and similar average rates of 41 to 675 nmol cm-3 d-1 were obtained at 4 and 50°C from a hydrothermal flange (215°C) on the nearby sediment-influenced Main Endeavour Vent (Frank et al., 2015). Although the lower rates could be partly due to sampling of heterogeneous material as outlined above, we find consistently low sulfate reduction rates in chimneys from all three AMOR hydrothermal vent fields. Different experimental conditions, for example no addition of dissolved organic carbon or incubation below (20°C) or above (80°C) optimum temperatures, may also result in measured sulfate reduction rates that are lower than in situ rates. However, this is unlikely to explain the five orders of magnitude lower rates in our study, as previous experimental work suggests a much less strong dependency of rates on variables such as temperature (Frank et al., 2015). Relatively low metal concentrations in the Arctic vent fluids (Baumberger et al., 2016b; Marques et al., 2020) also argue against suppression of microbial sulfate reduction by toxic effects of dissolved metals (Frank et al., 2015). Instead, we hypothesize that the difference in sulfate reduction rates between chimneys on the AMOR and the Juan de Fuca Ridge may be related to the nature of the hydrothermal vent fields. Sedimented hydrothermal systems such as Middle Valley are characterized by fluids with higher CH4 concentrations than basalt-hosted vent fields such as Seven Sisters and Jan Mayen, which would fuel sulfate reduction coupled to the anaerobic oxidation of methane as well as methanotrophy producing organic carbon for organoheterotrophic sulfate reducers in anaerobic niches (Nakamura and Takai, 2014). In contrast, chemosynthetic primary production in hydrothermal vent fields on sediment-free spreading ridges is dominated by aerobic sulfur and hydrogen oxidation in and on chimney walls (McCollom and Shock, 1997; Nakamura and Takai, 2014; Meier et al., 2017). However, further work on a more extensive sample set from the AMOR, in particular the sediment-influenced Loki’s Castle vent field, is required to confirm this hypothesis.




5.3 High sulfate reduction rates in low-temperature hydrothermal areas

The highest sulfate reduction rates along the AMOR were measured in low-temperature barite chimneys and hydrothermal sediments from the Barite field at Loki’s Castle (Figure 3). Rates of up to 55 nmol SO42- cm-3 d-1 in barite chimneys and 110 nmol SO42- cm-3 d-1 in the diffuse venting sediments at 2300 m depth (Figure 3D) are similar to sulfate reduction rates measured in coastal sediments around Svalbard at shallow water depths of 50-300 m (1-240 nmol SO42- cm-3 d-1) (Sagemann et al., 1998; Ravenschlag et al., 2000; Arnosti and Jørgensen, 2006; Michaud et al., 2020), and are exceptionally high for deep marine settings (cf. Bowles et al., 2014 and this study). However, our results agree well with sulfate reduction rates reported from hydrothermal sediments on the Juan de Fuca Ridge, with rates of 30 to 1563 nmol SO42- cm-3 d-1 measured in organic-rich hydrothermal sediments at Guaymas Basin (Jørgensen et al., 1990; Elsgaard et al., 1994) and 100 nmol SO42- cm-3 d-1 in metalliferous sediments at the Middle Valley hydrothermal vent field (Wankel et al., 2012). Observation of high sulfate reduction rates in the Barite field is also consistent with previous geochemical and microbiological studies that identified an important role for sulfate reducers in this low-temperature hydrothermal area (Eickmann et al., 2014; Jaeschke et al., 2014; Steen et al., 2016; Eickmann et al., 2020).

Possible substrates for sulfate reducers in the Barite field include organic compounds derived from microbial mats and vent fauna as well as methane supplied by low-temperature hydrothermal fluids. High sulfate reduction rates in sediments directly below a microbial mat with chemolithoautotrophic sulfur oxidizers (GS18-28-BC3; Vulcano et al., 2022) suggest an important role for organic matter production at the sediment-water interface. Similarly, supply of organic carbon from siboglinid tubeworms living at the sediment surface (Kongsrud and Rapp, 2012) explains high sulfate reduction rates in hydrothermal surface sediments with a total organic carbon content of 6.6 wt.% (GS15-8-PC2), as well as the sharp decrease in sulfate reduction rates with depth in sediments collected from the periphery of the Barite field (GS18-28-BC4) (Figure 7B). Organoclastic sulfate reduction was also inferred by Eickmann et al. (2020) to be the main pathway of sulfate reduction in the Barite field, based on pore fluid NH4+/SO42- and carbon isotope ratios in two gravity cores. However, recent work has additionally identified an abundant population of methane-oxidizing ANME-1 archaea with sulfate reducers as partners in the hydrothermal sediments (Steen et al., 2016; Vulcano et al., 2022), and our pore fluid data provide tentative evidence for methane as an another important electron donor for sulfate reducers in the Barite field. The diffuse venting fluids in the Barite field are thought to represent mixing of Mg-free high-temperature hydrothermal fluids and seawater with 51.8 mM Mg (Baumberger et al., 2016b), producing sediment pore fluids with Mg concentrations below that of seawater (Eickmann et al., 2014). Assuming conservative mixing for magnesium (Tivey, 2007), we calculate contributions of high-temperature fluids of 5-18% and use this to predict 0.5-2 mM CH4 in the diffuse vent fluids, based on an average CH4 concentration of 13.8 mM in the hydrothermal end-member (Baumberger et al., 2016b). Predicted values are significantly higher than CH4 concentrations of 0.2 to 13 µM measured in the pore fluids and suggest a loss of methane in the subsurface (Figure 10). Since the largest relative depletion in CH4 is associated with the highest sulfate reduction rate (GS15-8-PC2) and is concomitant with relative enrichment in pore fluid H2S and deficit in SO42-, these findings are best explained by microbial sulfate reduction coupled to anaerobic methane oxidation. Depletions in CH4 observed below the active sulfate reduction zone in GS14-GC14 most likely reflect the operation of these metabolic processes in the subsurface (cf. Eickmann et al., 2014).




Figure 10 | Concentration of CH4 versus Mg in pore fluids from hydrothermal sediments in the Loki’s Castle Barite field. The solid line indicates mixing between seawater and the average of end member hydrothermal fluids at Loki’s Castle (Baumberger et al., 2016b), dashed lines are mixing lines with the highest and lowest values. The red arrow indicates that methane concentrations in the push core (GS15-8-PC2) and gravity core (GS14-GC14) are lower than expected based on mixing.



Despite the general abundance of electron donors, sulfate reduction rates are highly heterogeneous in the Barite field. Rates measured in the gravity core (Figure 7C) are nearly three orders of magnitude lower than those measured in the hydrothermal surface sediments (Figure 7A), and yellow-colored barite chimneys show higher rates than white or orange ones (Figure 6). Similar heterogeneity was found in hydrothermal sediments at Guaymas Basin (Jørgensen et al., 1990; Elsgaard et al., 1994) and Middle Valley (Wankel et al., 2012) and is likely inherent to diffuse venting hydrothermal systems, where fluid flow is controlled by subsurface variations in permeability that result in variable physiochemical conditions and biological habitats (Scheirer et al., 2006; Lowell et al., 2015). Likewise, the observed heterogeneity in sulfate reducing activity in the different barite chimneys may be explained by the distinct microbial communities reported for yellow-colored chimneys, which have a higher biomass density and abundance of sulfate reducers than barite chimneys with white microbial mats (Jaeschke et al., 2014; Steen et al., 2016). It should be noted that previous work classified the yellow-colored barite chimneys as inactive and chimneys with white mats as active (Jaeschke et al., 2014; Steen et al., 2016), but our findings suggest that a revision of this terminology is required. Observation of the highest sulfate reduction rates in the yellow barite chimneys (Figure 6) suggests that electron donors are abundant, despite the lack of visible fluid venting. We speculate that these chimneys are not inactive but exhibit very slow diffuse venting that is difficult to observe, and that their yellow appearance may be the result of a different type of microbial mat than the sulfide-oxidizers present in the white mats on visibly venting chimneys (Steen et al., 2016). It remains to be seen what the electron donors are in the different types of barite chimneys, and if they are limited or absent in the orange and white barite chimneys with no microbial mats and low sulfate reduction rates (Figure 6).

In addition to present-day microbial sulfate reduction inferred from our radiotracer incubations, multiple sulfur isotope data provide evidence that this metabolism has been active in the Barite field since the recent geological past. Sulfide minerals in the hydrothermal sediments show δ34S-values lower than ambient seawater (δ34S = 21.2‰; Eickmann et al., 2014) and mostly fall onto mass relationships between 33S/32S and 34S/32S (defined as 33Λ = ln33α/ln34α) from 0.510 to 0.513 (Figure 11). These findings are consistent with major and minor sulfur isotope effects expected for microbial sulfate reduction (Harrison and Thode, 1958; Habicht and Canfield, 1997; Canfield, 2001; Detmers et al., 2001; Farquhar et al., 2003; Johnston et al., 2005; Johnston et al., 2007), and observation of the least 34S-depleted signatures in sediments with the highest sulfate reduction rates (GS18-28-BC3) agrees well with the predicted inverse correlation between magnitudes of isotope fractionation and sulfate reduction rates (Chambers et al., 1975; Jørgensen, 1979; Davidson et al., 2009; Leavitt et al., 2013). However, we also observe large shifts (25-40‰) in δ34S relative to seawater in sediment horizons of the gravity core where no active microbial sulfate reduction was detected (156-200 cm; Figure 11). The isotopic composition of sulfides at 167 cm depth can be explained by the presence of Cu-Zn rich sulfide minerals that formed under high-temperature hydrothermal conditions, as suggested by its 33Λ-value of 0.515 that is indicative of a non-biological origin and a δ34S-value close to mantle-sulfur (~0‰) (Figure 11). In contrast, sulfur isotope ratios in sediments at 156 cm and 200 cm depth fall onto the mass relationship of 33Λ ~ 0.513 (Figure 11), which points to a microbial origin of sulfur isotope fractionation (cf. Farquhar et al., 2003; Johnston et al., 2007). The lack of measurable sulfate reduction rates at 156 and 200 cm (Figure 7C) indicates that these biogenic isotope effects are unrelated to current microbial activity, and must instead reflect microbial sulfate reduction before the present day. As such, the slightly lower pore fluid SO42- concentration at 200 cm depth (27.9 mM) compared to seawater (Figure 7C) is more likely related to an increased contribution of sulfate-poor hydrothermal fluid rather than microbial consumption.




Figure 11 | Multiple sulfur isotopic compositions of chromium-reducible sulfide (CRS) in blade core sediments (GS18-28-BC3) and gravity core sediments (GS14-GC14) from the Loki’s Castle Barite field. Numbers next to symbols indicate core depths. Published data represent gravity cores from Eickmann et al. (2020). Dashed lines reflect isotope fractionation relative to seawater (SW) for different mass-relationships (33Λ), with 0.510-0.513 reflecting microbial sulfate reduction (Farquhar et al., 2003; Johnston et al., 2007) and 0.515 high-temperature hydrothermal processes. Mixing between seawater (SW) and basalt (B) is also shown for reference. All Δ33S values are calculated according to the definition in Equation 6 and error bars are 2σ.







6 Conclusion

In this study, we demonstrate that hydrothermal activity can fuel microbial sulfate reduction in deep and distal marine settings on the AMOR that are otherwise characterized by insignificant sulfate reduction rates. Our findings confirm previous conclusions from sedimented and sediment-influenced hydrothermal systems on the Juan de Fuca Ridge that sulfate reduction is an important sulfur metabolism in hydrothermal settings in addition to sulfide oxidation (Jørgensen et al., 1990; Elsgaard et al., 1994; Kallmeyer and Boetius, 2004; Wankel et al., 2012; Frank et al., 2013; Frank et al., 2015), and further expand this to basalt-hosted hydrothermal vent fields. Microbial sulfate reduction is likely supported by an increased supply of electron donors, including organic compounds from primary producers in and on hydrothermal chimneys and vent fauna, as well as methane provided by high-temperature fluids. This is most clearly expressed in hydrothermal sediments and low-temperature barite chimneys from the Barite field at Loki’s Castle, where high rates of up to 110 nmol cm-3 d-1 were measured and a relative depletion in pore fluid methane was observed. Although these results have limited implications for global sulfate reduction rates as the total surface area of hydrothermal vent fields is small compared to the entire ocean floor, our work indicates that the impact of microbial sulfate reduction on the local geochemistry of hydrothermal systems may be significant, in particular for sulfur and carbon cycling. For example, based on our highest measured sulfate reduction rate in hydrothermal sediments, contributions from sulfate reducers to diffuse venting fluids of the Barite field could be up to 10s of moles of sulfide per day. Further quantification of the impact of sulfate reducers on hydrothermal geochemistry requires improved estimates of vent fluxes, but importantly must consider the heterogeneity observed in sulfate reduction rates in the hydrothermal samples in our study.
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Barnacles have demonstrated adaptability to a range of habitats, spanning from shallow water to the deep sea. Given the harsh conditions present in hydrothermal vents, hydrothermal vent barnacles serve as the model organism for investigating the interplay between evolution and adaptability. In order to gain insights into barnacle adaptive characteristics, particularly within hydrothermal vents, we conducted a comprehensive analysis of the mitogenomes and transcriptome in a deep-sea barnacle (Neolepas marisindica), in comparison to its shallow-water related species. The mitogenomes with the same genetic skews and the non-synonymous/synonymous mutation ratios (Ka/Ks) of the mitogenomes indicate that the protein-coding genes (COIII, ND2, and ND6) of N. marisindica are under positive selection. Meanwhile, the functional annotation shows that distinctly positive selected orthologs in N. marisindica are predominately related to neural signal transduction, immunity, antiapoptotic, and energy metabolism. These results indicate that the mitogenomes and key genes found in transcriptomic analysis are under high-temperature and high-pressure conditions, and which may contribute N. marisindica to have evolved to adapt to the extreme hydrothermal vent environments. The findings shed light on the mitogenome and transcriptome of N. marisindica, which lays a foundation for the in-depth understanding of the adaptation mechanism of sessile invertebrates to the deep-sea environment.
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1 Introduction

The general characteristics of the deep-sea environment are high pressure, darkness, and a lack of oxygen. Moreover, the temperature is low and the food source is limited (Danovaro et al., 2014; Lyu et al., 2023). Despite the harsh deep-sea ecosystem, there are still many crustaceans living here, including Glyptelasma gigas (Annandale) (Gan et al., 2020b), Alvinocaris longirostris (Kikuchi & Ohta) (Hui et al., 2018a; Xin et al., 2021), and Hirondellea gigas (Birstein & Vinagradov) (Lan et al., 2017). Additionally, the hereditary characteristics and adaptive evolution of marine organisms may be influenced by these adverse factors. Consequently, a number of reserachers have explored the adaptive evolutionary traits of marine organisms within a specific ecological setting, elucidating the mechanisms by which these organisms adapt to their environment. For instance, the population genetic structure of Capitulum mitella (Linnaeus) was explored through single DNA fragments, such as mitochondrial DNA control regions, and a large amount of gene flow was found, indicating that populations living in different regions have significant genetic differentiation due to the differences in their genetic adaptability (Song and Yoon, 2013; Yoon et al., 2013).

In addition, the deep-sea hydrothermal region is the most anoxic and highly toxic marine ecosystem on earth, which plays an important role in mitochondrial division and biological function (Ki et al., 2009). Previous phylogenetic analysis based on fossil and mitochondrial genomes has shown that bathymodiolins (Bathymodiolus) gradually evolved characteristics that were adapted to their environment in the process of their origin and evolution (Lorion et al., 2013; Thubaut et al., 2013). However, how bathymodiolin mussels have adapted to deep-sea chemosynthetic environments over the long term, and the genetic bases for these adaptations are still unclear (Zheng et al., 2017). Moreover, there is a lack of molecular data, such as single genes or single proteins, that can be used to deduce the adaptive mechanisms of deep-sea marine organisms. Therefore, it is imperative to conduct an analysis of the crucial mitochondrial functional genes within the immunity metabolic pathway, as this would elucidate the underlying mechanism behind their adaptability to the hydrothermal vent environment.

It is universally acknowledged that the transcriptome can be used to determine the expression of genes at the level of messenger RNA (mRNA) and non-coding RNA transcription and explore the functional genes that are related to environmental adaptation or physiological functions (Wilhelm and Landry, 2009). Consequently, a transcriptomic analysis may also illustrate the adaptive mechanisms of deep-sea organisms in diverse environments. Transcriptome sequencing technology can be used to understand the response of various species to marine ecosystems at the mRNA level, and it has been widely used in researching deep-sea environmental adaptation mechanisms (Zhou et al., 2021; Sun et al., 2022; Yan et al., 2022). For instance, a transcriptomic analysis was conducted on A. longirostris from the Iheya North hydrothermal vents and a methane seep in the South China Sea, which found that various genes including cytochrome P450s and Rhodopsin were related to sulfur metabolism and detoxification, showing their different adaptability between the two extreme conditions (Hui et al., 2018a). Recently, researchers have made significant findings by conducting comparative genomic analysis on deep-sea anemone species. This investigation has led to the identification of multiple genes that exert influence on osmotic metabolism, membrane function, protein translation, and cytoskeleton functions, and which were adapted to the deep-sea environment (Feng et al., 2021). Furthermore, the deep-sea mussel Gigantidas platifrons (Hashimoto & Okutani) lived in vent and seep habitats with abundant toxic chemical substances, particularly hydrogen sulfide (H2S). To adapt to the harsh H2S-rich environments, its genes control oxidative phosphorylation and the mitochondrial sulfide oxidization pathway, playing important roles in the sulfide tolerance of the mussel (Sun et al., 2022).

Barnacles exhibit a wide widely distribution within the intertidal zone and attaching to marine organisms. Furthermore, certain barnacle have undergone evolutionary adaptations in diverse deep-sea habitats (Sha and Ren, 2015; Chan et al., 2021). Due to their extended attachment to the bottom and confinement to relatively narrow deep zones, deep-sea barnacle adults served as suitable model organisms for conducting research on evolutionary and ecological processes (Gan et al., 2020a). Notably, members of the Scalpellomorpha order have been discovered in hydrothermal vents and cold seeps, suggesting the presence of distinctive adaptive mechanisms enabling their survival in deep-sea chemosynthetic habitats (Gan et al., 2022). However, the difficulty associated with the collection of deep-sea Cirripedia have limited the current research on the barnacle transcriptome to mere transcriptome assembly and the mechanism of barnacle attachment (Al-Aqeel et al., 2016; Ryu et al., 2019; Yan et al., 2020). While studies on other organisms inhabiting extreme deep-sea environments have identified several potential mechanisms, the transcriptome of them remains unexplored. Moreover, few studies have investigated the molecular adaptive characteristics that assist with barnacles’ survival in deep-sea harsh chemosynthetic habitats. Due to the limited prior investigations concerning the transcriptome of barnacles, particularly with regard to the deepsea adaptation, our study attempted to address this research gap.

In this study, we collected the deep-sea and shallow-water barnacle individuals at Longqi hydrothermal field on the Southwest Indian Ridge and Guangxi Beibu Gulf, respectively. In order to investigate the adaptability of barnacles to the deep-sea environment, the analysis of positive selection pressure was conducted using the comparative transcriptome of these two individuals, as well as the 13 protein coding genes (PCGs) of mitogenomes from 11 barnacles. This research endeavor aimed to not only provide valuable genomic resources for deep-sea barnacles but also establish a foundation for comprehending their genetic strategies and adaptation mechanisms in the deep-sea habitat.




2 Materials and methods



2.1 Sample collection, DNA and RNA extraction, and sequencing

Samples of the deep-sea barnacles from a hydrothermal vent Longqi hydrothermal field on the Southwest Indian Ridge (49°64’E, 37°17’S) at a depth of 2,759 m in the Southwest Indian Ocean collected on board of “Explorer 1” scientific research ship of Institute of Deep-sea Science and Engineering (Chinese Academy of Sciences) by using “Deep-sea Warrior” manned submersible during the winter of 2018, we thank the crew for their help during the cruise. Samples of the shallow-water barnacles were obtained from the Guangxi Beibu Gulf (109° 12 ‘ E, 21° 04 ‘ N), depth of about 300 m. In contrast to deep-sea species, the depth of 300m can be considered relatively shallow. Therefore, we provisionally identified the two barnacle species as the deep water species Vulcanolepas fijiensis (Lee et al., 2019) and the shallow water Scalpellum stearnsi (Chan et al., 2010). As a result of the Chen et al. Commentary Paper (Chan et al., 2024) we became aware that our initial identification of V. fijiensis was incorrect. We have confirmed that the barnacle is actually Neolepas marisindica and have revised this paper to include the correct species indentation. After collection, they were immediately stored at -80°C.

According to the manufacturer’s directions, the TIANamp Marine Animal DNA Kit (TIANGEN Biotech, China) was used to extract DNA from the abdominal muscle. Then, 1% gel electrophoresis and ultraviolet spectroscopy (Eppendorf BioPhotometer D30, Eppendorf, Germany) were used to estimate and quantify the genomic DNA. Then, the DNA was randomly cut into 350 bp fragments, which were repaired at the end and amplified by a polymerase chain reaction to construct the sequencing library. Next, Sanger dideoxy sequencing (N. marisindica) was conducted on an ABI-3730XL (Thermo Fisher Scientific, USA), and high-throughput sequencing (S. stearnsi) was conducted on Illumina NovaSeq 6000 platform (TSINGKE Biotechnology Co, Ltd, China).

For each species of barnacle (N. marisindica and S. stearnsi), a random selection of three individuals was made, and all RNA was extracted using TRIzol reagent (Invitrogen, USA). The quality of the RNA was assessed through 1% agarose gel electrophoresis. The purity and concentration of the RNA were determined using a NanoPhotometer spectrophotometer (IMPLEN, Germany) and Qubit 2.0 Fluorimeter (Life Technologies, USA), respectively. The integrity of the RNA was evaluated using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, USA). The sequencing library was established according to the manufacturer’s instructions of the NEBNext Ultra RNA Library Prep Kit (NEB, USA). The mRNA was enriched using poly-T oligo-attached magnetic beads, and an Agilent Bioanalyzer 2100 system (Agilent Technologies) was used to evaluate the synthesis of the complementary DNA (cDNA), the construction of a pair-end library, and the quality of the library. Finally, the two different kinds of species’ cDNA libraries were clustered and sequenced using the Illumina HiSeq 2500 platform by NovoGene (Beijing, China).




2.2 Mitogenome assembly, annotation, and analysis

The initial dataset of the mitochondrial genome consisted of 150 base pairs at the paired ends. Reads containing an adapter, reads with a mass score below 20 (Q< 20), and duplicated sequences were removed. A reference genome (Lepas anserifera) was used to retrieve the reads belonging to the mitochondrial genome for assembly. Then, de novo assembly was performed using SPAdes 3.13.0 (Bankevich et al., 2012), and the assembly results were corrected for mutual alignment to confirm the accuracy of the assembled genome sequence. The assembled mitochondrial genomes were subjected to analysis using the online MITOS software (http://mitos.bioinf.unileipzig.de) with default parameters. This software was utilized to predict the PCGs, transfer RNA (tRNA) genes, and ribosomal RNA (rRNA) genes. Manual corrections to the genes for the start/stop codons were performed in Sequin 15.10 (http://www.ncbi.nlm.nih.gov/Sequin/index.html) by referencing the mitochondrial genome. On this basis, BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) technology was used to compare the existing research data including the PCGs and rRNA to verify and correct the accuracy of the analysis results. The circular mitochondrial genome map was drawn using OGDRAW 1.3.1 (Greiner et al., 2019), and the complete mitogenomes of N. marisindica and S. stearnsi have been registered as MZ772032 and OP345466 on GenBank.

The biases for the codon usage of the mitogenome can regulate genes and reflect the evolutionary relationship between different species (Wei et al., 2014). Consequently, the usage of codons was analyzed for the PCGs and rRNA. Using the following formula, the inclination related to the nucleotide bases was calculated:

	




2.3 Transcriptome assembly and annotation

The low-quality reads and reads containing adaptors were removed from the raw reads using the internal software (ng_qc) with custom script of NovoGene, and the transcriptome clean reads were obtained. The de novo transcriptome assembly was performed using Trinity v2.5.1, with the minimum k-mer parameter coverage of 2, while default parameters were employed for other sections (Grabherr et al., 2011). The longest transcript of each transcription group was regarded as a unigene for the subsequent analysis. Next, BUSCO v1.22 was used to verify the quality of the assembly that was performed using the arthropoda_odb9 database (Simão et al., 2015). Additionally, all the unigenes were annotated by blasting the common databases, such as the National Center for Biotechnology Information non-redundant protein (Nr), Swiss-Prot, and euKaryotic Ortholog Group using DIAMOND v0.8.22 (Buchfink et al., 2015), and the NCBI nucleotide database using BLAST v2.2.28+ (Altschul et al., 1990). The Kyoto Encyclopedia of Genes and Genomes (KEGG) classification was performed using the KEGG Automatic Annotation Server (Moriya et al., 2007). The protein family (Pfam) alignments were put into practice using HMMER v3.0 (http://hmmer.org/) and were based on the results of Nr and Pfam, and Blast2GO v2.5 was used to classify the Gene Ontology (GO) (Götz et al., 2008). The Nr database was searched for unigenes with BLASTx, and then SOLAR was used to compare the link fragments (Rota-Stabelli et al., 2010), so all the open reading frames (ORF) of the unigenes were obtained and converted into amino acid sequences.




2.4 Identification of the positively selected genes

The target sequences for this analysis consisted of the 13 PCGs from N. marisindica and 10 other barnacle species, aligning using clustalW (codons) in MEGA v7.0. Manual removal of gap and stop codons was performed to ensure accurate alignment (Kumar et al., 2016). The resulting sequence alignment file was then utilized for the analysis of positive selection. A molecular phylogenetic tree was constructed using the maximum likelihood method in MEGA v7.0 to assess selective pressure. Subsequently, the reconstructed tree was subjected to EasyCodeML in the PAML software (Gao et al., 2019) to identify natural selection characteristics within the 13 PCGs. Among them, the 13 PCGs from N. marisindica were treated as the foreground branch, while PCGs from other barnacle species served as the background branch. Site models were employed to identify the individual sites of PCGs. Changes in the different sites of the 13 PCGs were explored by calculating the ω values (ω = Ka/Ks or dN/dS). For the positive selection sites (ω > 1), the Bayes Empirical Bayes (BEB) method was used to estimate the Bayesian posterior probabilities (Biswas and Akey, 2006). The likelihood Ratio Test (LRT) was applied to compare the hypothetical models with the corresponding original hypotheses, and the LRT P-value was determined using the Chi-square method. The sites of the PCGs with an LRT P-value< 0.05 or BEB > 95% were considered to be under evolution and positive selection pressure. The ProtParam program (http://www.expasy.ch/tools/protparam.html) software was utilized to compute the relative molecular weight and isoelectric points of the sequence, and SignalIP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) was employed to predict the signal peptides. Additionally, the SMART program (http://smart.embl-heidelberg.de/) was utilized to predict the conserved functional domains of proteins (Letunic and Bork, 2021). On this basis, we matched the sites to the three-dimensional (3D) conformation of the PCGs to observe their role under positive selection more clearly. The 3D structure of the target proteins was simulated using the SWISS-MODEL (Waterhouse et al., 2018) server, which visualized the positive selection sites in the proteins.

Transcriptome sequence set from the two species (N. marisindica and S. stearnsi), internal reference (Amphibalanus Amphitrite) and external reference species (Eurytemora affinis) were utilized for the analysis of the orthologous genes and nonsynonymous (dN)/synonymous (dS) substitution rates. Subsequently, adaptive evolution was assessed by comparing the ω value (dN/dS). BLAST was employed to pair the orthologs with the best hit probabilities. Following this, sequence alignment was conducted using MUSCLE, and all gaps were eliminated. The ω numerical calculation for each ortholog was performed using PAML v4.48a. Genes with ω values exceeding 1 were considered as positively selected genes (PSGs). The PSGs were further subjected to GO and KEGG enrichment analysis using Omicshare CloudTools (http://www.omicshare.com/tools/), with a significance threshold set at a q-value less than 0.05.





3 Results



3.1 Mitogenome organization and composition

The complete mitogenomes of N. marisindica and S. stearnsi are 16,960 bp and 15,462 bp in length, respectively. They each contain the general 13 PCGs (COI, COII, COIII, ATP8, ATP6, ND1, ND2, ND3, ND4, ND4L, ND5, ND6 and COB), 2 rRNA genes (16S and 12S rRNA), 22 tRNA genes, and a D-loop. With the exception of the nicotinamide adenine dinucleotide hydride (NADH) genes (ND5, ND4, ND4L, ND1) and eight tRNA genes (trnF, trnQ, trnH, trnP, trnC, trnY, trnL, trnV), the majority of genes are encoded by the heavy strand (H-strand). Furthermore, apart from a few gene overlaps, the majority of nucleotide gaps are observed between the tRNA. In addition, 16S and 12S are located between trnL1 (TAG), trnV (TAC) and trnW (TCA) respectively (Figure 1; Table 1).




Figure 1 | The mitochondrial genome map of deep-sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B) collected for this study, and photographs in the genome map are from preserved samples that were collected for this study, which were collected by Professor Haibin Zhang and kept in Institute of Deep-sea Science and Engineering (Chinese Academy of Sciences). The heavy strand is represented by the outer circle, while the light strand is represented by the inner circle; The tRNA and PCGs are denoted by the blue genes, whereas the 12S rRNA and 16S rRNA are indicated by the red genes.




Table 1 | Summary of the mitogenome features of Neolepas marisindica and Scalpellum stearnsi.






3.2 Nucleotide composition and bias

The nucleotide compositions (PCGs and rRNA) of N. marisindica and S. stearnsi are 20.9~39.8% A, 5.3~24.1% C, 32.9~48.3% T, and 3.1~24.2% G, with an AT content ranging from 62.4% to 76.8% (Supplementary Tables 1, 2). Their majority of the PCGs have a negative AT skew, except for ND1, ND4, ND4L, and ND5, which display a positive GC skew (Figure 2).




Figure 2 | AT and GC skews in protein-coding genes of the mitochondrial genomes in deep-sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B). The horizontal and vertical coordinates represent gene name and skew value, respectively; The blue line represents the AT skew and the orange line represents the GC skew.






3.3 Protein-coding genes and codon usage

Except for COI, which is encoded by the ACG codon, the start codons of the PCGs predominantly follow canonical sequences (ATT/ATA/ATG). Additionally, within barnacle mitogenomes, three distinct types of stop codons are identified (T-, TA-, and TAA), with TAA being the most prevalent. Moreover, the T- and TA- stop codons only occur in COI, COIII, and ND4 of N. marisindica and S. stearnsi (Table 1).

The findings show that except for leucine and serine have six to eight codons, the other amino acids of the two examined species have two to four changeable codons (Figure 3). The codon usage analysis demonstrates that the following codon sequences appear with higher frequency: phenylalanine (UUU), isoleucine (AUU), and leucine (UUA). The codons with U or C in the third position occur more frequently than those with A or G. Different from the shallow-sea barnacle, the main amino acids in N. marisindica are asparagine and lysine (Figure 3).




Figure 3 | The codon usage of the protein-coding genes of the mitochondrial genomes of deep- sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B). The different colors represent different kinds of codons, and the different columns represent different amino acids.






3.4 Transcriptome assembly and annotation

A total of 47,593,764 and 47,752,536 raw reads are generated from S. stearnsi and N. marisindica, respectively. BUSCO assessment of assembly quality are showed in Supplementary Figures 1, 2. The complete single-copy and complete duplicated of the two origanisms are over 80%. Through the transcriptome assemblies, there are 98,686 unigenes identified with an N50 length of 916 bp for S. stearnsi, and 53,562 unigenes with an N50 length of 1,721 bp for N. marisindica. Among these unigenes, 38,666 (39.18%) and 20,628 (38.51%) are successfully annotated in S. stearnsi and N. marisindica, respectively (Table 2).


Table 2 | Transcriptome library basic information of Scalpellum stearnsi and Neolepas marisindica.



The Gene Ontology functional cluster analysis indicates that 26,718 and 16,746 unigenes are successfully clustered in the three functional categories of GO (48 functional items). The major biological processes are the cellular, metabolic, and single-organism processes, with N. marisindica lacking the biological phase item and S. stearnsi lacking the rhythmic process item. Within the cellular components, the cell and cell part items are identified. The major molecular functions are binding and catalytic activity (Figure 4). In addition, The KEGG functional cluster analysis shows that 6,845 and 12,042 unigenes in N. marisindica and S. stearnsi are clustered into five functional groups, respectively, and more genes are annotated in the endocrine system, translation, and signal transduction pathways (Figure 5).




Figure 4 | Gene Ontology function annotation of the transcriptomes of deep-sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B). The red terms represent Biological Process, the blue terms represent Cellular Composition, and the green terms represent Molecular Function.






Figure 5 | Classification of the Kyoto Encyclopedia of Genes and Genomes metabolic pathway of the transcriptomes of deep-sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B). Vertical lines represent five main pathways: red terms denote cellular processes, purple terms denote environmental information processing, blue terms denote genetic information processing, green terms denote metabolism, and yellow terms denote organismal systems.






3.5 Positively selected genes analysis

From the complete mitochondrial genome of the 11 barnacle species, namely N. marisindica, Conchoderma hunteri (Owen), Lepas anserifera Linnaeus, L. australis Darwin, L. anatifera Linnaeus (Lepadidae), S. stearnsi, Arcoscalpellum epeeum Chan (Scalpellidae), Altiverruca navicula Hoek (Verrucidae), Capitulum mitella Linnaeus (Pollicipedidae), Glyptelasma annandalei Pilsbry (Poecilasmatidae), and Ibla cumingi Darwin (Iblidae) (Table 3), 13 PCGs were extracted for positive selection pressure analysis. The positive selection analysis yielded results indicating that the COIII and ND2 genes (ω > 1.0, P<0.05) of deep-sea species experience positive selection pressure. The three-dimensional structure model was utilized to identify and highlight specific sites within the genes that are under positive selection pressure, such as 22I, 29T, and 41E in the COIII gene, as well as 73F, 75S, and 76L in the ND2 gene (Table 4; Figure 6).


Table 3 | Collection and mitogenome information of the specimens that were used for the positive selection analysis.




Table 4 | Results of the selective pressure acting on the protein-coding genes of Neolepas marisindica.






Figure 6 | Three-dimensional structural models of the COIII (A) and ND2 (B) genes of deep- sea barnacle Neolepas marisindica. The red represents positive selection site; N represents amino terminus and (C) represents carboxy terminus.



Genes that are subjected to positive selection tend to respond to natural selection. We identified 148 pairwise orthologs within N. marisindica, S. stearnsi and two reference species in one-to-one correspondence to confirm the PSGs (Supplementary Table 3, Supplementary Figure 3) and performed an adaptive evolutionary analysis on them. The findings reveal the presence of five orthologs, namely chromosome 3 open reading frame 10 (C3ORF10), E74-like factor (ELF), ubiquitin-like protein ATG12 (ATG12), uracil phosphoribosyltransferase (UPRT), and small subunit ribosomal protein S21e (RPS21), all exhibiting ω values greater than 1.0. Notably, only RPS21 did not fall below the significance threshold of 0.05 (Table 5; Supplementary Figure 3). These PSGs are mainly enriched in the RIG-I-like receptor signaling, regulation of autophagy, apoptosis-fly, regulation of the actin cytoskeleton, pyrimidine metabolism, foxO signaling, and ribosome pathways (Figure 7; Table 5). It is predicted that the ORFs of the five genes under positive selection pressure are all complete. Except for C3ORF10, the amino acid domain positions of the other genes are predicted, there is no signal peptide, and the molecular weight range from 9.21 to 27.23 kDa. Additionally, the isoelectric point is relatively similar, ranging from 6.05 to 9.88 (Supplementary Table 4).


Table 5 | Genes that were subject to positive selection pressure in Neolepas marisindica and Scalpellum stearnsi.






Figure 7 | Enrichment of the Kyoto Encyclopedia of Genes and Genomes metabolic pathway of the positive selection genes in deep-sea barnacle Vulcanolepas fijiensis compared with shallow barnacle Scalpellum stearnsi. The circle size represents the number of genes, and the color from cool to warm represents the smaller q value.







4 Discussion



4.1 Mitogenome adaptive evolution

Previous research has identified that certain barnacles exhibit similar arrangement structures within their mitogenomes (Shen et al., 2015). We also find similar genetic structures in the mitogenomes of the deep-sea and shallow barnacles. The AT content in the complete mitogenomes of both organisms, exceeded the GC content, aligning with the base composition observed in the majority of invertebrates (Liu et al., 2018; Wang et al., 2021; Sato et al., 2023). More negative AT skews are observed in ND1, ND4, ND4L, and ND5 genes of the two barnacles (Figure 2). This phenomenon might be attributed to the deep-sea habitat of these organisms, where DNA replication and transcription processes are subject to the mutations and the natural selection resulting in a bias towards specific nucleotides (Sahyoun et al., 2014; Yu et al., 2019). It is speculated that the different genetic structures of these four genes might be closely related to the pressure of natural selection in the extreme habitats. However, how nucleotide bias affects the initiation and orientation of gene replication and what selective pressures induced nucleotide skews need further study. Furthermore, the amino acid usage patterns observed in N. marisindica are similar to those of the shallow barnacle S. stearnsi (Figure 3), which provides more evidence for the barnacle nucleotide composition and gene skew results. Generally, more than 95% of energy comes from the oxidative phosphorylation of mitochondria (Auger et al., 2021). In the abyssal zone, the dark and absence of autotrophic primary producers pose constraints on the availability of sustenance (Gattuso et al., 2006). The observed nucleotide compositional biases between N. marisindica and S. stearnsi indicated that, in their mitogenomes, comparable alterations occurred during the evolutionary progression which might be a means of adapting to the extreme conditions and nutritional scarcity of the deep-sea environment.

Mitochondria serve as a vital pathway for aerobic respiration within cells. To cope with the extreme environment, selection pressure would have been put on the mitogenome, and non-synonymous mutations are regarded as an adaptive substitution to meet the needs of a new environment (Srivastava et al., 2020). The results of our study indicate that the mitogenomes in N. marisindica experienced significant selective pressure, particularly the COIII and ND2 genes, which have specific functional protein sites (Table 4; Figure 6). There is a prevalent belief that functional proteins contain positive selection sites, which serve as a foundation for adaptive responses to alterations in the environment (Rausher and Huang, 2016). COIII is one of the core members of cytochrome C oxidase, a key rate-limiting enzyme at the end of the mitochondrial respiratory chain, which produces ATP and changes oxygen into water for cell metabolism (Timón-Gómez et al., 2018). At the level of mitochondrial transcription and translation, during the respiratory chain embedding in the inner mitochondria, the respiratory supercomplex factor protein family acts in response to biological hypoxia by binding to COIII to adapt to environmental and metabolic changes (Lobo-Jarne and Ugalde, 2018). Through bioinformatics analysis, several adaptive residues potentially presented in COIII and ND2 of alvinocaridid shrimp (Alvinocarididae) inhabiting the deep-sea hydrothermal vent environment also have been identified by researchers. These proteins played an important role in regulating mitogenome intracellular energy metabolism and contributed to the adaptation of organisms to the hydrothermal vent environment (Hui et al., 2018b). Consequently, we speculate that the PCGs help N. marisindica to resist multiple pressures when adapting to the deep-sea environment.

The NADH dehydrogenases are the largest enzyme complex in the mitochondrial electron transport chain; thus, mutations in these subunits may disturb the efficiency of the electron transport process (Da Fonseca et al., 2008). The NADH dehydrogenase genes of deep-sea anemones exhibited novel genetic structures, which were evidence of adaptation to the deep-sea environment (Zhang et al., 2017). Likewise, the hydrothermal vent environment may potentially exert potential selection pressure on NADH dehydrogenase genes from mitogenomes in N. marisindica. This pressure may influence the modulation of mitochondrial complexes and electron transport efficiency and hence, adapting to cold and hypoxic conditions (Luo et al., 2012). Given the crucial role of mitochondria in aerobic respiration and their indispensability for metabolism and energy production, they likely aid the deep-water barnacle in surmounting the constraints imposed by hypoxia, cold and food availability. Additionally, hydrothermal vents are also associated with hydrogen sulfide (H2S), and the primary cytotoxic effect of H2S is to interrupt the mitochondrial respiratory chain by directly inhibiting cytochrome C oxidase (Cooper and Brown, 2008). Therefore, we infer that the mitogenomes of N. marisindica are subjected to multiple selection pressures which led to adaptation to the hydrothermal vent environment under extreme deep-sea conditions.




4.2 Key genes implicated in deep-sea adaptation

Since they cannot swim in the ocean, barnacles are constrained to inhabit a comparatively restricted narrow region, rendering the process of acclimating to the deep-sea milieu arduous. The Southwest Indian Ridge (SWIR) is a typical ultraslow-spreading oceanic ridge, and the Longqi hydrothermal field is the first confirmed active field on the SWIR. Due to the general lack of deep-sea sediments in this hydrothermal zone, which can provide good channels for hydrothermal circulation and spillage, there are a large number of sulfides (Liang et al., 2023). The extreme environment impacts on population vicariance and dispersal, both significant biological processes. However, few researches have focused on the biodiversity of this region (Zhou et al., 2018). Therefore, our research endeavors to fill this gap by examining the effects of N. marisindica and S. stearnsi in the marine habitat, thereby enhancing our understanding of the adaptations in the harsh deep-sea environment.

ATG12, a core autophagy protein. The interaction between ATG12 and its active complex can form autophagosome. Autophagy is an evolutionarily conserved catabolic process that generally promotes cell survival by eliminating intracellular pathogens and removing damaged organelles, playing a pivotal role in cellular homeostasis and adaptation to adverse environments (Chen et al., 2014). During autophagy, ATG12 binds the E2 ubiquitin conjugating enzyme to form sulfolipid intermediate, which further mediate the binding of phosphatidylethanolamine to LC3 to promote autophagy formation (Yuan et al., 2022). Although the regulation of this process remains incompletely understood, it has been found to induce the formation of the autophagosome membrane and type I interferons (IFNs). The process have been shown to play a crucial role in the antiviral immunity of Larimichthys crocea (Richardson) (Wei et al., 2021), Epinephelus coioides (Hamilton) (Li et al., 2019), and Ctenopharyngodon idella (Valenciennes in Cuvier and Valenciennes) (Chu et al., 2019), shedding light on the potential involvement of ATG12 in antiviral immunity by stimulating both autophagy and type I interferon response. Consequently, it is hypothesized that ATG12 may eliminate intracellular pathogens and damaged celles within N. marisindica by regulating autophagy homeostasis, which have contributed to its adaptation of harsh deep-sea environments. Furthermore, previous studies have demonstrated the involvement of ATG12 in various cell biological processes such as viability, apoptosis, and autophagy (Wei et al., 2019). Meanwhile, ATG12 has been found to directly modulate the mitochondrial apoptotic pathway by binding and inactivating prosurvival Bcl-2 family members (Rubinstein et al., 2011). In contrast to barnacles residing in shallow waters, the survival of N. marisindica exposed to diverse toxic substances, including H2S. This exposure may have potentially facilitated the evolution of more effective immune responses and antiapoptotic metabolism (Cooper and Brown, 2008; Liang et al., 2023).

In Addition, the ELF (OG15174) and UPRT (OG15292) genes are also positively selected from the enriched pathways of apoptosis-fly and pyrimidine metabolism in N. marisindica, and they are both involved in adaptive immune responses. ELF, a pleiotropic transcription factor that modulates disease susceptibility and mediates several biotic and abiotic stress processes, playing a significant role in the host innate immune defense system (Suico et al., 2017). pH, temperature, and salinity can affect the immune response of crustaceans. ELF was involved in regulatory processes in organisms through synergistic or retrograde interactions, maintaining osmotic pressure homeostasis (Zhang et al., 2019). Previous researches has demonstrated that ELF was significantly expressed in the hepatopancreas and gill tissue of Penaeus monodon Fabricius under salt stress, showing that ELF was involved in the immune stress process of organisms by regulating immune responses and the development of immune-related cells (Si et al., 2022). Simultaneously, UPRT maintains the immunocompetent and regulates the sensitivity of organisms to harmful cells (Koyama et al., 2000; Hasegawa et al., 2013). UPRT is a pyrimidine salvage enzyme. It can convert 5-flurouracil to a toxic compound, which kills the deleterious cells but subsequent conversion to other metabolites enhances its anti-apoptotic effect, by irreversibly inhibiting thymidylate synthase, DNA synthesis and the processing of rRNA and mRNA (Gopinath and Ghosh, 2008). Thus, it is plausible that these PSGs can potentially contribute to maintaining the immune system of N. marisindica, enabling it to withstand the adverse conditions of the deep sea, including low temperatures and toxic substances. Furthermore, high hydrostatic pressure and low temperatures have caused the inhibition of ligand binding and ion channel function which in turn affected signal transduction (Shinozaki and Yamaguchi-Shinozaki, 2000; Siebenaller, 2000). C3ORF10 has been proposed to regulate actin dynamics, and its expression played a role in regulating actin dynamics during the process of neurite outgrowth (Stradal and Scita, 2006). C3ORF10 is a member of the SCAR/WAVE complex, which is the effector of Rac1 to regulate actin dynamics, regulating Arp2/3-dependent actin polymerization and the number of axonal collaterals and dendrites (Wang et al., 2013). Consequently, the genes that have undergone positive selection and involved energy utilization, immune response, and signal transduction metabolism, might enhance the ability of N. marisindica to effectively employ various diverse adaptive strategies within the extreme conditions of the deep-sea environment. N. marisindica also exhibits enrichment of several significant pathways involving genes subject to positive selection, including the apoptosis-fly, regulation of actin cytoskeleton, pyrimidine metabolism, and ribosome pathways. Functionally, the ribosome pathway (K02971) influences almost every aspect of cell and organismal biology including maintaining cell homeostasis in response to changing environmental conditions and acute stress (Ni and Buszczak, 2023). Moreover, impairment of translation can result in the activation of the ribotoxic stress response, implying that ribosomes serve as a signal for the metabolic regulation of stress response (Snieckute et al., 2022), and the inhibition of ribosomal activity hinders the progression of the cell cycle, thereby regulating the adaptive stress response (Stoneley et al., 2022). Consequently, the presence of genes enriched in the ribosomal pathway indicates that the organisms have experienced environmental stress in their habitat.





5 Conclusions

This study is the first to sequence the transcriptome of a deep-sea barnacle N. marisindica and compared it with a shallow-water related species. The presence of positive selection in the mitogenome of N. marisindica suggested that this species probably evolved efficient adaption to cope with the challenges posed by the extreme deep-sea conditions, including limited oxygen and food availability, as well as a high concentration of H2S in the hydrothermal vent environment. Moreover, the identified PSGs from the enriched KEGG pathways are involved in crucial biological processes such as neural signal transduction, immunity, and antiapoptotic metabolism. Nevertheless, it should be noted that the findings presented in this study are preliminary, and additional research is needed to fully understand the evolutionary and adaptive processes of PSGs in the hydrothermal vent environment. Nonetheless, this study provided valuable genomic resources and insighted into the mechanisms of N. marisindica and S. stearnsi, serving as a foundation for further investigations into the evolution and adaptation of invertebrates within deep-sea ecosystems.





Data availability statement

The Neolepas marisindica and Scalpellum stearnsi datasets generated during the current study are available in the National Center for Biotechnology Information (NCBI) databases in GenBank repository at the following links: https://www.ncbi.nlm.nih.gov/nuccore/MZ772032 and https://www.ncbi.nlm.nih.gov/nuccore/OP345466.





Author contributions

NM: Data curation, Formal analysis, Methodology, Software, Writing – original draft. WS: Data curation, Formal analysis, Methodology, Software, Writing – original draft. YC: Conceptualization, Funding acquisition, Project administration, Resources, Writing – review & editing. XK: Methodology, Project administration, Writing – review & editing. NJ: Methodology, Project administration, Writing – review & editing. XS: Conceptualization, Funding acquisition, Project administration, Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Natural Science Foundation of China (#42376139), the Jiangsu Provincial Basic Research Program (Natural Science Foundation) Distinguished Youth Fund Project (BK20190048), Postgraduate Research & Practice Innovation Program of Jiangsu Ocean University (KYCX2023-69), Jiangsu Agriculture Science and Technology Innovation Fund (JASTIF) [CX (22) 2032], and the Project Funded by the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).




Acknowledgments

We would like to thank the reviewers and Chan et al. for their detailed comments about misidentification. We agree with the commentary paper of Chan et al. and have changed all reference to Vulcanolepas fijiensis to Neolepas marisindica in our corrected paper. We would also like to thank Professor Haibin Zhang from Institute of Deep-sea Science and Engineering (Chinese Academy of Sciences) for providing the samples and pictures of the deepsea barnacle.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2023.1269411/full#supplementary-material




References

 Al-Aqeel, S., Ryu, T., Zhang, H. M., Chandramouli, K. H., and Ravasi, T. (2016). Transcriptome and proteome studies reveal candidate attachment genes during the development of the barnacle Amphibalanus amphitrite. Front. Mar. Sci. 3. doi: 10.3389/fmars.2016.00171

 Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-2836(05)80360-2

 Auger, C., Vinaik, R., Appanna, V. D., and Jeschke, M. G. (2021). Beyond mitochondria: Alternative energy-producing pathways from all strata of life. Metabolism 118. doi: 10.3389/fmars.2016.00171

 Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. (2012). SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19, 455–477. doi: 10.1089/cmb.2012.0021

 Biswas, S., and Akey, J. M. (2006). Genomic insights into positive selection. Trends. Genet. 22, 437–446. doi: 10.1016/j.tig.2006.06.005

 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

 Chan, B. K., Prabowo, R. E., and Lee, K. S. (2010). North West Pacific deep-sea barnacles (Cirripedia, Thoracica) collected by the Taiwan expeditions, with descriptions of two new species. Zootaxa 2405, 1–47. doi: 10.11646/zootaxa.2405.1.1

 Chan, B. K., Dreyer, N., Gale, A. S., Glenner, H., Ewers-Saucedo, C., Pérez-Losada, M., et al. (2021). The evolutionary diversity of barnacles, with an updated classification of fossil and living forms. Zool. J. Linn Soc 193, 789–846. doi: 10.1093/zoolinnean/zlaa160

 Chan, B. K., Watanabe, H. K., and Chen, C. (2024). Commentary: Comparative omics analysis of a new deep-sea barnacle species (Cirripedia, Scalpellomorpha) and shallow-water barnacle species provides insights into deep-sea adaptation. Front. Mar. Sci 11, 1374419. doi: 10.3389/fmars.2024.1374419

 Chen, Z. H., Cao, J. F., Zhou, J. S., Liu, H., Che, L. Q., Mizumura, K., et al. (2014). Interaction of caveolin-1 with ATG12-ATG5 system suppresses autophagy in lung epithelial cells. Am. J. Physiol. Lung Cell Mol. Physiol. 306, L1016–L1025. doi: 10.1152/ajplung.00268.2013

 Chu, P. F., He, L. B., Yang, C., Zeng, W. C., Huang, R., Liao, L. J., et al. (2019). Grass carp ATG5 and ATG12 promote autophagy but down-regulate the transcriptional expression levels of IFN-I signaling pathway. Fish. Shellfish. Immunol. 92, 600–611. doi: 10.1016/j.fsi.2019.06.014

 Cooper, C. E., and Brown, G. C. (2008). The inhibition of mitochondrial cytochrome oxidase by the gases carbon monoxide, nitric oxide, hydrogen cyanide and hydrogen sulfide: chemical mechanism and physiological significance. J. Bioenerg. Biomembr. 40, 533–539. doi: 10.1007/s10863-008-9166-6

 Da Fonseca, R. R., Johnson, W. E., O’brien, S. J., Ramos, M. J., and Antunes, A. (2008). The adaptive evolution of the mammalian mitochondrial genome. BMC. Genomics 9, 119. doi: 10.1186/1471-2164-9-119

 Danovaro, R., Snelgrove, P. V., and Tyler, P. (2014). Challenging the paradigms of deep-sea ecology. Trends. Ecol. Evol. 29, 465–475. doi: 10.1016/j.tree.2014.06.002

 Feng, C. G., Liu, R. Y., Xu, W. J., Zhou, Y., Zhu, C. L., Liu, J., et al. (2021). The genome of a new anemone species (Actiniaria: Hormathiidae) provides insights into deep-sea adaptation. Deep. Sea. Res. 1. Oceanogr. Res. Pap. 170, 103492. doi: 10.1016/j.dsr.2021.103492

 Gan, Z. B., Jones, D. S., Liu, X. M., Sui, J. X., Dong, D., and Li, X. Z. (2022). Phylogeny and adaptative evolution to chemosynthetic habitat in barnacle (Cirripedia: Thoracica) revealed by mitogenomes. Front. Mar. Sci. 9. doi: 10.3389/fmars.2022.964114

 Gan, Z. B., Xu, P., Li, X. Z., and Wang, C. S. (2020a). Integrative taxonomy reveals two new species of stalked barnacle (Cirripedia, thoracica) from seamounts of the western pacific with a review of barnacles distributed in seamounts worldwide. Front. Mar. Sci. 7. doi: 10.3389/fmars.2020.582225

 Gan, Z. B., Yuan, J. B., Liu, X. M., Dong, D., Li, F. H., and Li, X. Z. (2020b). Comparative transcriptomic analysis of deep-and shallow-water barnacle species (Cirripedia, Poecilasmatidae) provides insights into deep-sea adaptation of sessile crustaceans. BMC. Genomics 21, 1–13. doi: 10.1186/s12864-020-6642-9

 Gao, F. L., Chen, C. J., Arab, D. A., Du, Z. G., He, Y. H., and Ho, S. Y. (2019). EasyCodeML: A visual tool for analysis of selection using CodeML. Ecol. Evol. 9, 3891–3898. doi: 10.1002/ece3.5015

 Gattuso, J. P., Gentili, B., Duarte, C. M., Kleypas, J., Middelburg, J. J., and Antoine, D. (2006). Light availability in the coastal ocean: impact on the distribution of benthic photosynthetic organisms and their contribution to primary production. Biogeosciences 3, 489–513. doi: 10.5194/bg-3-489-2006

 Gopinath, P., and Ghosh, S. S. (2008). Implication of functional activity for determining therapeutic efficacy of suicide genes in vitro. Biotechnol. Lett. 30, 1913–1921. doi: 10.1007/s10529-008-9787-1

 Götz, S., García-Gómez, J. M., Terol, J., Williams, T. D., Nagaraj, S. H., Nueda, M. J., et al. (2008). High-throughput functional annotation and data mining with the Blast2GO suite. Nucleic. Acids Res. 36, 3420–3435. doi: 10.1093/nar/gkn176

 Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I., et al. (2011). Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 29, 644–652. doi: 10.1038/nbt.1883

 Greiner, S., Lehwark, P., and Bock, R. (2019). OrganellarGenomeDRAW (OGDRAW) version 1.3. 1: expanded toolkit for the graphical visualization of organellar genomes. Nucleic. Acids Res. 47, W59–W64. doi: 10.1101/545509

 Hasegawa, N., Abei, M., Yokoyama, K. K., Fukuda, K., Seo, E., Kawashima, R., et al. (2013). Cyclophosphamide enhances antitumor efficacy of oncolytic adenovirus expressing uracil phosphoribosyltransferase (UPRT) in immunocompetent Syrian hamsters. Int. J. Cancer. 133, 1479–1488. doi: 10.1002/ijc.28132

 Hui, M., Cheng, J., and Sha, Z. L. (2018a). Adaptation to the deep-sea hydrothermal vents and cold seeps: insights from the transcriptomes of Alvinocaris longirostris in both environments. Deep. Sea. Res. 1. Oceanogr. Res. Pap. 135, 23–33. doi: 10.1016/j.dsr.2018.03.014

 Hui, M., Wang, M. X., and Sha, Z. L. (2018b). The complete mitochondrial genome of the alvinocaridid shrimp Shinkaicaris leurokolos (Decapoda, Caridea): Insight into the mitochondrial genetic basis of deep-sea hydrothermal vent adaptation in the shrimp. Comp. Biochem. Physiol. Part. D. Genomics Proteomics. 25, 42–52. doi: 10.1016/j.cbd.2017.11.002

 Ki, J. S., Dahms, H. U., Hwang, J. S., and Lee, J. S. (2009). The complete mitogenome of the hydrothermal vent crab Xenograpsus testudinatus (Decapoda, Brachyura) and comparison with brachyuran crabs. Comp. Biochem. Physiol. Part. D. Genomics Proteomics. 4, 290–299. doi: 10.1016/j.cbd.2009.07.002

 Koyama, F., Sawada, H., Fujii, H., Hamada, H., Hirao, T., Ueno, M., et al. (2000). Adenoviral-mediated transfer of Escherichia coli uracil phosphoribosyltransferase (UPRT) gene to modulate the sensitivity of the human colon cancer cells to 5-fluorouracil. Eur. J. Cancer. 36, 2403–2410. doi: 10.1016/S0959-8049(00)00338-5

 Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054

 Lan, Y., Sun, J., Tian, R., Bartlett, D. H., Li, R. S., Wong, Y. H., et al. (2017). Molecular adaptation in the world’s deepest-living animal: Insights from transcriptome sequencing of the hadal amphipod Hirondellea gigas. Mol. Ecol. 26, 3732–3743. doi: 10.1111/mec.14149

 Lee, W. K., Mi Kang, H., Chan, B. K., Ju, S. J., and Kim, S. J. (2019). Complete mitochondrial genome of the hydrothermal vent stalked barnacle Vulcanolepas fijiensis (Cirripedia, Scalpelliforms, Eolepadidae). Mitochondrial DNA B 4(2), 2725–2726. doi: 10.1080/23802359.2019.1644564

 Letunic, L., and Bork, P. (2021). Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and annotation. Nucleic. Acids Res. 49, W293–W296. doi: 10.1093/nar/gkab301

 Li, C., Yu, Y. P., Zhang, X., Wei, J. G., and Qin, Q. W. (2019). Grouper Atg12 negatively regulates the antiviral immune response against Singapore grouper iridovirus (SGIV) infection. Fish. Shellfish. Immunol. 93, 702–710. doi: 10.1016/j.fsi.2019.08.037

 Liang, J., Tao, C. H., Zheng, Y., Zhang, G. Y., Su, C., Yang, W. F., et al. (2023). Geology context, vent morphology, and sulfide paragenesis of the Longqi-1 modern seafloor hydrothermal system on the ultraslow-spreading Southwest Indian ridge. Deep. Sea. Res. 1. Oceanogr. Res. Pap. 194, 103962. doi: 10.1016/j.dsr.2023.103962

 Liu, J., Liu, H. L., and Zhang, H. B. (2018). Phylogeny and evolutionary radiation of the marine mussels (Bivalvia: Mytilidae) based on mitochondrial and nuclear genes. Mol. Phylogenet. Evol. 126, 233–240. doi: 10.1016/j.ympev.2018.04.019

 Lobo-Jarne, T., and Ugalde, C. (2018). Respiratory chain supercomplexes: structures, function and biogenesis. Semin. Cell. Dev. Biol. 76, 179–190. doi: 10.1016/j.semcdb.2017.07.021

 Lorion, J., Kiel, S., Faure, B., Kawato, M., Ho, S. Y., Marshall, B., et al. (2013). Adaptive radiation of chemosymbiotic deep-sea mussels. Proc. R. Soc Lond. B. Biol. Sci. 280, 20131243. doi: 10.1098/rspb.2013.1243

 Luo, Y., Chen, Y., Liu, F., and Gao, Y. (2012). Mitochondrial genome of Tibetan wild ass (Equus kiang) reveals substitutions in NADH which may reflect evolutionary adaptation to cold and hypoxic conditions. Asia. Life. Sci. 21, 1–11.

 Lyu, L., Fang, K., Zhu, Z., Li, J., Chen, Y., Wang, L., et al. (2023). Bioaccumulation of emerging persistent organic pollutants in the deep-sea cold seep ecosystems: Evidence from chlorinated paraffin. J. Hazard. Mater. 445, 130472. doi: 10.1016/j.jhazmat.2022.130472

 Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A. C., and Kanehisa, M. (2007). KAAS: an automatic genome annotation and pathway reconstruction server. Nucleic. Acids Res. 35, W182–W185. doi: 10.1093/nar/gkm321

 Ni, C., and Buszczak, M. (2023). The homeostatic regulation of ribosome biogenesis. Cell. Dev. Biol. 136, 13–26. doi: 10.1016/j.semcdb.2022.03.043

 Rausher, M. D., and Huang, J. (2016). Prolonged adaptive evolution of a defensive gene in the solanaceae. Mol. Biol. Evol. 33, 143–151. doi: 10.1093/molbev/msv205

 Rota-Stabelli, O., Kayal, E., Gleeson, D., Daub, J., Boore, J. L., Telford, M. J., et al. (2010). Ecdysozoan mitogenomics: evidence for a common origin of the legged invertebrates, the Panarthropoda. Genome. Biol. Evol. 2, 425–440. doi: 10.1093/gbe/evq030

 Rubinstein, A. D., Eisenstein, M., Ber, Y., Bialik, S., and Kimchi, A. (2011). The autophagy protein Atg12 associates with antiapoptotic Bcl-2 family members to promote mitochondrial apoptosis. Mol. Cell. 44, 698–709. doi: 10.1016/j.molcel.2011.10.014

 Ryu, T., Woo, S., and Lee, N. (2019). The first reference transcriptome assembly of the stalked barnacle, Neolepas marisindica, from the Onnuri Vent Field on the Central Indian Ridge. Mar. Genomics 48, 100679. doi: 10.1016/j.margen.2019.04.004

 Sahyoun, A. H., Bernt, M., Stadler, P. F., and Tout, K. (2014). GC skew and mitochondrial origins of replication. Mitochondrion 17, 56–66. doi: 10.1016/j.mito.2014.05.009

 Sato, C., Nendai, N., Nagata, N., Okuzaki, Y., Ikeda, H., Minamiya, Y., et al. (2023). Origin and diversification of pheretimoid megascolecid earthworms in the Japanese Archipelago as revealed by mitogenomic phylogenetics. Mol. Phylogenet. Evol. 182, 107735. doi: 10.1016/j.ympev.2023.107735

 Sha, Z. L., and Ren, X. Q. (2015). A new species of the genus Arcoscalpellum (Cirripedia, Thoracica, Scalpellidae) from deep waters in the South China Sea. Chin. J. Oceanol. Limnol. 33, 732–734. doi: 10.1007/s00343-015-4164-0

 Shen, X., Tsang, L. M., Chu, K. H., Achituv, Y., and Chan, B. K. K. (2015). Mitochondrial genome of the intertidal acorn barnacle Tetraclita serrata Darwin 1854 (Crustacea: Sessilia): gene order comparison and phylogenetic consideration within Sessilia. Mar. Genomics 22, 63–69. doi: 10.1016/j.margen.2015.04.004

 Shinozaki, K., and Yamaguchi-Shinozaki, K. (2000). Molecular responses to dehydration and low temperature: differences and cross-talk between two stress signaling pathways. Curr. Opin. Plant Biol. 3, 217–223. doi: 10.1016/S1369-5266(00)80068-0

 Si, M. R., Li, Y. D., Jiang, S. G., Yang, Q. B., Jiang, S., Yang, L. S., et al. (2022). Identification of multifunctionality of the PmE74 gene and development of SNPs associated with low salt tolerance in Penaeus monodon. Fish. Shellfish. Immunol. 128, 7–18. doi: 10.1016/j.fsi.2022.07.010

 Siebenaller, J. (2000). The effects of hydrostatic pressure on signal transduction in brain membranes of deep-sea fishes of the genus Coryphaenoides. Fish. Physiol. Biochem. 23, 99–106. doi: 10.1023/A:1007830722804

 Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M. (2015). BUSCO: assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics 31, 3210–3212. doi: 10.1093/bioinformatics/btv351

 Snieckute, G., Genzor, A. V., Vind, A. C., Ryder, L., Stoneley, M., Chamois, S., et al. (2022). Ribosome stalling is a signal for metabolic regulation by the ribotoxic stress response. Cell. Metab. 34, 2036–2046. doi: 10.1016/j.cmet.2022.10.011

 Song, Y. J., and Yoon, J. M. (2013). Genetic differences of three Pollicipes mitella populations identified by PCR analysis. Dev. Reprod. 17, 199. doi: 10.12717/DR.2013.17.3.199

 Srivastava, A., Barth, E., Ermolaeva, M. A., Guenther, M., Frahm, C., Marz, M., et al. (2020). Tissue-specific gene expression changes are associated with aging in mice. Genomics Proteomics. Bioinf. 18, 430–442. doi: 10.1016/j.gpb.2020.12.001

 Stoneley, M., Harvey, R. F., Mulroney, T. E., Mordue, R., Jukes-Jones, R., Cain, K., et al. (2022). Unresolved stalled ribosome complexes restrict cell-cycle progression after genotoxic stress. Mol. Cell. 82, 1557–1572. doi: 10.1016/j.molcel.2022.01.019

 Stradal, T. E., and Scita, G. (2006). Protein complexes regulating Arp2/3-mediated actin assembly. Curr. Opin. Cell. Biol. 18, 4–10. doi: 10.1016/j.ceb.2005.12.003

 Suico, M. A., Shuto, T., and Kai, H. (2017). Roles and regulations of the ETS transcription factor ELF4/MEF. J. Mol. Cell Biol. 9, 168–177. doi: 10.1093/jmcb/mjw051

 Sun, Y., Wang, M. X., Zhong, Z. S., Chen, H., Wang, H., Zhou, L., et al. (2022). Adaption to hydrogen sulfide-rich environments: Strategies for active detoxification in deep-sea symbiotic mussels, Gigantidas platifrons. Sci. Total. Environ. 804, 150054. doi: 10.1016/j.scitotenv.2021.150054

 Thubaut, J., Puillandre, N., Faure, B., Cruaud, C., and Samadi, S. (2013). The contrasted evolutionary fates of deep-sea chemosynthetic mussels (Bivalvia, Bathymodiolinae). Ecol. Evol. 3, 4748–4766. doi: 10.1002/ece3.749

 Timón-Gómez, A., Nývltová, E., Abriata, L. A., Vila, A. J., Hosler, J., and Barrientos, A. (2018). Mitochondrial cytochrome c oxidase biogenesis: Recent developments. Semin. Cell. Dev. Biol. 76, 163–178. doi: 10.1016/j.semcdb.2017.08.055

 Wang, P. P., Mao, Y., Su, Y. Q., and Wang, J. (2021). Comparative analysis of transcriptomic data shows the effects of multiple evolutionary selection processes on codon usage in Marsupenaeus japonicus and Marsupenaeus pulchricaudatus. BMC. Genomics 22, 1–14. doi: 10.1186/s12864-021-08106-y

 Wang, J. L., Tong, C. W., Chang, W. T., and Huang, A. M. (2013). Novel genes FAM134C, C3orf10 and ENOX1 are regulated by NRF-1 and differentially regulate neurite outgrowth in neuroblastoma cells and hippocampal neurons. Gene 529, 7–15. doi: 10.1016/j.gene.2013.08.006

 Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., et al. (2018). SWISS-MODEL: homology modelling of protein structures and complexes. Nucleic. Acids Res. 46, W296–W303. doi: 10.1093/nar/gky427

 Wei, L., He, J., Jia, X., Qi, Q., Liang, Z. S., Zheng, H., et al. (2014). Analysis of codon usage bias of mitochondrial genome in Bombyx mori and its relation to evolution. BMC. Evol. Biol. 14, 262. doi: 10.1186/s12862-014-0262-4

 Wei, H. M., Hu, J., Pu, J., Tang, Q. L., Li, W. C., Ma, R. H., et al. (2019). Long noncoding RNA HAGLROS promotes cell proliferation, inhibits apoptosis and enhances autophagy via regulating miR-5095/ATG12 axis in hepatocellular carcinoma cells. Int. Immunopharmacol. 73, 72–80. doi: 10.1016/j.intimp.2019.04.049

 Wei, Z. Y., Wen, Q., Li, W. R., Yuan, X. Q., Fu, Q. L., Cui, Z. W., et al. (2021). ATG12 is involved in the antiviral immune response in large yellow croaker (Larimichthys crocea). Fish. Shellfish. Immunol. 119, 262–271. doi: 10.1016/j.fsi.2021.10.015

 Wilhelm, B. T., and Landry, J. R. (2009). RNA-Seq—quantitative measurement of expression through massively parallel RNA-sequencing. Methods 48, 249–257. doi: 10.1016/j.ymeth.2009.03.016

 Xin, Q., Hui, M., Li, C. L., and Sha, Z. L. (2021). Eyes of differing colors in Alvinocaris longirostris from deep-sea chemosynthetic ecosystems: genetic and molecular evidence of its formation mechanism. J. Oceanol. Limnol. 39, 282–296. doi: 10.1007/s00343-020-9312-5

 Yan, G. Y., Lan, Y., Sun, J., Xu, T., Wei, T., and Qian, P. Y. (2022). Comparative transcriptomic analysis of in situ and onboard fixed deep-sea limpets reveals sample preparation-related differences. iScience 25, 104092. doi: 10.1016/j.isci.2022.104092

 Yan, G. Y., Sun, J., Wang, Z. S., Qian, P. Y., and He, L. S. (2020). Insights into the synthesis, secretion and curing of barnacle cyprid adhesive via transcriptomic and proteomic analyses of the cement gland. Mar. Drugs 18, 186. doi: 10.3390/md18040186

 Yoon, M., Jung, J. Y., and Kim, D. S. (2013). Genetic diversity and gene flow patterns in Pollicipes mitella in Korea inferred from mitochondrial DNA sequence analysis. Fish. Aquatic. Sci. 16, 243–251. doi: 10.5657/FAS.2013.0243

 Yu, P., Zhou, L., Zhou, X. Y., Yang, W. T., Zhang, J., Zhang, X. J., et al. (2019). Unusual AT-skew of Sinorhodeus microlepis mitogenome provides new insights into mitogenome features and phylogenetic implications of bitterling fishes. Int. J. Biol. Macromol. 129, 339–350. doi: 10.1016/j.ijbiomac.2019.01.200

 Yuan, Y., Huang, Y., Jian, J., Cai, S., and Yang, S. (2022). Autophagy genes of ATG5-ATG12 complex in response to exogenous stimulations in Litopenaeus vannamei. Isr. J. Aquacult-Bamid. 74, 17. doi: 10.46989/001c.55792

 Zhang, C., Zhang, Q., Pang, Y., Song, X., Zhou, N., and Wang, J. (2019). The protective effects of melatonin on oxidative damage and the immune system of the Chinese mitten crab (Eriocheir sinensis) exposed to deltamethrin. Sci. Total Environ. 653, 1426–1434. doi: 10.1016/j.scitotenv.2018.11.063

 Zhang, B., Zhang, Y. H., Wang, X., Zhang, H. X., and Lin, Q. (2017). The mitochondrial genome of a sea anemone Bolocera sp. exhibits novel genetic structures potentially involved in adaptation to the deep-sea environment. Ecol. Evol. 7, 4951–4962. doi: 10.1002/ece3.3067

 Zheng, P., Wang, M. X., Li, C. L., Sun, X. Q., Wang, X. C., Sun, Y., et al. (2017). Insights into deep-sea adaptations and host–symbiont interactions: A comparative transcriptome study on Bathymodiolus mussels and their coastal relatives. Mol. Ecol. 26, 5133–5148. doi: 10.1111/mec.14160

 Zhou, L., Li, M. N., Zhong, Z. S., Chen, H., Wang, X. C., Wang, M. X., et al. (2021). Biochemical and metabolic responses of the deep-sea mussel Bathymodiolus platifrons to cadmium and copper exposure. Aquat. Toxicol. 236, 105845. doi: 10.1016/j.aquatox.2021.105845

 Zhou, Y. D., Zhang, D. S., Zhang, R. Y., Liu, Z. S., Tao, C. H., Lu, B., et al. (2018). Characterization of vent fauna at three hydrothermal vent fields on the Southwest Indian Ridge: implications for biogeography and interannual dynamics on ultraslow-spreading ridges. Deep. Sea. Res. 1. Oceanogr. Res. Pap. 137, 1–12. doi: 10.1016/j.dsr.2018.05.001




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Mao, Shao, Cai, Kong, Ji and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




CORRECTION

published: 19 August 2024

doi: 10.3389/fmars.2024.1452112

[image: image2]


Corrigendum: Comparative omics analysis of a deep-sea barnacle species (Cirripedia, Scalpellomorpha) and shallow-water barnacle species provides insights into deep-sea adaptation


Ning Mao 1,2,†, Wentai Shao 1,2,†, Yuefeng Cai 1,2*, Xue Kong 1,2, Nanjing Ji 1,2 and Xin Shen 1,2*


1Jiangsu Key Laboratory of Marine Bioresources and Environment, Jiangsu Key Laboratory of Marine Biotechnology, Jiangsu Ocean University, Lianyungang, China, 2Co-Innovation Center of Jiangsu Marine Bio-Industry Technology, Jiangsu Ocean University, Lianyungang, China




Edited and Reviewed by: 

Glen T. Snyder, The University of Tokyo, Japan

*Correspondence: 

Yuefeng Cai
 yuefengcai@jou.edu.cn 

Xin Shen
 shenthin@163.com





†These authors have contributed equally to this work and share first authorship



Received: 04 July 2024

Accepted: 18 July 2024

Published: 19 August 2024

Citation:
Mao N, Shao W, Cai Y, Kong X, Ji N and Shen X (2024) Corrigendum: Comparative omics analysis of a deep-sea barnacle species (Cirripedia, Scalpellomorpha) and shallow-water barnacle species provides insights into deep-sea adaptation. Front. Mar. Sci. 11:1452112. doi: 10.3389/fmars.2024.1452112



Keywords: barnacle, Neolepas marisindica, deep-sea adaptation, mitogenome, transcriptome


A Corrigendum on 


Comparative omics analysis of a deep-sea barnacle species (Cirripedia, Scalpellomorpha) and shallow-water barnacle species provides insights into deep-sea adaptation By Mao N, Shao W, Cai Y, Kong X, Ji N and Shen X (2024). Front. Mar. Sci. 10:1269411. doi: 10.3389/fmars.2023.1269411





Error in the Article Title

In the published article, there was an error in the article title. Instead of “Comparative omics analysis of a new deep-sea barnacle species (Cirripedia, Scalpellomorpha) and shallow-water barnacle species provides insights into deep-sea adaptation”, it should be “Comparative omics analysis of a deep-sea barnacle species (Cirripedia, Scalpellomorpha) and shallow-water barnacle species provides insights into deep-sea adaptation”.





Text Correction

In the published article, there was an error. We provisionally identified the deep-water species Vulcanolepas fijiensis. As a result of the Chan et al. Commentary Paper (2024), we became aware that our initial identification of Vulcanolepas fijiensis was incorrect. We have confirmed that the barnacle is actually Neolepas marisindica and have revised this paper to include the correct species indentation.

The change to “Neolepas marisindica” or “N. marisindica” applies to all instances of the words “Vulcanolepas fijiensis” and “V. fijiensis” respectively, which appear in the Keywords, Abstract, Introduction, Materials and methods, Results, Discussion, and Conclusions.

A correction has been made to Introduction. This sentence previously stated:

“While studies on other organisms inhabiting extreme deep-sea environments have identified several potential mechanisms, the transcriptome of Vulcanolepas fijiensis (Chan) and Scalpellum stearnsi (Pilsbry) remains unexplored. Moreover, few studies have investigated the molecular adaptive characteristics that assist with barnacles’ survival in deep-sea harsh chemosynthetic habitats. Due to the limited prior investigations concerning the transcriptome of barnacles, particularly with regard to the deep-sea adaptation of V. fijiensis, our study attempted to address this research gap.

In this study, we collected deep-sea (V. fijiensis) and shallow-water (S. stearnsi) individuals at Longqi hydrothermal field on the Southwest Indian Ridge and Guangxi Beibu Gulf, respectively. In order to investigate the adaptability of barnacles to the deep-sea environment, the analysis of positive selection pressure was conducted using the comparative transcriptome of these two individuals, as well as the 13 protein-coding genes (PCGs) of mitogenomes from 11 barnacles, including V. fijiensis. This research endeavor aimed to not only provide valuable genomic resources for deep-sea barnacles but also establish a foundation for comprehending their genetic strategies and adaptation mechanisms in the deep-sea habitat.”

The corrected sentence appears below:

“While studies on other organisms inhabiting extreme deep-sea environments have identified several potential mechanisms, the transcriptome of them remains unexplored. Moreover, few studies have investigated the molecular adaptive characteristics that assist with barnacles’ survival in deep-sea harsh chemosynthetic habitats. Due to the limited prior investigations concerning the transcriptome of barnacles, particularly with regard to the deep-sea adaptation, our study attempted to address this research gap.

In this study, we collected the deep-sea and shallow-water barnacle individuals at Longqi hydrothermal field on the Southwest Indian Ridge and Guangxi Beibu Gulf, respectively. In order to investigate the adaptability of barnacles to the deep-sea environment, the analysis of positive selection pressure was conducted using the comparative transcriptome of these two individuals, as well as the 13 protein-coding genes (PCGs) of mitogenomes from 11 barnacles. This research endeavor aimed to not only provide valuable genomic resources for deep-sea barnacles but also establish a foundation for comprehending their genetic strategies and adaptation mechanisms in the deep-sea habitat.”

A correction has been made to Materials and methods, 2.1 Sample collection, DNA and RNA extraction, and sequencing, paragraph one. This sentence previously stated:

“A variety of manned submarines were used to obtain V. fijiensis from a hydrothermal vent Longqi hydrothermal field on the Southwest Indian Ridge (49°64’E, 37°17’S) at a depth of 2,759 m in the Southwest Indian Ocean. S. stearnsi were obtained from the Guangxi Beibu Gulf (109°12’E, 21°04’N), depth of about 300 m. In contrast to deep-sea species, the depth of 300m can be considered relatively shallow. Therefore, we provisionally classified S. stearnsi as a shallow species. After collection, they were immediately stored at -80°C.”

The corrected sentence appears below:

“Samples of the deep-sea barnacles from a hydrothermal vent Longqi hydrothermal field on the Southwest Indian Ridge (49°64’E, 37°17’S) at a depth of 2,759 m in the Southwest Indian Ocean collected on board of “Explorer 1” scientific research ship of Institute of Deep-sea Science and Engineering (Chinese Academy of Sciences) by using “Deep-sea Warrior” manned submersible during the winter of 2018, we thank the crew for their help during the cruise. Samples of the shallow-water barnacles were obtained from the Guangxi Beibu Gulf (109° 12 ‘ E, 21° 04 ‘ N), depth of about 300 m. In contrast to deep-sea species, the depth of 300m can be considered relatively shallow. Therefore, we provisionally identified the two barnacle species as the deep water species Vulcanolepas fijiensis (Lee et al., 2019) and the shallow water Scalpellum stearnsi (Chan et al., 2010). As a result of the Chen et al. Commentary Paper (Chan et al., 2024) we became aware that our initial identification of V. fijiensis was incorrect. We have confirmed that the barnacle is actually Neolepas marisindica and have revised this paper to include the correct species indentation. After collection, they were immediately stored at -80°C.”

The references for “Lee et al., 2019”, “Chan et al., 2010”, and “Chan et al., 2024” should be:

“Chan, B. K., Prabowo, R. E., Lee, K. S. (2010). North West Pacific deep-sea barnacles (Cirripedia, Thoracica) collected by the Taiwan expeditions, with descriptions of two new species. Zootaxa 2405, 1-47. doi: 10.11646/zootaxa.2405.1.1

Chan, B. K., Watanabe, H. K., Chen, C. (2024) Commentary: Comparative omics analysis of a new deep-sea barnacle species (Cirripedia, Scalpellomorpha) and shallow-water barnacle species provides insights into deep-sea adaptation. Front. Mar. Sci. 11, 1374419. doi: 10.3389/fmars.2024.1374419

Lee, W .K., Mi Kang, H., Chan, B. K., Ju, S. J., Kim, S. J. (2019). Complete mitochondrial genome of the hydrothermal vent stalked barnacle Vulcanolepas fijiensis (Cirripedia, Scalpelliforms, Eolepadidae). Mitochondrial DNA B. 4 (2), 2725-2726. doi: 10.1080/23802359.2019.1644564”

In the published article, there was an error in the Data availability statement. Our initial identification of Vulcanolepas fijiensis was incorrect. We have confirmed that the barnacle mentioned in the name of our deep-sea barnacle species is actually Neolepas marisindica. Therefore, the Neolepas marisindica and Scalpellum stearnsi datasets generated during the current study have been deposited and the statement “The original contributions presented in the study are publicly available. This data can be found here: https://www.ncbi.nlm.nih.gov/, BioProject: PRJNA935972.” has been updated. The correct Data Availability statement appears below.

“The Neolepas marisindica and Scalpellum stearnsi datasets generated during the current study are available in the National Center for Biotechnology Information (NCBI) databases in GenBank repository at the following links: https://www.ncbi.nlm.nih.gov/nuccore/MZ772032 and https://www.ncbi.nlm.nih.gov/nuccore/OP345466.”

In the published article, there was no Acknowledgments section. The correct Acknowledgments section appears below.

“We would like to thank the reviewers and Chan et al. for their detailed comments about misidentification. We agree with the commentary paper of Chan et al. and have changed all reference to Vulcanolepas fijiensis to Neolepas marisindica in our corrected paper. We would also like to thank Professor Haibin Zhang from Institute of Deep-sea Science and Engineering (Chinese Academy of Sciences) for providing the samples and pictures of the deep-sea barnacle.”





Error in Figure

In the published article, there was an error in Figure 1 as published. The use of photos from the database in Figure 1 has raised copyright issues. We apologize for the error and have corrected them to photos taken at the time of collection to eliminate copyright and plagiarism issues.




Figure 1 | The mitochondrial genome map of deep-sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B) collected for this study, and photographs in the genome map are from preserved samples that were collected for this study, which were collected by Professor Haibin Zhang and kept in Institute of Deep-sea Science and Engineering (Chinese Academy of Sciences). The heavy strand is represented by the outer circle, while the light strand is represented by the inner circle; The tRNA and PCGs are denoted by the blue genes, whereas the 12S rRNA and 16S rRNA are indicated by the red genes.



Furthermore, there was an error in the legend for Figure 1. Our initial identification of Vulcanolepas fijiensis was incorrect. We have confirmed that the barnacle mentioned in the caption of Figure 1 is actually Neolepas marisindica. Therefore, instead of “The mitochondrial genome map of deep-sea barnacle Vulcanolepas fijiensis (A) and shallow barnacle Scalpellum stearnsi (B)”, the legend should read: “The mitochondrial genome map of deep-sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B) collected for this study, and photographs in the genome map are from preserved samples that were collected for this study, which were collected by Professor Haibin Zhang and kept in Institute of Deep-sea Science and Engineering (Chinese Academy of Sciences)”. The corrected Figure 1 and its updated caption appear below.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.





Error in Tables

In the published article, there was an error in Table 2 as published. Our initial identification of “Vulcanolepas fijiensis” in the third column of Table 2 was incorrect and should be “Neolepas marisindica” instead. Furthermore, the barnacle mentioned in the legends for Table 2 is actually “Neolepas marisindica”, not “Vulcanolepas fijiensis”. The corrected Table 2 and its updated caption appear below.


Table 2 | Transcriptome library basic information of Scalpellum stearnsi and Neolepas marisindica.



In the published article, there was an error in Table 3 as published. Our initial identification of “Vulcanolepas fijiensis” in the first column of Table 3 was incorrect and should be “Neolepas marisindica” instead. The corrected Table 3 and its caption appear below.


Table 3 | Collection and mitogenome information of the specimens that were used for the positive selection analysis.



The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.





Error in Figure/Table Legend

In the published article, there was an error in the legends for Figures 2 – 7 and in the legends for Tables 1, 4, and 5 as published. Our initial identification of Vulcanolepas fijiensis was incorrect. We have confirmed that the barnacle mentioned in the legends for Figures 2 – 7 and in the legends for Tables 1, 4, and 5 should be “Neolepas marisindica”. The corrected legends appear below.

[TABLE 1 Summary of the mitogenome features of Neolepas marisindica and Scalpellum stearnsi.]

[FIGURE 2 AT and GC skews in protein-coding genes of the mitochondrial genomes in deep-sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B). The horizontal and vertical coordinates represent gene name and skew value, respectively; The blue line represents the AT skew and the orange line represents the GC skew.]

[FIGURE 3 The codon usage of the protein-coding genes of the mitochondrial genomes of deep- sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B). The different colors represent different kinds of codons, and the different columns represent different amino acids.]

[FIGURE 4 Gene Ontology function annotation of the transcriptomes of deep-sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B). The red terms represent Biological Process, the blue terms represent Cellular Composition, and the green terms represent Molecular Function.]

[FIGURE 5 Classification of the Kyoto Encyclopedia of Genes and Genomes metabolic pathway of the transcriptomes of deep-sea barnacle Neolepas marisindica (A) and shallow barnacle Scalpellum stearnsi (B). Vertical lines represent five main pathways: red terms denote cellular processes, purple terms denote environmental information processing, blue terms denote genetic information processing, green terms denote metabolism, and yellow terms denote organismal systems.]

[TABLE 4 Results of the selective pressure acting on the protein-coding genes of Neolepas marisindica.]

[FIGURE 6 Three-dimensional structural models of the COIII (A) and ND2 (B) genes of deep- sea barnacle Neolepas marisindica. The red represents positive selection site; N represents amino terminus and (C) represents carboxy terminus.]

[TABLE 5 Genes that were subject to positive selection pressure in Neolepas marisindica and Scalpellum stearnsi.]

[FIGURE 7 Enrichment of the Kyoto Encyclopedia of Genes and Genomes metabolic pathway of the positive selection genes in deep-sea barnacle Vulcanolepas fijiensis compared with shallow barnacle Scalpellum stearnsi. The circle size represents the number of genes, and the color from cool to warm represents the smaller q value.]

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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A Commentary on: 


Comparative omics analysis of a new deep-sea barnacle species (Cirripedia, Scalpellomorpha) and shallow-water barnacle species provides insights into deep-sea adaptation
 by Mao N, Shao W, Cai Y, Kong X, Ji N and Shen X (2024). Front. Mar. Sci. 10:1269411. doi: 10.3389/fmars.2023.1269411


Mao et al. (2024) recently published an article comparing the mitochondrial genome and transcriptome of the deep-sea hydrothermal vent barnacle Vulcanolepas fijiensis and the relatively shallower barnacle Scalpellum stearnsi (contradictory to the title, no new species was described). This paper concluded that the mitogenomes and key genes found in the transcriptomic analysis were subjected to positive selection related to high-temperature and high-pressure conditions, allowing V. fijiensis to adapt to the deep-sea environment. However, the neolepadid hydrothermal vent barnacle used in their study was misidentified and actually represents a different species, Neolepas marisindica. We present our evidence and reasoning for this below. Although the main conclusions presented by Mao et al. (2024) still stand because N. marisindica is also a deep-sea vent species, their misidentification has connotations on the context, interpretation, and of course future use of their data.

The deep-sea hydrothermal vent barnacle specimen referred to as V. fijiensis in Mao et al. (2024) was collected at Longqi hydrothermal vent field on the Southwest Indian Ridge at a depth of 2759 m in the Indian Ocean. Vulcanolepas fijiensis was originally described from the North Fiji Basin in the Southwest Pacific (Chan et al., 2019) and had never been reported in the Indian Ocean. Watanabe et al. (2018) were the first to explore the diversity of neolepadid hydrothermal vent barnacles in the Indian Ocean and found only one species, Neolepas marisindica, from several vent fields including the Longqi vent field. Though N. marisindica exhibits two morphotypes, these have been shown to be the same species using molecular data (Watanabe et al., 2018).

Using the mitochondrial genome of V. fijiensis supplied by Mao et al. (2024) in GenBank (MZ772032), we show in a phylogenetic tree that the mitochondrial COI (cytochrome c oxidase subunit I) barcode sequence of V. fijiensis in Mao et al. (2023) is nested into a well-supported clade with other available sequences of N. marisindica and not with V. fijiensis sequences from the original description by Chan et al. (2019) that includes barcodes of the holotype (Figure 1). This sequence from Mao et al. (2024) was identical to published sequences of N. marisindica from both Kairei (type locality; LC350008, LC350015) and Solitaire (LC350013) vent fields on the Central Indian Ridge (CIR). Searching on GenBank revealed another mitogenome listed as V. fijiensis (MW291947) linked to the Mao et al. (2024) paper, but this too was nested within N. marisindica (Figure 1). Furthermore, a mitogenome of the real V. fijiensis from the North Fiji Basin had already been published (Lee et al., 2019; MN061491) using one of the original specimens sequenced in the description paper, and a BLAST comparison with the mitogenome (MZ772032) presented by Mao et al. (2024) revealed a percentage identity of only 88.84% between these two mitogenomes. Altogether, these evidences show that the species identification in Mao et al. (2024) was incorrect, and their hydrothermal vent barnacle was actually N. marisindica.




Figure 1 | Phylogenetic tree of neolepadid stalked barnacles reconstructed by Bayesian inference with the GTR+I+G model, following published methods in Watanabe et al. (2023). For simplicity, taxa other than Vulcanolepas fijiensis and Neolepas marisinidica have been collapsed. Accession numbers in bold refer to sequences referred to as V. fijiensis in Mao et al. (2024). Node values indicate Bayesian posterior probability. The 528 bp alignment used contained all 202 COI barcoding sequences openly available on GenBank, accession numbers as follows: JX036420-JX036464, KF739820-KF739838, KP295001, KP295004-KP295005, KP295007-KP295009, KP295013-KP295014, KP295018-KP295019, KP295022, KP295026-KP295028, KP295030-KP295037, KP295039-KP295042, KP295045-KP295053, KP295055-KP295058, KP295060-KP295064, KP295067-KP295069, KP295073, KP295076, KP295078, KP295080, KP295082-KP295085, KP295089-KP295091, KP295094, KP295097-KP295098, KY502196-KY502197, LC350007-LC350015, MH202767, MH636381-MH636383, MN722546-MN722548, MN722550-MN722551, MT662001, MW291947, MW602536-MW602540, MW602548-MW602549, MW602552-MW602566, MZ772032, OK255634-OK255663, OK267417. Holotype of V. fijiensis (NIBR-IV0000830370; Korea National Institute for Biological Resources, Incheon, Korea) as well as N. marisindica (NSMT-Cr 26832; National Museum of Nature and Science, Tsukuba, Japan) shown in inset, photographs were taken by Benny K. K. Chan.



We also note that another layer of confusion came from an inset specimen photo used in Figure 1A of Mao et al. (2024), which shows a photo of the real V. fijiensis directly taken from figure 3F of Chan et al. (2019) (original authors were not consulted about this use prior to publication). This photograph is of the holotype of V. fijiensis housed in the collection of the Korea National Institute for Biological Resources (Incheon, Korea; NIBR-IV0000830370) where it still resides. As such, the photo of V. fijiensis presented in Mao et al. (2024) is misleadingly not linked to the actual specimen used in their study.

Hydrothermal vent field stalked barnacles in the family Neolepadidae often exhibit morphological variations in the capitular shells and peduncular scales (Watanabe et al., 2021), which may have contributed to the misidentification in Mao et al. (2024). A more reliable identification for deep-sea hydrothermal vent barnacles should be based on an integrative approach, a combination of morphological and barcoding sequence matching with reference sequences available in GenBank. With the misidentification in Mao et al. (2024) corrected, Neolepas marisindica remains the only neolepadid species known from the Indian Ocean so far (Watanabe et al., 2018; Kim et al., 2020; 2021, Zhou et al., 2018; 2022), known from nine vent fields across four ridges (SWIR, CIR, Southeast Indian Ridge, and Carlsberg Ridge). At present, the hydrothermal vent stalked barnacle species identified in the Pacific include V. fijiensis, V. osheai, V. buckeridgei, V. verenae, Leucolepas longa, Neolepas rapanuii, and N. zevinae (see Watanabe et al., 2021); an undescribed species is also known from Woodlark Basin (Boulart et al., 2022). Such a contrasting diversity pattern between the Pacific and Indian Ocean vent fields supports the Dispersal Corridor Hypothesis, where the ancestors of the Indian Ocean neolepadid barnacles originated from the Pacific Ocean and entered the Indian Ocean via the Southern Ocean (see Watanabe et al., 2018).

Correct species identification is of utmost importance to ensure the correct interpretation and usage of molecular and distribution data. The data in Mao et al. (2024) presents the first assembled and published mitogenome sequence for N. marisinidica, a valuable piece of new data that will be useful in the future for understanding the evolutionary history of this species and vent barnacles as a whole. Although previously another transcriptome for this species was published using specimens from Onnuri vent field on the CIR (Ryu et al., 2019), this means the Longqi transcriptome data from Mao et al. (2024) provides an opportunity to make an interesting comparison with Onnuri to reveal potential differences between conspecific barnacles in two different vents across two ridge systems. We hope this case serves as an example for biologists working on difficult-to-identify deep-sea species to embrace integrative taxonomy and to ensure the species identification and taxonomy is correct prior to publication.
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We investigated the geochemistry of gas, pore fluid, and methane-derived authigenic carbonate (MDAC) from four sites in the southern Ulleung Basin, South Korea. In contrast to Sites 16GH-P1 and 16GH-P5, Sites 16GH-P3, and 16GH-P4 are characterized by acoustic chimney structures associated with gas flux. The composition of gas and isotopic signatures of methane (CH4) (C1/C2+ > 300, δ13CCH4 < -60‰, δDCH4 ≤ -190‰) indicate microbial source CH4 at all sites. The upward migration of CH4 can affect the chemical and isotopic properties of pore fluid and gas-related byproducts (e.g., gas hydrate (GH) and MDAC) within the shallow sediments including the current sulfate-methane transition (SMT) (< 5 meters below seafloor). Although no GH was found, elevated Cl- concentrations (maximum = 609 mM) with low δD and δ18O values in Site 16GH-P4 pore fluids delineate the influence of massive GH formation in deeper sediment. In contrast, relatively constant Cl-, δD, and δ18O values in fluids from Sites 16GH-P1, 16GH-P3, and 16GH-P5 indicate a predominant origin from seawater. Pore fluids also exhibit higher concentrations of H4SiO4, B, Mg2+, and K+, along with increasing alkalinity compared to seawater. These observations suggest that marine silicate weathering alters fluid chemistry within the sediment, affecting element and carbon cycles. High alkalinity (up to 60 mM) and Mg2+/Ca2+ ratios (> 6) alongside decreasing Ca2+ and Sr2+ concentrations imply carbonate precipitation. MDACs with diverse morphologies, mainly composed of aragonite and magnesian calcite, and characterized by low carbon isotopic values (δ13CMDAC < -31.3‰), were found at Sites 16GH-P3 and 16GH-P4. Interestingly, δ13CMDAC values at Site 16GH-P3 are clearly differentiated above and below the current SMT. High δ13CMDAC values above the SMT (> -34.3‰) suggest the combined influence of seawater and CH4 migrating upward on MDAC precipitation, whereas low δ13CMDAC values below it (< -41.6‰) indicate a predominant impact of CH4 on MDAC formation. Additionally, the vertical variation of δ18OMDAC values at Site 16GH-P4, compared to the theoretical values, reflects an association with GH dissociation and formation. Our findings improve the understanding of fluid, gas, and MDAC geochemistry in continental margin cold seeps, providing insights into global carbon and element cycles.
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1 Introduction

Cold seep systems that are characterized by the seepage of fluids enriched in methane (CH4)-dominated hydrocarbons from deep-seated sediments to the seafloor under low temperatures, widely occur in many regions along the continental margin (e.g., Campbell, 2006; Judd and Hovland, 2007; Suess, 2014; Himmler et al., 2015; Mazzini et al., 2016). These systems play an important role in global climate change, element cycles, ocean chemistry, and biology (Dillon et al., 2001; Römer et al., 2014; Koch et al., 2015; Ruppel and Kessler, 2017). They also cause various changes in seafloor morphologies, for example, carbonate pavements, mounds, pockmarks, and mud volcanoes (Bahr et al., 2007; Buerk et al., 2010; Himmler et al., 2011; Römer et al., 2014; Koch et al., 2015). Geophysical investigations, for example, sub-bottom profiles, side scan sonar, and high-resolution seismic data, have been used to identify cold seep systems on the seafloor (e.g., Colbo et al., 2014; Stott et al., 2019; Böttner et al., 2020).

More than 80% of the CH4 migrating upward below sulfate-methane transition (SMT) in sediments can be consumed via anaerobic oxidation of methane (AOM; Equation 1) mainly coupled with particulate organic carbon sulfate reduction (POCSR; Equation 2) in the SMT (Boetius et al., 2000; Peckmann and Thiel, 2004; Torres et al., 2020).

 

 

where x, y, and z are derived from C:N:P ratios (Redfield ratios) of the organic matter.

These biogeochemical reactions provide energy for diverse chemosynthetic communities that colonize in the near-surface sediments of cold seeps (Sibuet and Olu, 1998). In addition, high HCO3- in pore fluid produced by the reactions provides favorable conditions for the precipitation of methane-derived authigenic carbonates (MDACs; Equation 3) in the sediment and/or water column, which is characterized by the low carbon isotopic value inherited from CH4 (Peckmann et al., 2001; Luff et al., 2004; Torres et al., 2020). Gas hydrates (GHs) have also been found at cold seeps located in the Arctic regions, Cascadia Margin, and South China Sea (e.g., Han et al., 2008; Malinverno et al., 2008; Wang et al., 2014; Hong et al., 2017; Kim et al., 2020; Kim et al., 2022).

 

where  .

Multichannel seismic investigations have been performed to find GHs in the Ulleung Basin, South Korea, since 2000. The prominent “chimney structures” (e.g., Figures 1B, D) frequently occur in this basin, which are characterized by seismic amplitude reduction resulting from velocity pull-up. These structures are associated with numerous fractures resembling hydrofractures and/or faults, terminating at different stratigraphic levels and, in some cases, extending to the seafloor (e.g., Lee et al., 2005; Haacke et al., 2009; Horozal et al., 2009; Ryu et al., 2009; Kim et al., 2012). Indeed, massive GHs have been found near the seafloor in the Ulleung Basin (e.g., Ryu et al., 2009; Kim et al., 2012; Choi et al., 2013; Kim et al., 2013), where a significant amount of free gas migrates upward from the deep-seated sediment via chimney structures forming GHs. Hence, these seismic structures potentially serve as pathways for the free gas migration feeding massive GH accumulations near the seafloor, which are unique seismic characteristics compared to other regions (e.g., Haacke et al., 2009; Horozal et al., 2009; Ryu et al., 2009; Kim et al., 2012; Choi et al., 2013; Kim et al., 2013; Hong et al., 2014). Many datasets (e.g., seismic survey, pore fluid chemistry, gas chemistry, and sedimentology) have been documented in the Ulleung Basin (e.g., Park et al., 2006; Park et al., 2007; Haacke et al., 2009; Kim et al., 2011; Kim et al., 2012; Choi et al., 2013; Kim et al., 2013), but studies for understanding the chemical interactions among gases, pore fluids, and sediments (including MDAC) are still rare in this basin.




Figure 1 | (A) Major physiographic features and locations of the study area (contour lines show the bathymetry in meters). KP, Korea Plateau; UIG, Ulleung Interplain Gap; HB, Hupo Bank, and OB, Oki Bank. Seismic profiles of (B) Site 16GH-P3 (chimney structure), (C) Site 16GH-P1 (non-chimney structure), and (D) Sites 16GH-P4 (chimney structure) and 16GH-P5 (non-chimney structure). The core depth at each site has no scale. MTD, mass-transport deposits and THS, turbidite-hemipelagic sediments.



In the present article, we investigated 1) how the upward migration of CH4 from deep-seated sediments via chimney structures impacts the chemical properties of gases and fluids, as well as the characteristics of the shallow sedimentary deposits within the southern Ulleung Basin, and 2) how the petrological and morphological features of MDACs vary within the sediment column. To achieve our goals, we collected and conducted geochemical analysis for gases, pore fluids, and MDAC samples from two MDAC-bearing sites (16GH-P3 and 16GH-P4) and two non-MDAC-bearing sites (16GH-P1 and 16GH-P5).




2 Regional setting

The East Sea is the marginal sea in the northwestern Pacific Ocean and consists of three main basins (East Sea, Yamato, and Ulleung) and four straits (Korea, Tsugaru, Soya, and Tartar). The Ulleung Basin is bounded by the continental slope of the Korean Peninsula to the west and the Korea Plateau to the north and has a relatively steep gradient (up to 10°), while it is bordered by a rather gentle slope (1° ~ 2°) and a broad shelf (30 m ~ 50 km wide) of the Japanese Arc and the Oki Bank (Figure 1). This basin was formed during the late Oligocene to early Miocene by crustal extension (Tamaki et al., 1992; Jolivet et al., 1995).

The uppermost sedimentary sequence (30 m ~ 70 m thick) in the Ulleung Basin mainly consists of various mass-flow deposits along the entire margin of the basin overlain by Holocene hemipelagic mud (1 m ~ 2 m thick) (Chough et al., 2000; Lee et al., 2005). The average sedimentation rates of late Quaternary sediments in the basin range from 9 cm/ka to 20 cm/ka (Park et al., 2006; Park et al., 2007; Kim et al., 2011).

Sediment cores were collected at four sites on the slope of the southwestern part of the Ulleung Basin, ranging in water depth from 902 m to 1,187 m (Figure 1; Table 1). This region is characterized by prominent seafloor gullies due to numerous erosional slump events. The sedimentary deposits within the top 150 meters below seafloor (mbsf) consist mainly of turbidite and hemipelagic sequences that are parallel to the seafloor. Deeper layers are predominantly composed of mass transport deposits, with only a few coherent seismic reflection events discernible (Figures 1B–D). Among the sites, both Sites 16GH-P3 and 16GH-P4 display chimney structures with widths of approximately 600 m and 800 m, respectively, which show structural deformations within the sedimentary layers. However, a conspicuous bottom simulating reflector is not observed at the seismic section of these sites. In contrast, Sites 16GH-P1 and 16GH-P5 show non-chimney structures, which are well represented by the successive acoustic surfaces below the seafloor (Figure 1; Table 1) (KIGAM, 2016).


Table 1 | Summaries of site information from the 2016 Expedition.






3 Materials and methods



3.1 Fluid sampling and analyses

Piston cores (PCs) were collected from four sites during the R/V Tamhae II cruise of the Korea Institute of Geoscience and Mineral Resources (KIGAM) in 2016. Two parallel PCs were sampled at each site for geochemical and sedimentological studies. These cores were designated as “W” and “A”, corresponding to 16GH-P1W and 16GH-P1A, respectively (Table 1). Pore fluid was extracted by Rhizons throughout the whole round core of PC for geochemical analyses at approximately 40 cm ~ 85 cm intervals under 4°C. Extracted fluid was collected in an acid-prewashed syringe equipped with an in-line 0.20 μm disposable polytetrafluoroethylene filter. Fluid aliquots for cations and 87Sr/86Sr ratios were transferred into acid-prewashed high-density polyethylene (HDPE) bottles (~2 ml - 4 ml) and acidified with 20 μl ultrapure-grade HNO3. Fluid subsamples for shipboard and anions analyses were collected in acid-prewashed HDPE bottles without acidification. Subsamples for stable isotopic compositions of water (δD and δ18O) and dissolved inorganic carbon (δ13CDIC) were collected in 2 ml septum screw-lid glass vials. Fluid samples for δ13CDIC analysis were preserved with 30 μl HgCl2. All fluid samples were stored at ~4°C in the refrigerator until the analyses.

Chlorinity (Cl-) and alkalinity were analyzed onboard by titration with 0.1 M AgNO3 and with 0.02 M HCl, respectively. The reproducibility of Cl- and alkalinity was determined to be < 2% and < 0.5%, respectively, by repeated analysis of the International Association of Physical Sciences of the Oceans (IAPSO) standard seawater. Sulfate (SO42-) was determined by Dionex ion chromatography (ICS-1100, Thermo Scientific) at the Korea Basic Science Institute (KBSI). IAPSO standard seawater was repeatedly measured to verify the analytical quality of the instruments, and analytical reproducibility was better than ±3%.

Major and minor cations (Na+, K+, Mg2+, Ca2+, Ba2+, B, Sr2+, and Si) were analyzed by PerkinElmer inductively coupled plasma-optical emission spectroscopy (Optima 8300 ICP-OES) at the KBSI. The reproducibility estimated from repeated analyses of reference materials (SLRS-5 and NASS-5) was < 5%.

Stable isotopic compositions of water (δD and δ18O) were analyzed by a VG Prism stable isotope ratio mass spectrometer (SIRMS) at the KBSI. The analytical reproducibility was ±1‰ for δD and ±0.1‰ for δ18O. δ13CDIC was determined with a Finnigan DELTA-Plus stable isotope ratio mass spectrometer using a Gas-Bench II automated sampler at the Oregon State University. The reproducibility was better than 0.07‰, based on the multiple standard measurements. Isotopic values are reported in the conventional δ-notation relative to Vienna Standard Mean Ocean Water (V-SMOW) for hydrogen and oxygen and Vienna Peedee Belemnite (V-PDB) for carbon.

Strontium (Sr) in the fluid was separated for 87Sr/86Sr analysis using Sr-Spec columns (Eichrom-Sr resin). The 87Sr/86Sr ratio was measured using a Neptune multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS, Thermo Finnigan) at the KBSI. The measured 87Sr/86Sr ratios were normalized to 86Sr/88Sr = 0.1194, and repeated NBS 987 measurements yielded a value of 0.71025 ± 0.00002 (2σmean, n = 24).




3.2 Headspace gas sampling and analyses

Bulk sediments (3 ml) were sampled from the core to analyze the chemical compositions and isotopic ratios of headspace gas at approximately 40 cm ~ 82 cm intervals using a 5 ml cutoff plastic syringe. The sediments were extruded into 20 ml serum glass vials, and 2 ml of saturated NaCl solution was added to them. The vials were immediately capped with rubber septa and sealed with aluminum crimp caps. Headspace gas was extracted by heating the sediment samples at 60°C for 30 minutes at the KIGAM, following the procedure described by Pimmel and Claypool (2001). Aliquot of the headspace gas sample was injected into an Agilent Technologies 7890A gas chromatography with both a flame ionization detector and a thermal conductivity detector to determine the hydrocarbon composition (C1-C6) and CO2. The reproducibility was less than 3% based on repeated standard analyses.

The carbon and hydrogen stable isotopic compositions (δ13CCH4, δ13CCO2, and δDCH4) in headspace gas samples were analyzed by a compound-specific isotope ratio-monitoring gas chromatography/mass spectrometer at Isotech Laboratories Inc. (Champaign, IL, USA). The carbon and hydrogen isotopic values are reported in the conventional δ-notation in permil (‰) relative to V-PDB and V-SMOW, respectively. The reproducibility of the analyses was ±0.1‰ for carbon and ±2‰ for hydrogen.




3.3 MDAC sampling and analyses

The cores for the sedimentological study were cut in the laboratory at KIGAM. One half of each core was preserved as an archived core and the other half was further processed as a working core. MDACs were hand-picked from the split cores of Sites16GH-P3 and 16GH-P4 at the KIGAM (Figure 2; Table 1). These samples were stored at approximately 4°C in the refrigerator until the analyses (< 3 months). Before analysis, the MDAC was washed repeatedly with Milli-Q water (resistivity of 18.2 MΩ·cm), and sonicated for a few minutes to eliminate adhered materials. It was washed again with Milli-Q water and dried at 60°C in an oven for 12 hours.




Figure 2 | (A) Lithology of core sediment from Sites 16GH-P1, 16GH-P3, 16GH-P4, and 16GH-P5 in the southwestern part of the Ulleung Basin (mbsf: meters below seafloor). (B) Photographs of methane-derived authigenic carbonates (MDACs) from (a) 0.90 mbsf at Site 16GH-P3 (massive-porous type), (b) 7.69 mbsf at Site 16GH-P3 (semi-/un-consolidated type), (c) 5.70 mbsf at Site 16GH-P4 (massive-porous type), and (d) 6.90 mbsf at Site 16GH-P4 (massive-laminated type). The black closed arrows at Site 16GH-P3 and Site 16GH-P4 are core depths and ages of MDACs determined by U-Th dating, and the red closed arrow indicates the current SMT depth. The lithology description was used in the cores for sedimentological study at Sites 16GH-P1A, 16GH-P3A, 16GH-P4A, and 16GH-P5A. The M, S, and G in the X-axis of (A) are mud, sand, and gravel, respectively.



The thin sections of selected MDACs were observed using a polarization microscope (Nikon LV100N POL) at Yonsei University. The microstructure of the MDACs was examined on freshly fractured surfaces using a scanning electron microscope (SEM; JEOL JSM-5410) at Yonsei University.

For the analyses of bulk mineralogy and isotopic compositions (δ13C and δ18O) of MDACs, the selected MDAC samples (> 20 g) were finely ground using a mortar and pestle and then thoroughly mixed for homogenization, following the method by Tong et al. (2019). In addition, the surface of the MDAC cutting prepared for the thin section shows little variation in texture and structure within each sample. As a result, the measured mineralogy and isotopic compositions represent the average of each MDAC sample. The bulk mineralogy and the relative abundance of carbonate minerals were determined through X-ray diffraction (XRD) using a Miniflex II XRD (RIGAKU) at Yonsei University. The ground MDAC sample was thoroughly mixed homogeneously with corundum (Al2O3) powder in a 1:1 weight ratio. The XRD analysis was conducted on the powder samples under Cu-Kα radiation, utilizing a step-scan mode with 0.02° step, 1 sec/step scanning time, and 2° – 55° 2θ range. The analysis was performed using a 6-sample holder. Semi-quantitative analysis of mineral composition was conducted with the Reference Intensity Ratio (RIR) method (Hubbard et al., 1976; Hubbard and Snyder, 1988; Park et al., 2018). The ratio of peak intensities between corundum and major minerals was determined from the results of X-ray diffraction analysis. The quantitative values were then calculated based on the theoretical RIR values.

An aliquot of the bulk MDAC sample (~5 mg) from 0.90 mbsf to 7.69 mbsf at Site 16GH-P3 and from 5.70 mbsf to 7.33 mbsf at Site 16GH-P4 was reacted with 100% H3PO4 at 90°C for 5 minutes, and the evolved CO2 gas was automatically injected into a VG Prism SIRMS in the KBSI for δ13C and δ18O analyses. The analytical reproducibility for δ13C and δ18O was < ± 0.1‰. Isotopic values are reported in the conventional δ-notation relative to V-PDB for carbon and oxygen.

Uranium (U)-thorium (Th) dating was performed at the NERC Isotope Geosciences Laboratory, British Geological Survey. Sample powders (1.6 mg ~ 8.9 mg) were drilled from 3 MDACs, which were from 3.30 mbsf at Site 16GH-P3, and 6.90 mbsf and 7.33 mbsf at Site 16GH-P4, using a hand-held microdrill. U and Th were separated, concentrated, and measured as described in Crémiere et al. (2016). These samples were dissolved in 8 M HNO3 and then centrifuged to separate the soluble carbonate fraction from the insoluble detritus. The detritus was digested using a mixture of HClO4:HF:HNO3 (1:2:8 vol.), dried, and redissolved in 1 M HCl. U and Th were preconcentrated via iron co-precipitation and separated via column ion chromatography (Edwards et al., 1987). Isotope ratios were measured with an MC-ICP-MS (Thermo Finnigan). U-Th age calculations were carried out by the approach of Cheng et al. (2013), and a detrital correction was applied based on average measured 232Th/238U, 230Th/238U, and 234U/238U activity ratios of carbonate-free detritus samples from the Ulleung Basin.





4 Results



4.1 Sedimentary facies

Sediments in the cores are classified into eight sedimentary facies, mainly based on grain size, sedimentary structures, and distribution pattern of MDACs (Figure 2A). Among them, muddy sediments can be divided into six types: bioturbated mud (BM), bioturbated mud with slightly laminated mud (BM with SLM), homogeneous mud with small and irregular cracks (HM with cracks), bioturbated sandy mud (BSM), slightly laminated mud (SLM), and laminated mud (LM). Laminae are mostly less than a few mm thick and usually consist of coarser and finer (silt-clay) couplets in the LM interval, whereas they are not sharp and distinctly differentiated into coarse-fine couplets in the SLM interval. The BM facies is the most common mud facies in the upper part of the core from Sites 16GH-P1 and 16GH-P5 (non-chimney sites) and is characterized by various burrow structures, such as circular, oval, tubular, or irregular shapes. In contrast, the sediment from Sites 16GH-P3 and 16GH-P4 (chimney sites) is characterized by abundant MDACs in the mud facies (Figure 2A). These sedimentary facies with MDACs can be divided largely into two types: authigenic carbonate-bearing mud (ACM: mud with randomly scattered authigenic carbonate nodules) and authigenic carbonate layers or nodules (ACL) (Figure 2A).




4.2 Geochemical properties of pore fluids

The chemical properties of the pore fluids are shown in Figure 3 and Supplementary Table 1. The Cl- concentration at all sites can be divided into two groups. The first group, found at Sites 16GH-P3 and 16GHP-P4 (chimney sites), shows a constant Cl- concentration from the seafloor to 1.50 mbsf (~533 mM) and 0.78 mbsf (~552 mM), respectively. Below 1.50 mbsf at Site 16GH-P3, Cl- concentration significantly increases and remains constant (~552 mM). Similarly, at Site 16GH-P4, Cl- concentration gradually increases and maintains a constant value (~571 mM) from 1.28 mbsf to 4.55 mbsf. It reaches a maximum value (609 mM) at approximately 5.58 mbsf ~ 6.05 mbsf at Site 16GH-P4 (Figure 3A; Supplementary Table 1). In contrast, the second group, observed at Sites 16GH-P1 and 16GH-P5 (non-chimney sites), exhibits a constant Cl- concentration (~533 mM) without significant variation with depth. The downcore profile of Na+ concentrations at each site generally follows a trend similar to that of Cl- (Figure 3A).




Figure 3 | Downcore profiles of (A) Cl-, SO42-, alkalinity, Na+, Mg2+, K+, Ca2+, Mg2+/Ca2+, B, H4SiO4, Sr2+, and Ba2+, and (B) δDH2O, δ18OH2O, δ13CDIC, and 87Sr/86Sr in pore fluids from Sites 16GH-P1, 16GH-P3, 16GH-P4, and 16GH-P5. The horizontal black, red, blue, and green lines in the downcore profile of alkalinity represent the current SMT depth at Sites 16GH-P1, 16GH-P3, 16GH-P4, and 16GH-P5, respectively. The vertical black dashed lines represent the chemical concentration and isotopic ratios of seawater from the Ulleung Basin (UBGH2 Scientists, 2010; Kim et al., 2013).



The SO42- concentration at all sites decreases from the seawater value (~30 mM; UBGH2 Scientists, 2010) to ~0 mM (Figure 3A; Supplementary Table 1). The current SMT (hereafter SMT) depth is determined by extrapolating the depth where the SO42- concentration reaches 0 mM. The estimated SMT depth of Sites 16GH-P3 and 16GH-P4 (chimney sites) is located at 1.9 mbsf and 2.5 mbsf, respectively, whereas it reaches 4.3 mbsf and 2.7 mbsf at Sites 16GH-P1 and 16GH-P5 (non-chimney sites), respectively. (Table 1). The maximum Ba2+ concentration in each site is observed around the SMT and Site 16GH-P3 has the lowest maximum Ba2+ concentration among the study sites (Figure 3A).

The alkalinity ranging from 8.9 mM to 60.8 mM increases from the seafloor to the SMT and then shows relatively constant concentration at Site 16GH-P3 or a slightly increasing trend at Sites 16GH-P1, 16GH-P4, and 16GH-P5 (Figure 3A; Supplementary Table 1). In contrast, the downcore profiles of Ca2+ and Sr2+ concentrations have decreasing trends at all sites. The Mg2+ concentration is constant at Sites 16GH-P1 and 16GH-P3 but shows an increasing trend with depth at Sites 16GH-P4 and 16GH-P5. At all sites, the K+, H4SiO4, and B concentrations are generally higher than those in seawater (Figure 3A; Supplementary Table 1). The δD and δ18O values in pore fluids at all sites vary in narrow ranges from -2.8‰ to 0.2‰ and from -0.2‰ to 0.3‰, respectively. The downcore profile of δ18O at Site 16GH-P4 shows a slightly decreasing trend compared to other sites. The δ13CDIC value in pore fluid varies from -28.2‰ to 5.3‰. The minimum δ13CDIC value in each site is observed around the SMT, ~3.18 mbsf (-14.7‰) at Site 16GH-P1, ~1.50 mbsf (-28.2‰) at Site 16GH-P3, ~2.18 mbsf (-14.9‰) at Site 16GH-P4, and ~1.53 mbsf (-11.5‰) at Site 16GH-P5 (Figure 3B; Supplementary Table 1). The maximum δ13CDIC value is observed at 7.03 mbsf of Site 16GH-P5 (5.3‰). The 87Sr/86Sr ratios are relatively constant (0.70917 ± 0.00001, n = 19) (Figure 3B; Supplementary Table 1), which is similar to that of the open seawater (~0.70917; Paytan et al., 1993) and seawater from the Ulleung Basin (~0.70917; Kim et al., 2013).




4.3 Geochemical properties of headspace gas

The CH4 is the primary hydrocarbon component in headspace gas samples at all sites, while C2+ is the trace composition. The CH4 concentration is the lowest near the seafloor (< 300 ppm vol.) and increases sharply below the SMT (> 2,900 ppm vol.) (Figure 4A; Supplementary Table 2), irrespective of the seismic structures. The C1/C2+ ratios at Sites 16GH-P3, 16GH-P4, and 16GH-P5 generally exceed 300, whereas they cannot be calculated at Site 16GH-P1 because the concentration of C2+ is below the detection limit. The CO2 concentration does not show a distinct trend with depth, but its concentration varies from 1.0% vol. to 4.0% vol. at all sites (Figure 4A; Supplementary Table 2). As the measured CO2 concentrations in headspace gas samples are at least 25 times higher than that in the atmosphere (~420 ppm vol., https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide), the influence of atmospheric CO2 in headspace gas is negligible.




Figure 4 | Downcore profiles of (A) CH4, C2H6, CO2, and C1/C2+, and (B) δ13CCH4, δDCH4, and δ13CCO2 of headspace gas samples from Sites 16GH-P1, 16GH-P3, 16GH-P4, and 16GH-P5. The dashed line represents the current SMT in each site (black: Site 16GH-P1, red: Site 16GH-P3, blue:16GH-P4, green: Site 16GH-P5).



The values of δ13CCH4, δDCH4, and δ13CCO2 range from -85.9‰ to -67.2‰, from -204‰ to -190‰, and from -24.8‰ to -16.1‰, respectively. The minimum values for δ13CCH4 and δ13CCO2 generally occur near the SMT and increase with depth below the SMT (Figure 4B; Supplementary Table 2).




4.4 Petrography, mineralogy, isotopic compositions, and age of MDACs

MDACs can be roughly subdivided into three types based on their morphology: 1) massive-porous type, 2) massive-laminated type, and 3) semi-/un-consolidated type (Figure 2B). Massive-porous MDACs (a and c in Figure 2B) are mainly composed of microcrystalline magnesian calcite (Mg-calcite), fibrous aragonite, bioclasts, and detrital fragments (Figures 5B–D). Bioclasts, planktonic foraminifers, diatoms, and radiolarians are the dominant biogenic components of this type; framboidal pyrite is often found within the inner walls of shells. Massive-laminated MDACs (d in Figure 2B) have a massive and slightly wavy-laminated structure with a small number of bioclasts. The average thickness of the lamination varies from 1 mm to 2 mm, and planktonic foraminifers are randomly dispersed in the matrix (Figure 5A). Detrital fragments are also found as a form of anhedral and/or subhedral crystals (Figure 5E). Semi-/un-consolidated MDACs (b in Figure 2B) mainly consist of a microcrystalline matrix with many irregular-shaped pores. In the matrix, diatomaceous fragments with many shapes and sizes are found (Figure 5F).




Figure 5 | Photomicrographs and scanning electron micrographs of MDACs. (A) Authigenic carbonate of the massive-laminate type from 6.90 mbsf at Site 16GH-P4. White spots indicate planktonic foraminiferal shells. (B) Bioclasts are abundant, and aragonite is present as acicular cement and microcrystalline matrix from 1.48 mbsf at Site 16GH-P3. (C-D) Bioclasts and detrital fragments are cemented by fibrous aragonite crystals from 1.48 mbsf of Site 16GH-P3. (E) Matrix of microcrystalline magnesian calcite with anhedral and/or subhedral crystals with a few μm in size at 6.90 mbsf of Site 16GH-P4. (F) Diatomaceous fragments are found in many shapes and sizes at 7.69 mbsf of Site 16GH-P3.



The content of carbonate minerals in MDACs ranges from 25.6 wt.% of bulk MDAC to 87.8 wt.% of bulk MDAC (Supplementary Table 3). Calcite, aragonite, and Mg-calcite are the dominant carbonate minerals of MDACs, and dolomite is minor (< 1 wt.% of bulk MDAC). MDACs from 7.69 mbsf at Site 16GH-P3 and from 6.63 mbsf, 6.90 mbsf, and 7.33 mbsf at Site 16GH-P4 have a high aragonite content (> 49.5 wt.% of bulk MDAC), whereas MDACs from 3.30 mbsf at Site 16GH-P3 and 5.70 mbsf at Site 16GH-P4 contain abundant Mg-calcite (> 50 wt.% of bulk MDAC). The non-carbonate minerals in MDACs mainly consist of silicates (plagioclase, K-feldspar, quartz, illite, and chlorite) as detrital components (Figure 6A; Supplementary Table 3).




Figure 6 | Downcore profiles of (A) calcite, aragonite, and magnesian calcite content, and total carbonate/total detrital minerals by XRD analysis, and (B) δ13C and δ18O in MDACs from Sites 16GH-P3 and 16GH-P4. The horizontal red and blue dashed lines represent the current SMT depth at Sites 16GH-P3 and 16GH-P4, respectively.



The δ13CMDAC and δ18OMDAC values vary from -43.0‰ to -31.3‰ and from 3.9‰ to 5.8‰ at Site 16GH-P3, and from -44.9‰ to -41.7‰ and from 4.1‰ to 5.7‰ at Site 16GH-P4, respectively. MDACs above a depth of 1.50 mbsf at Site 16GH-P3 exhibit higher δ13C (> -34.3‰) and lower δ18O (< 4.1‰) values compared to those found below this depth (δ13C = -43.1‰ ~ -41.6‰; δ18O = 5.5‰ ~ 5.8‰) (Figure 6B; Supplementary Table 3). Except for these two MDACs, the δ13CMDAC values are constant (-44.9‰ ~ -41.6‰) at Sites 16GH-P3 and 16GH-P4, irrespective of the morphology. In contrast, the δ18OMDAC value is the lowest (4.1‰) in the massive-laminated MDAC from Site 16GH-P4 (Supplementary Table 3).

U-Th ages of MDACs are presented in Figure 2A and Supplementary Table 3, although they have large errors. The corrected U-Th ages of the MDAC at 1.48 mbsf of Site 16GH-P3 range from 29.3 ± 15.7 ka BP to 38.5 ± 12.4 ka BP (n = 3). The age at 6.90 mbsf and 7.33 mbsf of Site 16GH-P4 varies from 20.3 ± 8.0 ka BP to 23.5 ± 12.2 ka BP (n = 3) and from 23.4 ± 4.3 ka BP to 24.1± 4.7 ka BP (n = 2), respectively (Figure 2A; Supplementary Table 3). The MDAC from Site 16GH-P3 has an older age than those from Site 16GH-P4.





5 Discussion



5.1 Sedimentary facies distribution and depositional environment

The BM facies was mainly observed from the seafloor to 5.90 mbsf and 6.39 mbsf at Sites 16GH-P1 and 16GH-P5 (non-chimney sites), respectively, while the relatively thin SLM, BSM, and HM appeared below these depths (Figure 2A). The BM interval represents hemipelagic sediment deposition under well-oxygenated conditions (Tada et al., 1999; Gorbarenko and Southon, 2000) during the high sea-level period of marine isotope stage (MIS) 1 (Park et al., 2006; KIGAM, 2016). In the lower part of 16GH-P1, the BM facies changes into BSM facies (Figure 2A). This facies was formed by the increase in coarser sediments, such as sandy particles, which were probably derived from the neighboring continental shelf during the sea invasion period after the Last Glacial Maximum (KIGAM, 2016). The period of sedimentary deposition at Sites 16GH-P1 and 16GH-P5 was estimated to cover the early post-glacial of Late Pleistocene to Holocene high sea-level period.

Sites 16GH-P3 and 16GH-P4 (chimney sites) contain abundant MDACs as randomly scattered nodules or layers form (ACM and ACL facies in Figure 2A). In particular, this distribution pattern of MDACs is well developed in the sediments throughout the core at Site 16GH-P3. At Site 16GH-P4, the LM and SLM facies are thick at the top of the core (0.1 mbsf to ~5.4 mbsf). According to the previous studies (e.g., KIGAM, 2016), it was interpreted that the GH chimney mound underwent a sequential process involving formation, uplift to the sea floor, and erosion. Subsequently, LM and SLM facies at Site 16GHP-P4 were formed during the deglacial phase at the top of the core. The U-Th dating of MDACs also indicates that the top interval of ~5.4 mbsf at Site 16GH-P4 was deposited during a younger period than that of Site 16GH-P3 (Figure 2A).

The matrix of porous MDACs primarily comprises microcrystalline Mg-calcite, and their cavities are mostly filled with aragonite in the form of acicular needles or sometimes botryoidal cement. Fibrous cements and micritic laminated fabrics are also observed in this type of MDAC (Figure 5; Supplementary Table 3). These observations provide evidence for the mixing of methane-rich fluids with seawater and/or the presence of methane and sulfide (e.g., Peckmann et al., 2001; Magalhães et al., 2012).




5.2 Source of pore fluid and CH4 gas

Cl- concentrations and isotopic values of water (δD and δ18O) in pore fluids at Sites 16GH-P1 and 16GH-P5 vary in narrow ranges throughout the entire cores (Cl- = 533 mM ~ 543 mM, δD = -1.7‰ ~ 0.2‰, δ18O = 0.0‰ ~ 0.2‰) (Figures 3, 7; Supplementary Table 1), and are close to the values of the present-day bottom seawater (Cl- = 544 mM, δ18O = 0.2‰, δD = 0.4‰) from the Ulleung Basin (UBGH2 Scientists, 2010; Kim et al., 2013). Hence, the source of pore fluids at these sites mainly originates from ambient seawater. At Site 16GH-P4, Cl- concentrations are higher than that of seawater and vary from 591 mM to 609 mM below 5.08 mbsf (Figure 3A; Supplementary Table 1). However, the water stable isotopes (δD and δ18O) at this site generally have lower values (δD = -2.5‰ ~ -1.1‰, δ18O = -0.2‰ ~ 0.3‰) than those at the other studied sites (δD = -1.8‰ ~ 0.2‰, δ18O = 0.0‰ ~ 0.2‰), and there is a linear correlation between them (r2 = 0.85) (Figure 7A; Supplementary Table 1). Furthermore, δ18O and Cl- exhibit a negative correlation (r2 = 0.72) (Figure 7B). During the MIS 2 in the Ulleung Basin, seawater had a low δ18O value by the freshening of surface water associated with the isolation from the Pacific Ocean (Kim et al., 2000; Lee, 2007; Wu et al., 2020), which is a plausible source for the low δ18O values of pore fluids. However, this fluid cannot account for the observed high Cl- concentration in pore fluid at this site. Such characteristics have usually been reported in the bottom water and/or pore fluid in Arctic regions (Alexeev and Alexeeva, 2003; Charkin et al., 2017; Kim et al., 2022) as a result of the formation of submarine ice and/or permafrost within the sediments. Since the water and sediment columns in the southern Ulleung Basin have not been frozen annually, these mechanisms are not attributed to high Cl- concentration with low δD and δ18O values in pore fluid observed at Site 16GH-P4. Instead, this can be attributed to the formation of massive GH near the seafloor within fine-grained sediment layers, such as mud, characterized by low permeability (Torres et al., 2004; Riedel et al., 2006; Tomaru et al., 2006; Collett et al., 2008; Hong et al., 2017). In general, when massive GHs form near the seafloor sediment in this layer associated with high upward gas flux, pore fluids exhibit higher Cl- concentrations and lower δD and δ18O values in comparison to fluids from the non-GH bearing intervals. Conversely, heavy water isotopes (δD and δ18O) tend to be preferentially incorporated into the clathrate structure. These occur because the fluid released during GH formation does not equilibrate with the pore fluid in the surrounding sediment layers due to low permeability. In contrast, during the formation of the disseminated GH in the sand layer, the pore fluids in the GH-bearing intervals equilibrate with the surrounding sediment fluids due to their high permeability. Consequently, this leads to similar Cl- concentrations as well as δD and δ18O values in pore fluids from both GH-bearing and non-GH bearing intervals. Although massive and/or disseminated GHs were not found in the cores investigated, Site 16GH-P4 is located ~0.1 km from Site UBGH2-3, where high Cl- concentrations (maximum Cl- = ~1440 mM) and low δD and δ18O values (minimum δD = ~-14.7‰; minimum δ18O = ~-1.6‰) have been reported in fluids collected from massive GHs-bearing intervals below 6 mbsf during the UBGH2 Expedition (Kim et al., 2013; Hong et al., 2014). Hence, it is postulated that the similar trends in Cl- concentrations and δD and δ18O values in pore fluids at Site 16GH-P4 are impacted by massive GH formation occurring below the depth of retrieved core.




Figure 7 | Scatter plots of (A) δDH2O versus δ18OH2O, (B) δ18OH2O versus Cl-, and (C) 87Sr/86Sr versus 1/Sr2+ in bottom seawater from Site UBGH2-3 and pore fluids from Sites 16GH-P1, 16GH-P3, 16GH-P4, 16GH-P5, and UBGH2-3 (UBGH2 Scientists, 2010; Kim et al., 2013). The δD and δ18O data of seawater and pore fluid from Site UBGH2-3 are from Kim et al. (2013). The GMWL is the global meteoric water line (Craig, 1961) and the LMWL is the local meteoric water line (Lee et al., 1999). The trend of massive gas hydrate formation in Figure 7B is modified from Tomaru et al. (2006) and the trends of carbonate formation and MSiW in Figure 7C are adapted from Kim et al. (2016). MSiW is marine silicate weathering.



The Cl- concentrations below 1.95 mbsf (~552 mM) at Site 16GH-P3 are slightly higher than those above this depth (~533 mM), and there is no significant change in δD and δ18O values throughout the entire sampling depth (Figures 3, 7; Supplementary Table 1). The pore fluid would be potentially influenced by the water-rock interactions or the fluids migrated from the deep sediment; however, the exact mechanism cannot be identified given the dataset.

High C1/C2+ ratios (commonly > 300) in headspace gas samples from Sites 16GH-P1, 16GH-P3, 16GH-P4, and 16GH-P5 (Figures 4A, 8; Supplementary Table 2) indicate that CH4 predominantly originates from microbial source rather than thermogenic source (Bernard et al., 1978; Whiticar, 1999; Pape et al., 2010; Kim et al., 2011; Kim et al., 2012; Choi et al., 2013; Milkov and Etiope, 2018). The δ13CCH4, δDCH4, and δ13CCO2 values consistently support this interpretation. All headspace gas samples plotted in the region of microbial CH4 origin via the CO2 reduction in the diagram, displaying the relationship between δ13CCH4 and C1/C2+ (Figure 8A; Supplementary Table 2). Furthermore, the diagrams depicting the relationships of δ13CCH4 versus δDCH4 and δ13CCH4 versus δ13CCO2 provide additional evidence for the microbial CH4 origin via the CO2 reduction pathway (Figures 8B, C). This observation aligns with the outcomes of numerous prior investigations conducted in the Ulleung Basin (Kim et al., 2011; Kim et al., 2012; Choi et al., 2013; Kim et al., 2013).




Figure 8 | (A) Genetic diagram of C1/C2+ versus δ13CCH4 (after Milkov and Etiope, 2018) of headspace gas samples from Sites 16GH-P3, 16GH-P4, 16GH-P5, and UBGH2-3. (B) δ13CCH4 versus δDCH4 diagram of headspace gas samples from Sites 16GH-P3, 16GH-P4, 16GH-P5, and UBGH2-3 (after Milkov and Etiope, 2018). (C) Genetic diagram of δ13CCH4 versus δ13CC02 (after Milkov and Etiope, 2018) of headspace gas samples from Sites 16GH-P1, 16GH-P3, 16GH-P4, 16GH-P5, and UBGH2-3. The gas compositions and isotopic values of headspace gas samples are from Site UBGH2-3 (KIGAM, 2011). CR, CO2 reduction; F, methyl-type fermentation; SM, secondary microbial; EMT, early mature thermogenic gas; OA, oil-associated thermogenic gas; LMT, late mature thermogenic gas.






5.3 Occurrence of ongoing marine silicate weathering (MSiW)

Alkalinity in pore fluids above and within the SMT is usually produced by organic matter degradation via POCSR and AOM that consumes SO42- as the main electron acceptor. Assuming SO42- is mainly derived from the overlying seawater for these reactions (~30 mM; UBGH2 Scientists, 2010), alkalinity can be maximized up to ~60 mM by POCSR and ~30 mM by AOM with the complete consumption of SO42-. Hong et al. (2014) have revealed that AOM is a dominant reaction for both carbon and sulfur cycles around the SMT, accounting for at least 85% of these cycles within the chimney structures of the Ulleung Basin in comparison with POCSR. As Sites 16GH-P3 and 16GH-P4 show chimney structures in the subsurface (Figure 1; see Section 2 “Regional Setting”), we can estimate the maximum alkalinity around the SMT of these sites as < ~35 mM by the simple mixing model of two end-members given that the POCSR:AOM is 0.15:0.85. The alkalinity should be lower than this value because of the ongoing carbonate precipitation within the sediment column at both sites as inferred from the decreasing downcore profile of Ca2+ and Sr2+ concentrations in pore fluids and the existence of MDACs (Figures 2, 3A). However, the measured alkalinity concentrations in the pore fluid around the SMT of Sites 16GH-P3 and 16GH-P4 are ~38 mM and ~45 mM (Figure 3A; Supplementary Table 1), respectively, which (slightly) exceed the estimated concentration. In addition, the downcore alkalinity profile has an increasing trend below the SMT at Sites 16GH-P1, 16GH-P4, and 16GH-P5 (Figure 3A; Supplementary Table 1). These trends are not common and suggest that additional reactions should occur to account for the excess alkalinity in the fluid. The dissolved K+, B, and H4SiO4 in most pore fluid samples from all sites show higher concentrations than those of bottom seawater (K+ = 10.3 mM, B = 404 µM, H4SiO4 = 0.4 mM) (UBGH2 Scientists, 2010; Kim et al., 2013) as alkalinity increases. Additionally, the Mg2+ concentration of fluids from Sites 16GH-P4 and 16GH-P5, which mostly range from 54 mM to 64 mM, displays higher concentration than the bottom seawater (~51 mM; UBGH2 Scientists, 2010; Kim et al., 2013), with an increasing downcore profile (Figure 3A; Supplementary Table 1). Kim et al. (2016) have shown a similar result from the pore fluid at Site UBGH2-1_1 (Figure 1A) collected during the UBGH2 Expedition and this result was attributed to marine silicate weathering (MSiW) that converts CO2 into alkalinity and releases dissolved cations in an anoxic marine system. Our fluid data also point to the occurrence of MSiW in the Ulleung Basin, which significantly impacts the geochemical properties of the pore fluids.




5.4 Influence of CH4 and seawater on MDAC precipitation

The decreasing downcore profile of Ca2+ and Sr2+ concentrations at all cores investigated in this study generally shows a similar trend to that of SO42- (Figure 3A). These results indicate that continuous carbonate precipitation takes place within the sediments, leading to the consumption of Ca2+ and Sr2+ in pore fluids (see Equation 3). The relationship between 87Sr/86Sr and 1/Sr2+ (Figure 7C) also supports this interpretation (Kim et al., 2016). Indeed, massive authigenic carbonates were found at Sites 16GH-P3 and 16GH-P4 (Figure 2). The measured δ13CMDAC values (-44.9‰ to -31.3‰) (Figure 6B; Supplementary Table 3) are lower than those of the organic matter reported in the Ulleung Basin (-24‰ to -21‰) (Choi et al., 2013; Kim et al., 2014) and the measured minimum δ13CDIC (-28.3‰ and -14.7‰ at Sites 16GH-P3 and 16GH-P4, respectively) in pore fluids (Figure 3; Supplementary Table 1). Hence, the δ13CMDAC value indicates the presence of an additional DIC source with a lower carbon isotopic value compared to that of pore fluids and organic matter within this basin when MDAC forms. We postulate that the migrating upward fluid, which contains 13C-depleted CH4 from the deep-seated sediment, is a reasonable source, as this fluid is involved in AOM around the SMT. This process leads to an increase in alkalinity via the production of bicarbonate (HCO3-) and subsequent MDAC precipitation (Paull et al., 1992; Aloisi et al., 2000; Peckmann et al., 2001; Aloisi et al., 2002; Naehr et al., 2007; Pierre et al., 2014; Crémière et al., 2016). Consequently, the carbon isotopic property of CH4 migrating upward significantly inherits that of MDACs produced around the SMT. In general, the δ13CMDAC values associated with thermogenic CH4 typically range from ~-40‰ to -20‰, while the values are less than -40‰ via AOM using microbial CH4 (Naehr et al., 2007; Crémière et al., 2016; Crémière et al., 2018). δ13CMDAC values of all MDACs from Site 16GH-P4 that show massive-porous and -laminated morphologies are < -41.7‰ (Figure 6B; Supplementary Table 3), thus, AOM that mainly uses microbial CH4 is incorporated to form MDACs. This finding is consistent with the CH4 source in headspace gas samples near and below the SMT at this site (-88.0‰ < δ13CCH4 < -81.5‰) (Figure 4; Supplementary Table 2). On the other hand, the wide range of δ13CMDAC values at Site 16GH-P3 implies that gas sources involved in the MDAC formation rely on the sampling depth (Figure 6B; Supplementary Table 3); 1) massive-porous MDACs above the SMT are related to thermogenic CH4 (δ13CMDAC > -35.0‰), and 2) MDACs with semi-consolidated and massive-porous and -laminated morphologies below the SMT are associated with microbial CH4 (δ13CMDAC = ~-42‰). δ13CCH4 values (< -67.2‰) in all headspace gas samples below the SMT from Site 16GH-P3 (Figure 4; Supplementary Table 2) indicate that CH4 has a predominantly microbial origin. In addition, to date, studies have revealed that the CH4 from the seafloor to 250 mbsf in the Ulleung Basin is microbial origin via CO2 reduction (Figure 8) based on geochemical features of headspace gas samples from the UBGH2 Expedition as well as other expeditions (Kim et al., 2012; Choi et al., 2013). Hence, thermogenic CH4 does not involve AOM reaction and MDAC formation in the Ulleung Basin. Rather, the 13C-enriched MDACs are likely affected by HCO3- from ambient seawater at this site because these MDACs have often been found in the sediment above the SMT (Peckmann and Thiel, 2004; Crémière et al., 2016; Pierre et al., 2017). The XRD results of MDACs, which display that aragonite and Mg-calcite are the predominant mineral compositions (Figure 6A; Supplementary Table 3), also support our interpretation. Theoretically, aragonite precipitation is kinetically favored in seawater-ventilated environments with high SO42- concentration and it has generally low Mg2+/Ca2+ ratios compared to high-Mg calcite (Burton, 1993; Mazzini et al., 2006). Indeed, MDACs are found at shallow sediment depth (< 8 mbsf) (Figure 2; Supplementary Table 3) where ambient seawater can influence sediments, and the Mg2+/Ca2+ (5.9 to 12.8) in all pore fluids from Sites 16GH-P3 and 16GH-P4 have higher ratios compared to that of seawater (5.5) (Figure 3A; Supplementary Table 1). Thus, these results imply that sufficient conditions for the precipitation of aragonite and low-Mg calcite are provided at both Sites 16GH-P3 and 16GH-P4 rather than high-Mg calcite. Although MDAC morphology is not well matched with δ13CMDAC, microscopic observations have revealed that massive-porous MDACs above the SMT contain abundant bioclasts, planktonic foraminifers, diatoms, radiolarians, and detrital fragments, as compared to MDACs below the SMT at Site 16GH-P3 (Figure 5B). The cavities in this type of MDAC (a and c in Figure 2B) can also act as conduit for CH4-rich fluid and/or seawater migration due to their high porosity and permeability. Overall, the chemical properties of microbial CH4 migrating upward are significantly inherited by MDACs at both Sites 16GH-P3 and 16GH-P4 whereas the properties of seawater prominently imprint MDACs found above the SMT at Site 16GH-P3.




5.5 Fluid source of MDAC

Carbonate minerals in MDACs from Sites 16GH-P3 and 16GH-P4 primarily consist of calcite, aragonite, and Mg-calcite, with minor amounts of dolomite. The proportions of calcite, aragonite, and Mg-calcite in the total carbonate minerals (sum of calcite, aragonite, dolomite, and Mg-calcite contents) at both sites range from 0% to 32%, from 3% to 100%, and from 0% to 94%, respectively (Supplementary Table 3). In general, the δ18OMDAC values are useful to reveal the fluid source during carbonate precipitation (e.g., Greinert et al., 2001; Naehr et al., 2007). Given that the δ18O values of aragonite and calcite precipitated at isotopic equilibrium with temperature and δ18O value of the bottom seawater in the Ulleung Basin, the theoretical δ18Oaragonite and δ18Ocalcite values can be calculated using Equations 4 and 5, respectively (Kim and O’Neil, 1997; Kim et al., 2007).

 

 

Assuming that the temperature and δ18O value of the bottom seawater from Ulleung Basin at the present time are 0.5°C and 0.2‰ (V-SMOW) (UBGH2 Scientists, 2010; Kim et al., 2013), respectively, the theoretical δ18O values of aragonite and calcite calculated by Equations 4 and 5 would be ~4.0‰ (V-PDB) and ~3.3‰ (V-PDB), respectively. The measured δ18OMDAC values above the SMT at Site 16GH-P3 are similar to the calculated δ18OMDAC value of aragonite (Supplementary Table 3), suggesting that pore fluid with a similar δ18O value to that of present-day bottom seawater was involved during MDAC precipitation. For Site 16GH‐P3, it is likely that the enrichment in 13C for MDACs from above the SMT (> ‐34.3‰) compared to those from below the SMT (< ‐40%) is caused by incorporation of 13C‐rich HCO3‐ (~0‰) from seawater during carbonate precipitation (see Section 5.4). In contrast, the δ18OMDAC values (> ~5.5‰) below the SMT at Site 16GH-P3 and at 5.70 mbsf of Site 16GH-P4 are significantly higher than the calculated theoretical δ18O values of both aragonite and calcite, implying that MDAC precipitation occurs in association with pore fluid characterized by higher δ18O value and/or in marine environments with lower temperatures compared to the present seawater conditions. In order to align with the analyzed δ18OMDAC value (> ~5.5‰) calculated using Equation 5, the temperature has to be lower than -6°C. However, such temperatures are not reasonable, as they would result in the freezing of seawater and sediment. Therefore, we exclude the possibility of lower temperatures for the high δ18OMDAC values observed in the MDACs. A plausible explanation for these observed δ18OMDAC values is a fluid source with a high δ18Ovalue. The typical characteristics of clay dehydration and opal diagenesis, such as relatively high δ18O values with low Cl- concentrations and relatively low 87Sr/86Sr values in pore fluid (Kastner et al., 1991; Kim et al., 2013; Kim et al., 2021; Kim et al., 2022), are not exhibited in fluids from Site 16GH-P3 (Figures 3, 7; Supplementary Table 1). Therefore, we rule out both reactions as sources for the fluid with a high δ18O value that forms MDACs. Instead, it is reasonable that the fluid source for the formation of 18O-rich MDACs shown below the SMT at Site 16GH-P3 and at 5.70 mbsf of Site 16GH-P4 is derived from GH dissociation. This interpretation is supported by the presence of numerous shallow GHs found in the Ulleung Basin (Kim et al., 2011; Kim et al., 2012; Choi et al., 2013; Kim et al., 2013).

MDACs were collected from 5.70 mbsf to 7.33 mbsf at Site 16GH-P4 (Figure 2; Supplementary Table 3) thus, we anticipated that δ18O values of MDACs are similar at all sampling intervals within this site. However, these values below 6.63 mbsf are significantly lower than that of 5.70 mbsf at Site 16GH-P4 (up to ~1.5‰), but slightly higher than those above 1.48 mbsf at Site 16GH-P3 (Figure 6B; Supplementary Table 3). The findings suggest that the fluid source contributing to MDACs precipitation underwent significant changes within a 2 m interval of the sediment column (Figure 6B, Supplementary Table 3). The MDAC from 5.70 mbsf appears to inherit its properties from the fluid with a higher δ18O value, while the other MDACs have primarily originated from fluid with δ18O values similar to that of the present ambient seawater. However, this interpretation of the rapid change in the fluid source for MDACs is not reasonable in the natural marine system. Thus, this observation remains unexplained.

Kim et al. (2013) revealed that pore fluids with high Cl- concentration at Site UBGH2-3 have relatively low δ18O values (< -0.5‰) due to the formation of massive GHs (Figure 7B). In addition, pore fluid from Site 16GH-P4 is characterized by increasing Cl- concentration and decreasing δ18O value as fluid sampling depth increases, in comparison to other sites (Figure 3B). It is postulated that massive GHs were probably present below the sampling depth of the retrieved core at Site 16GH-P4 and may have influenced the isotopic composition of the pore fluid, as indicated by the observed low δ18O value (-0.5‰) at this site. This fluid may contribute to the precipitation of MDACs under the same temperature conditions as the bottom seawater. Under these circumstances, the theoretical δ18O values of aragonite and calcite calculated by Equations 4 and 5 are ~3.3‰ (V-PDB) and ~2.6‰ (V-PDB), respectively. These values are lower than the measured δ18OMDAC below 6.63 mbsf at Site 16GH-P4 (Figure 6; Supplementary Table 3). In comparison to the δ18OMDAC value above 6.63 mbsf at Site 16GH-P4, we postulated that the lower 18OMDAC values in this interval can be attributed to residual fluid derived from the massive GH formation.




5.6 Significance of MSiW and MDAC precipitation

Both MSiW and carbonate precipitation play an important role in carbon sinks in the global carbon cycle. Large amounts of dissolved cations and alkalinity released into fluids by MSiW are involved in authigenic carbonate formation (Wallmann et al., 2008; Scholz et al., 2013; Solomon et al., 2014; Torres et al., 2020). Recently, the rate of carbon fixation by carbonate precipitation associated with MSiW has been estimated to be on the order of 1012 mole C yr-1 (Torres et al., 2020). It has also been revealed that the maximum alkalinity of pore fluid on the Krishna-Godavari Basin, Indian Margin, in association with ongoing MSiW is less than 45 mM (Solomon et al., 2014) because authigenic carbonate formation consumes the excess alkalinity released by this reaction. Indeed, many MDACs have been documented at this margin (e.g., Teichert et al., 2014). Therefore, both MSiW and MDAC significantly impact on pore fluid geochemistry in the Krishna-Godavari Basin and the Ulleung Basin.

Many MDACs were found at Sites 16GH-P3 and 16GH-P4 (Figure 2; Supplementary Table 3). Compared to the Krishna-Godavari Basin, the maximum alkalinity in pore fluids sampled from the MDAC-bearing interval has a similar concentration at Site 16GH-P3 (< 40 mM), whereas it has a higher concentration at Site 16GH-P4 (up to 54 mM). Additionally, this concentration at Site 16GH-P4 is similar to or slightly lower than those at non-MDAC-bearing sites (Sites 16GH-P1 and 16GH-P5) in this study and many previous investigations in the basin (e.g., UBGH2-1_1; Kim et al., 2013; Kim et al., 2016). Considering that the ACM and ACL facies were observed throughout the retrieved core length of Site 16GH-P3 whereas they were exclusively found below 5.4 mbsf at Site 16GH-P4. MDAC precipitation is likely to be more pronounced at the former site. Pore fluid chemistry in the southern Ulleung Basin from this study also clearly points out the occurrence of MSiW. Since Kim et al. (2016) have documented that the MSiW occurs without MDAC observations in the Ulleung Basin, MDAC and pore chemistry results from this study provide the first evidence for the ongoing occurrence of both reactions in the basin. Moreover, the higher alkalinity (> 45 mM) at Site 16GH-P4 implies that the alkalinity produced by MSiW is much greater in the Ulleung Basin than in the Indian Margin, although it is masked by authigenic carbonate precipitation as a carbon sink. The high alkalinity in pore fluid from the Ulleung Basin is a unique characteristic and plays an important role in the linkage with the carbon cycle in this basin. The cations released by MSiW, such as dissolved Ca2+, Mg2+, B, and H4SiO4, also play a pivotal role in impacting the diagenesis and element cycles in this basin, as well as globally. Future geochemical modeling studies are necessary to elucidate the significance of MSiW and MDAC precipitation in the regional and global marine systems.





6 Summary and implications

All four study sites in the southern Ulleung Basin show a shallow SMT depth (< 5 mbsf) and a microbial CH4 source, regardless of seismic characteristics (chimney structures at Sites 16GH-P3 and 16GH-P4; non-chimney structures at Sites 16GH-P1 and 16GH-P5), which is consistent with many previous investigations in this basin (e.g., Kim et al, 2011; Kim et al., 2012; Choi et al., 2013; Kim et al., 2013). However, pore fluid and sediment characteristics, including MDACs, have similar and/or different aspects at each study site. The highest Cl- concentration in pore fluids is observed at Site 16GH-P4, which is greater than that of seawater. In addition, δD and δ18O values are slightly lower at this site compared to the other sites and have a negative correlation with Cl-. Such characteristics are typical when the fluid related to massive GH formation in the fine sediment layer impacts the fluid chemistry. In contrast, the fluids at other sites predominantly originate from seawater in the Ulleung Basin. We observe 1) high alkalinity around the SMT (> 35 mM), 2) continuous increase in alkalinity with depth, and 3) higher concentrations of K+, B, Mg2+, and H4SiO4 in pore fluids compared to seawater, which is evidence for the ongoing occurrence of MSiW under anoxic conditions at all sites.

The decreasing downcore profile of Ca2+ and Sr2+ concentrations with relatively high Mg2+/Ca2+ ratios (> 6) as alkalinity increases in pore fluids indicates carbonate precipitation within the sediment column at all sites. However, massive MDACs, mainly composed of aragonite and Mg-calcite, have been found at Sites 16GH-P3 and 16GH-P4 (chimney sites) with diverse morphologies and very low δ13CMDAC values (< -31.3‰). The ongoing occurrence of MSiW and MDAC precipitation in the Ulleung Basin is first documented in this study. Interestingly, δ13CMDAC values are clearly separated into two groups based on the SMT at Site 16GH-P3; they are lower than -41.6‰ below the SMT while they are higher than -35.0‰ above the SMT. These results mean that HCO3- of seawater with a high δ13C value (~0‰) impacts MDAC precipitation above the SMT, although the chemical properties of microbial CH4 are critically inherited into MDACs found at both sites. The measured δ18OMDAC values above the SMT are close to the present-day theoretical equilibrium value of aragonite (~4‰ V-PDB) in this basin, which also supports the influence of seawater on δ13CMDAC during the MDAC precipitation. However, compared to the calculated theoretical δ18O value of aragonite, the observed variation of δ18OMDAC values at Site 16GH-P4 measured below the SMT implies the involvement of other sources. We postulated that the higher δ18OMDAC value (~5.7‰) above 6.63 mbsf at this site is related to the fluid derived from GH dissociation, whereas the similar δ18OMDAC value below 6.63 mbsf is associated with fluid from massive GH formation based on our and previous results of pore fluid chemistry in this basin. Future work will need to generalize the correlation between GH behaviors and δ18OMDAC.

The ACM and ACL facies with an abundance of MDACs have been observed at the chimney sites. The LM, BM, and SLM facies, which are the predominant sediment facies of the non-chimney sites, have also been deposited thickly above the ACM and ACL facies at Site 16GH-P4. The U-Th age dating of MDACs reported first in the Ulleung Basin indicates that the upper facies at Site 16GH-P4 was deposited during a younger period (< 20 ka BP) than the facies at Site 16GH-P3 after mound structure formation by the high upward gas flux. Hence, the depositional environment of the ACM and ACL facies probably contains dynamic conditions associated with sediment erosion or collapse in response to gas flux. The chemical properties of pore fluids and MDACs (i.e., higher concentrations of alkalinity, K+, Mg2+, B, and H4SiO4, and lower δ13CMDAC values than those of seawater) in the southern Ulleung Basin have very unique characteristics compared to other cold seep regions in the continental margin. These properties reflect the complex chemical interactions between fluids and MDACs in response to gas fluxes and the related elements and carbon cycles. Our study provides some important perspectives for the chemical reactions and elemental cycles in association with the gas flux of this type of cold seep system. Nevertheless, future investigations into both chimney and non-chimney sites within this basin are necessary to better decipher the chemical properties of pore fluids, gases, and MDACs as well as interactions among them and elemental cycles on regional and global scales in response to climate changes throughout geological history.
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Introduction: Although, there is an increasing focus on inactive or extinct seafloor massive sulfide (SMS) deposits driven by the possibility of marine mining, only few studies have been devoted to them so far. The Trans-Atlantic Geotraverse (TAG) hydrothermal field is probably one of the best-studied hydrothermal systems even if the relict SMS deposits known since the mid-1980s have not been thoroughly explored.
Objectives: The main objective of this study was to describe the characteristics of these so-called inactive sites.
Methods: During four different expeditions, we acquired high-resolution acoustic data and performed numerous human occupied vehicle (HOV) dive operations including extensive rock sampling and in-situ temperature measurements.
Results and Discussion: We discovered thirteen new hydrothermal mounds including six large (i.e. > 5,000 m2) deposits making the TAG hydrothermal field one of the largest accumulation of hydrothermal materials (21.1 Mt) known on the seafloor. However, copper and zinc grades of the largest SMS deposits remain low (i.e. < 1.4 wt%) even compared to on-land volcanogenic massive sulfide deposits. Additionally, eight areas of diffuse hydrothermal fluid flow were identified challenging the presumed inactivity of these SMS deposits and, for the first time, emphasizing the importance of low temperature (LT) hydrothermal activity in whole the TAG field. Inactive and weakly active SMS deposits exhibit a large diversity of surface mineralization (e.g. sulfides, Fe-Mn mineralization, jasper) illustrating complexity of hydrothermal activities but also different ageing history. Several mounds no longer have visible sulfide chimneys and are covered by a widespread layer of manganese and iron oxyhydroxides attesting the longevity of diffuse fluid flow at specific locations even long after last high-temperature (HT) hydrothermal activity has ceased. This contrasts with SMS deposits that are devoid of extensive LT precipitates but characterized by standing or topped sulfide chimney indicating a relatively abrupt cessation of HT hydrothermal activity.
Conclusion: Together these results allow us to propose evolution models to explain the diversity of active, weakly active and inactive SMS deposits in the TAG hydrothermal field.
Keywords: seafloor massive sulfides, inactive deposits, TAG hydrothermal field, Mid-Atlantic Ridge (MAR), diffuse venting
1 INTRODUCTION
Seafloor massive sulfide (SMS) deposits are now seen as a possible future resource for base (Zn and Cu), precious (Au and Ag), and rare metals (Se, In, and Ge) (Cathles, 2011; Petersen et al., 2016). However, considered as analogous to land-based volcanogenic massive sulfide (VMS) deposits, SMS deposits are still poorly characterized regarding their distribution, size, and accurate metal tenors. The cumulative tonnage of the 62 best-documented SMS deposits is estimated to be 50 Mt and less than 42 Mt if only large (>5,000 m2) deposits are considered (Hannington et al., 2010; Hannington et al., 2011). Copper and zinc median grades of SMS (Cu + Zn = 14.9 wt%; n = 62) are higher than those reported for VMS deposits; however, calculations are generally made on the basis of surface sampling, which are not representative of the whole, tridimensional deposits (Hannington et al., 2010; 2011; Lehrmann et al., 2018). Hence, the short-term economic potential of SMS deposits remains highly hypothetical, especially as most of the known SMS deposits are currently active and should be preserved from any exploitation (Van Dover et al., 2018). Research efforts have to be carried out on finding and characterizing inactive and extinct SMS deposits that received little attention from geologists and biologists since the discovery of the first hydrothermal vent and related ecosystems in 1977.
The TAG hydrothermal field on the Mid-Atlantic Ridge is the most extensively studied hydrothermal field in the context of a slow-spreading ridge and is one of those with a higher occurrence of the so-called inactive deposit in the present-day oceans. The spatial distribution of SMS deposits is intriguing and raises fundamental questions about the spatial and temporal evolution of hydrothermal systems associated with detachment faults (Humphris et al., 2015; Graber et al., 2020). Although TAG has been the focus of recent scientific expeditions that have discovered new SMS deposits (Gehrmann et al., 2019; Graber et al., 2020), some of which are being described as extinct (Lehrmann et al., 2018; Murton et al., 2019), few submersible dives and related sampling operations have been carried out on these relict zones since 1994 (Rona et al., 1993a; Humphris and Cann, 2000). As a result, there are still many knowledge gaps about the precise nature of the so-called inactive SMS deposits in the TAG hydrothermal field, including their extent, mineralogy, and geochemistry. Additionally, no detailed exploration aimed at identifying and characterizing areas of hydrothermal fluid flows (e.g., diffuse venting) has been performed, even though this is one of the most important parameters for defining an SMS as active or inactive (Jamieson and Gartman, 2020). Here, we present the results of four cruise expeditions combining high-resolution mapping, dive observations, comprehensive sampling, and temperature measurements that provide new insights into the diversity, spatial distribution, and evolution of inactive and weakly active SMS deposits at slow-spreading ridges.
2 GEOLOGICAL SETTING
The TAG hydrothermal field is located on a 40-km-long ridge segment with an hourglass morphology, narrowing and shallowing toward the center (Purdy et al., 1990; Sempéré et al., 1990; Smith and Cann, 1990) and bounded to the north and south by non-transform discontinuities. The segment is characterized by a morphological asymmetry between the western and eastern flanks. The western rift valley wall consists of fault escarpments and sedimented terraces (Kleinrock and Humphris, 1996a; Kleinrock and Humphris, 1996b; Humphris and Kleinrock et al., 1996), and volcanic activity in the axial valley is expressed by the juxtaposition of individual volcanoes (Rona et al., 1993b; White et al., 1998). The eastern wall is characterized by a higher, steeper, but smoother morphology than the western flank, and it exposes lower crustal rocks (Zonenshain et al., 1989). Together with the acquisition of magnetic and seismic data, this led authors to identify a detachment fault most likely active since the last 1.35 Myr (Tivey et al., 2003; Canales et al., 2007; deMartin et al., 2007; Zhao et al., 2012). It is now widely accepted that detachment faulting somehow controls the hydrothermal circulation beneath the TAG hydrothermal field, although some debates exist about the location of the heat source (deMartin et al., 2007; Guo et al., 2023; Zhao et al., 2012).
The TAG hydrothermal field is located on the hanging wall of the detachment fault. The whole field spans over an area of 45 km2, though it has been roughly divided into two main hydrothermal areas distanced by 2 km (Figure 1). The low-temperature zone (LTZ) discovered in 1972–1973 (Scott et al., 1974; Rona et al., 1975) lies at a water depth between 3,000 and 2,500 m and spreads over an area of 12 km2. Temperature anomalies recorded during HOV Alvin dives were suggestive of probable low-temperature hydrothermal venting at least at one site (Rona et al., 1984). Mineralization mainly consists of low-temperature (LT) Fe–Mn–Si deposits that were formed between 125 and 4 kyr (Lalou et al., 1986). The high-temperature zone (HTZ; Figure 1) lies at a water depth between 3,700 and 3,400 m and was first discovered in 1985 with the TAG active mound (Rona et al., 1986). The TAG active mound is a 200-m-diameter and 50-m-high SMS deposit and the only one in the TAG hydrothermal field to exhibit high-temperature (up to 366°C) hydrothermal activity. The deposit is located at the intersection of axis-parallel faults and axis-oblique faults and close to a large and highly faulted volcanic center (Karson and Rona, 1990; Kleinrock and Humphris, 1996; Bohnenstiehl and Kleinrock, 2000; Graber et al., 2020). It is composed of two stacked circular platforms linked to different hydrothermal events, anhydrite dissolution, and related collapse of the mound (Humphris et al., 1995; Humphris et al., 1996). The upper platform is topped to the north by the black smoker complex (BSC), a 10–15-m-tall cone-shaped structure, the locus of the high-temperature activity. No venting was observed at the lower platform since the late 1990s, confirming the extinction of Kremlin white smokers (Edmonds et al., 1996). Surface mineralization of the deposits is dominated by sulfides associated with anhydrite. Ocherous Fe oxides were also observed from the steep outer talus slopes on the western, northern, and eastern parts of the deposit (Tivey et al., 1995). A study of the ocher indicates oxidation of primary sulfide assemblages by an LT fluid concomitant with direct precipitation of Fe oxide and silica from this fluid (Tivey et al., 1995). The HTZ also contains several relict SMS deposits (Rona et al., 1993). In this relatively restricted area (approximately 15 km2), at least 14 hydrothermal deposits are present (for an equivalent mass of 22.1 Mt; Graber et al., 2020) including the active mound (360°C; Rona et al., 1986), the so-called inactive deposits of the Alvin zone, the MIR zone characterized by high heat flow (Rona et al., 1996), and the LT shimmering mound (22.5°C). Recent investigations including drilling operations provide a new model for inactive SMS deposits, highlighting a strong silicification process occurring at the closing stages of hydrothermal episodes (Murton et al., 2019). Sulfide mineralization was formed between 102 kyr and the present, and the dating of two manganese crusts provides an estimated age of 140 and 74 kyrs (Lalou et al., 1990; Lalou et al., 1993; Lalou et al., 1995).
[image: Figure 1]FIGURE 1 | Bathymetric map (with 100 m contours) of the TAG region. The HTZ corresponds to the high-temperature zone, and yellow stars correspond to major SMS deposits: 1, TAG active mound; 2, MIR mound; 3, Southern mound; 4, Shinkai mound; 5, Double mound; 6, Shimmering mound. See Figure 2 for detailed information on SMS deposits in the HTZ. The LTZ corresponds to the low-temperature zone enclosing several Fe–Mn–Si deposits and potential diffuse flow.
3 MATERIALS AND METHODS
3.1 Acoustic data
Acoustic data were acquired during the Cambon (2014) (https://doi.org/10.17600/14000100) cruise. Regional acoustic surveys were acquired between 8 and 10 knots using the hull-mounted Reson SeaBat 7150 MBES. High-resolution (HR) seafloor mapping was performed using the ROV Victor-mounted Reson SeaBat 7125 MBES (400 kHz). The surveys were made at 0.3 knots at a near-constant altitude of 50 m above seafloor. Horizontal resolutions of 1 m and 0.5 m were obtained for bathymetric maps and acoustic backscatter maps, respectively. Post-processing of raw data files was carried out with SonarScope and GLOBE software (©Ifremer).
3.2 Dive observations, measurements, and sampling
Thirteen dives with sampling and temperature measurements (HOV T-probe) using the HOV Nautile and ROV Victor were made during the Cambon (2014), Fouquet et al. (2017) (https://doi.org/10.17600/17000200), and Pelleter and Cathalot (2022) (https://doi.org/10.17600/18001851) cruises.
To avoid strong sampling bias (e.g., focusing on chimney samples), we favored systematic sampling across SMS deposits (Supplementary Figure S1). When achievable, we focused on massive blocks outcropping from the scarp fault. This strategy is thought to provide a representative view of surface and subsurface mineralization (first 5 m) and, if strongly oxidized samples are excluded, relatively good information of the SMS deposit grades in the upper zones.
3.3 Mineralogy and geochemistry
Sixty-six sulfide-rich rocks and 55 Fe–Mn oxides and silica-rich mineralization were analyzed (Supplementary Tables S1, S2). Mineral identification was done using X-ray diffraction (XRD) analyses conducted with a Bruker AXS D8 Advance diffractometer. Sample powder was top loaded into circular cavity holders, and all analyses were run between 5° and 70°2θ, with 0.01°2θ step at 1s/step (Cu–Kα radiation, 40 kV, 30 mA). Mineral identification was done using DIFFRAC.SUITE EVA software, and semi-quantitative estimation was performed using TOPAS software.
Major and trace element analyses were conducted with a wavelength-dispersive X-ray fluorescence spectrometer (WD-XRF; Bruker AXS S8 TIGER) on fusion beads or compressed pellets, respectively. After data acquisition, measured net peak intensities corrected from inter-element effects were converted into concentrations using relevant calibration curves generated from the analysis of certified reference materials. For gold analyses, samples were digested in aqua regia. Au was adsorbed on a membrane filter, and WD-XRF analysis was performed directly on the filter (Etoubleau et al., 1996).
3.4 Outlines of SMS deposits and volume/tonnage calculations
The geological limits of the SMS deposits are based on integration of dive observations, sample analyses, and bathymetry and backscatter data interpretation. Some outlines (and related volume calculation) must be taken with caution, particularly when no or low coverage of HR acoustic data was available and/or only limited length of the dive track passed through the SMS deposits.
Volume estimations were performed in ArcGIS software. Most of the volume calculations were done using a 2-m resolution digital terrain model (DTM). A lower-resolution DTM (i.e., 20 m) was used for some deposits that were not covered by HR acoustic data surveys. The first step is to use the outlines of SMS deposits for clipping the bathymetric data. In the second step, we generate a reference surface using interpolation methods. The reference surface will represent the expected topography before the formation of SMS deposits (Graber et al., 2020; Sanchez-Mora et al., 2022). Two interpolation methods were tested using the ArcGIS spatial analyst toolbox: (i) inverse distance weighted interpolation and (ii) “Topo to Raster” interpolation tool (see Supplementary Material for details). After interpolation is done, we calculate the volume between the reference surface and the initial DTM. Tonnage is calculated with an average density value of 3.5 t/m3 (see Supplementary Material for details).
4 RESULTS
4.1 Hydrothermal zones in the HTZ and characteristics of hydrothermal deposits
According to the spatial distribution of hydrothermal deposits, type of mineralization, and morphology of the mounds, we propose to distinguish four hydrothermal zones (Figure 2): (1) MIR zone, (2) Nautile zone, (3) Alvin zone, and (4) shimmering zone. Note that the Alvin zone defined here corresponds to the Alvin relict zone described by Tivey et al. (1995) and to the southern part of the Alvin relict zone (also called North relict hydrothermal zone) defined by Rona et al. (1986); Rona et al. (1993a). Similarly, the Nautile hydrothermal zone hosts the Abyss mound (discovered by Graber et al., 2020) and most likely includes the northern part of the historical MIR zone defined by Rona et al. (1993a).
[image: Figure 2]FIGURE 2 | Spatial distribution of the 28 SMS deposits in the HTZ of the TAG hydrothermal field. Blue contours: SMS deposits where surface mineralization is dominated by sulfide-rich rocks. Red contours: SMS deposits where surface mineralization is dominated by oxyhydroxide-rich rocks. The maximum temperatures measured for hydrothermal venting are reported. “Inferred LT activity” corresponds to an area where orange/pale yellow precipitates were observed during submersible dives. Black lines with gray halos correspond to submersible dives (HOV Nautile and ROV Victor). High-resolution bathymetric map (1 m grid resolution) acquired during Cambon (2014) (Reson SeaBat 7125 MBES; ROV Victor).
There are also two scattered deposits to the southwest (mound #11 and chimney cluster; Figure 2). Mound #11 is a deposit discovered 750 m northwest of the active mound by Graber et al. (2020) and is the most western deposit of the TAG district. Surface mineralization is mainly composed of the Mn±Fe±Si hydrothermal crust covered by pelagic sediment. The summit exhibits a relatively flat, hill-shaped morphology with no visible chimney structure. The small cluster (10–20 m length) of chimneys is located 1.2 km northeast of the active mound. Chimneys lie on pelagic sediments and are distributed along a NNE–SSW fault (axis-parallel faults) and close to an axis-oblique fault.
4.1.1 MIR zone
The MIR zone (Rona et al., 1986; Rona et al., 1993a; Rona et al., 1993b) is a hydrothermal area of 0.5 km2 located 2 km east of the active mound (Figure 2). Recent studies (Murton et al., 2019; Graber et al., 2020) point out the presence of a major structural feature in this area: a N–S-trending, west-facing fault that extends more than 1 km to the north. At least seven hydrothermal deposits are identified in the MIR zone, and all but one (MIR #2) are located east of the N–S fault on an elevated block (Figure 2). The main mineralized area (MIR) is an oval-shaped 500-m-long and 300-m-wide zone with different morphologies and mineralized structures from the east to the west (Figures 3A, 4A–F). The western part of the MIR zone can be subdivided into two subzones: subzones A and B (Figure 3A), both being separated by an E–W-trending gully composed of metalliferous sediments covered by Mn±Fe±Si hydrothermal crust and/or pelagic sediment. On HR bathymetric maps, subzones A and B are characterized by areas of rough texture which correspond to boulders of massive to semi-massive sulfides, ocherous Fe oxides, jasper, and toppled and standing sulfide chimneys (Figure 4A). The major N–S-trending fault bounds the western border of subzone A and exposes the interior of the mound (Figure 4C). Most of the steep slope consists of broken rock fragments of basalts, together with strongly altered (±mineralized) basalts and sulfides (Figure 4B). Around 5 m under the toppled chimneys, a sharp and narrow transition between altered and mineralized basalts, massive sulfides, and sulfide chimneys (Figure 4C) indicates that deposits in the western part of subzone A are relatively thin (less than 10 m thick). The presence of basalt scree under LT hydrothermal crusts on the plateau between the western limit of subzone A and subzone B confirms that massive sulfide layers do not exceed several meters of thickness in the southwest of the MIR. The thickness of the SMS deposits is greater further east or in subzone B, but most likely does not exceed 25–30 m. Subzone C is situated in the southeastern part of the MIR and has a “crescent-moon” shape. The top of this subzone (approximately 5,000 m2) exhibits a rough texture on bathymetric map data, similar to those observed for subzones A and B (Figure 3A). However, it does not correspond to chimneys and/or massive sulfide boulders but to metric to up to 6–7-m-tall Mn–Fe–Si mounds (Figure 4D). A widespread surface of these mounds exhibits an ongoing low-temperature activity (maximum T°C up to 29°C; Figure 4E). The associated pale orange and black precipitates are composed of Fe oxides, silica, bacterial mats, and Mn oxides. The northwestern part of subzone C and its flanks show a smooth texture on HR bathymetric map data related to Mn±Fe±Si hydrothermal crusts commonly covered by thin pelagic sediments (Figure 4F). Two holes were drilled on this smooth part of subzone C during the JC138 cruise (Lehrmann et al., 2018; 073RD and 076RD drill holes), which intersect massive sulfides at 3.6 mbsf under the Mn±Fe±Si hydrothermal crust and a jasper layer. The thickness of the mineralization in subzone C can be estimated to be up to 30 m on the basis of the topographic expression and dive observations made on the south and east flanks (see Supplementary Figure S2). Slopes at the MIR are relatively gentle (i.e., mean slope: 23.3°; Table 1), with the steep–slope talus (>40°) being restricted to southeastern and eastern parts of the site.
[image: Figure 3]FIGURE 3 | Bathymetric maps of the main hydrothermal zones of the TAG hydrothermal field. (A) MIR Zone. (B) Nautile Zone. (C) Alvin Zone. (D) Shimmering Zone. Red lines correspond to the proposed limits of the SMS mounds. White stars indicate the location of the photographs presented in Figures 4, 5. Black solid lines are lineaments (e.g., faults) interpreted from the HR bathymetric map.
[image: Figure 4]FIGURE 4 | Photographs of surface mineralization in the TAG hydrothermal field. (A) Toppled sulfide chimneys (approximately 5–7 m tall) observed in the western part of the MIR mound (Subzone A). (B) Talus with polygenic rock blocks composed of basalt, altered basalts (white), and massive sulfides (west of subzone A; MIR). (C) Transition between altered basalt (white zone), massive sulfides (brown zone), and toppled chimney at the western edge of subzone A (MIR). (D) Iron–silica–manganese hydrothermal mounds (up to 7 m tall) with diffuse fluids (yellow areas) outcropping in the LT hydrothermal zone southeast of the MIR mound (subzone C). (E) Close-up of orange and pale yellow iron–silica precipitates surrounded by black manganese oxyhydroxides (MIR; subzone C). The measured temperature reaches 29°C. (F) Manganese crust with pelagic sediment cover (MIR). (G) Yellow–orange iron–silica precipitating in fractures inside the Mn–Fe–Si crust (ABYSS). The measured temperature reaches 10°C. (H) Nearly fully oxidized massive sulfides (note the bright red color) observed on the northern flank of the Abyss mound. (I) Thick manganese crust with pelagic sediment cover observed at the summit of Menez Du. (J) Metric oxide-rich blocks at the summit of Menez Du #2. Orange and red colors represent the ongoing precipitation of iron oxides from diffuse venting between the two blocks. The measured temperature reaches 19°C. (K) Standing inactive chimneys (approximately 1–2 m tall) observed approximately 50 m east of the summit of the Shinkai mound. (L) Massive sulfides scree observed at the fault scarp at the Double mound. A very low pelagic sediment cover indicates that fault movement was recent. In the background, massive sulfides are draped in the veil of the pelagic sediment. (M) Widespread manganese crust with pelagic sediment covering massive sulfides at the Cyana mound. (N) Manganese crust covering the southeast flank of the Shimmering mound. The brown–red block most likely corresponds to a part of a relict chimney with oxidation at the surface. (O) LT fluid (14°C) diffusing through Fe–Si precipitates near the summit of Shimmering zone #2. (P) Metric blocks composed of iron–silica-rich rocks (jasper) observed at the summit of Shimmering zone #4.
TABLE 1 | Characteristics and volume and tonnage estimates for hydrothermal deposits in the TAG hydrothermal field.
[image: Table 1]The other hydrothermal mounds observed in the MIR zone (i.e., MIR #2 to #7) are relatively small, between 30 m and 70 m in diameter. They are separated into two groups based on surface mineralization (i.e., oxide-dominated or sulfide-dominated). The first group is composed of hydrothermal mounds covered by widespread Mn±Fe±Si hydrothermal crusts (MIR #2, #3, #6, and #7; Figure 3A) and pelagic sediments. The top of these deposits is relatively flat, and no standing sulfide chimneys were observed attesting to a long-ceased HT hydrothermal activity. The mean slopes are over 30.5° for MIR #2 and #3 and less than 23.5° for MIR #6 and #7 (Table 1). MIR #2 is made of two coalescent mounds controlled by an N–S-trending lineament. In the northern part of MIR #2, LT hydrothermal activity is inferred from the presence of iron oxide, silica, and bacterial mats that formed along cracks inside an Mn-rich crust. MIR #3 is bounded on its western part by the N–S-trending, west-facing fault. Though Mn±Fe±Si hydrothermal crusts dominate surface mineralization at MIR #3, dredge operation (HER2-DR16) performed on the west cliff provided a large diversity of mineralization including strongly silicified sulfide-bearing rocks and jaspers. MIR #6 and #7, located east of MIR, also show some evidence of the presence of an old high-temperature sulfide mineralization under the Mn±Fe±Si hydrothermal crusts (i.e., sample HER-PL20-06, MIR #6; massive sulfide rocks outcropping at MIR #7).
The second group of mounds (MIR #4 and MIR #5) corresponds to small and thin SMS deposits mainly composed of old broken and fallen chimneys and/or meter-sized (semi-)massive sulfide blocks. A few centimeter-thick, pelagic sediment layers cover the mineralization. The mean slopes are gentle (16.8°–18°; Table 1) because these deposits correspond to scattered sulfide blocks spread on a relatively flat area (<15°).
4.1.2 Nautile zone
The Nautile zone is adjacent to the MIR zone and is composed of at least five deposits in a hydrothermal area of 0.4 km2, with the southernmost deposit located just 130 m north of MIR #3 (Figure 2). The Abyss mound is located in the northwestern part of the Nautile zone (Figure 3B) and constitutes the largest hydrothermal deposit of the area (325 m × 200 m). It has a WNW–ESE elongated shape attributed to the coalescence of two distinct semi-circular mounds characterized by gentle downslope (18°–25°) from the east to the west. Eastward, the mound is made up of two platforms, with the upper platform (60 m in diameter) superposed rather symmetrically on the lower platform (200 m in diameter). The upper platform shows semi-circular depressions (3–4 m deep, up to 40 m in diameter) and is topped to the east by LT concretions, where weak hydrothermal activity (max: 10°C) is observed (Figure 4G). The talus on the steep slopes is composed of highly oxidized massive sulfides (Figure 4H). Westward, the deposit is composed of one platform (approximately 120 m in diameter) with a central depression attributed to a major collapse of the structure. The proportion of the pelagic sediment cover is relatively high, particularly in the upper part of the platforms where depressions, relatively flat areas, or gentle slopes dominate. Surface samples collected on the Abyss mound are mainly composed of iron oxyhydroxides. Pyrite is restricted to a few relict micrometric minerals in strongly oxidized breccia.
The four mounds have been named Menez Du (“black mound” in Breton), #2, #3, and #4 (Figure 3B) because of the presence of massive Mn concretions and crusts outcropping that form pelagic sediments (Figure 4I). These mounds have flat morphologies with gentle slopes (<25°). The top of Menez Du #2 is composed of hill-shaped oxide structures with few plurimetric oxide-dominated blocks at the top. Low-temperature diffusive venting with pale orange precipitates develops along cracks onto Mn±Fe±Si crusts (17.7°C) or between plurimetric-scale oxide blocks (19°C; Figure 4J). At Menez Du, #3 and #4, mineralization is barely visible under the pelagic sediment cover. Iron oxyhydroxide patches are observed along fault scraps, and massive Mn crusts and mounds outcrop at the top of the mounds. Outlines of Menez Du #3 and #4 are unclear and must be taken with caution since 1) no HR acoustic data are available, 2) observations were done during one sole dive, and 3) pelagic sediments cover a large surface of the mounds.
4.1.3 Alvin zone
The Alvin zone is a hydrothermal zone of ca. 1 km2 located just northwest of the Nautile zone (Figure 2). Eight SMS deposits including three of the largest (i.e., > 40,000 m2) SMS deposits of the TAG hydrothermal field are identified (Figure 3C; Table 1). All but one (Cyana) are dominated by sulfide-rich mineralization at the surface. Shinkai, new mounds #2 and #3, and Mont de reliques are topped by inactive chimneys (Figure 4K), attesting to a relatively recently ceased HT hydrothermal activity. These mounds have generally steep slopes (>30°; e.g., Shinkai; Table 1) and are unaffected by axis-parallel faults. The Shinkai mound is a 200-m-diameter SMS deposit characterized by a regular conical morphology only disrupted by some collapse structures just south and southwest of the summit. Surface mineralization is dominated by chimneys and semi-massive and highly silicified massive sulfides. Metalliferous sediments with scarce meter-scale sulfide blocks (massive sulfides and chimneys) are also present, particularly on the north and northwestern flank of the mound. The southern part of the Shinkai mound is characterized by the presence of meter-sized massive sulfide blocks due to mass wasting. New mound #3 is smaller than Shinkai but possesses similar morphology and surface mineralization. New mound #2 and Mont de reliques differ slightly by exhibiting an irregular central crater. Southern mound, Double mound, Cyana mound, and Rona mound are devoid of standing relict chimneys and generally display a flat surface covered by pelagic sediments at their summits. This indicates a relatively long-ceased HT hydrothermal activity. Southern mound and Double mound are strongly affected by NNW to NW faults (i.e., axis-parallel faults) that expose 1) decimeter- to meter-sized massive sulfide boulders (Figure 4L) embedded in sulfide–sulfate–oxide-rich sediments, 2) indurated sulfide- and/or oxide-rich sediments (with rare aragonite), and 3) chimney-derived materials. Meter-sized massive sulfide boulders related to mass wasting are common on the steepest slopes (e.g., southwestern flanks of the Double mound and Southern mound). Most samples collected in the fault correspond to semi-massive to massive sulfide blocks only oxidized at the surface. On the eastern edge of the Southern mound, a fault scarp shows iron-rich metalliferous sediments up to 7 m in thickness and with only few sulfide rubbles. At the Double mound, a large zone (40 m in diameter) of a thick metalliferous sediment layer (including blocks of the hydrothermal crust) is present in the northern part of the deposit. The Rona mound is a 60-m-diameter deposit lying on the top of a circular volcanic edifice. Gentle slopes (<25°) expose decimeter-sized sulfide-rich blocks embedded in pelagic sediments. Rare meter-sized sulfide boulders were observed on the northern and southern flanks where slopes are steeper (ca. 30°). Small patches of Si–Fe precipitates associated with microbial mats occur ca. 20–30 m from the summit to the north and west. No visible diffuse venting was observed, but a slight temperature anomaly was measured (i.e., 3°C). Similar patches observed at the Southern mound near the summit during dive HER-PL-17 might correspond to microbial mats identified by Murton et al. (2019). The Cyana mound is a 150-m-diameter SMS deposit formed by at least three flat hill-shaped edifices. Gentle slopes characterize the deposit, although it is dissected by a NE–SW axis-parallel fault. A striking feature of this mound compared to other SMS deposits in the Alvin zone is the extent of the LT Mn-rich hydrothermal crust (Figure 4M) that almost entirely covers the sulfide material and can reach a thickness of up to 10 cm. Sulfide rocks were only observed on a slump scarp located south of the NE–SW fault.
4.1.4 Shimmering zone
The shimmering zone is located 1 km north of the northern border of the Alvin zone (Figure 2) in the “smooth northern block” defined by Graber et al. (2020). This hydrothermal area of ca. 0.3 km2 is located on a bathymetric high bounded by a major west-facing N–S fault (Figure 2). It comprises at least five hydrothermal deposits including four large mounds (>10,000 m2) and one small mound (<5,000 m2) (Table 1). Shimmering, Shimmering #2, Shimmering #4, and Shimmering #5 coalesce into a large complex (up to 600 m long and 200 m wide) with a sigmoid-like shape (Figure 3D). Shimmering and Shimmering #2 are bounded to the west by the major N–S fault interpreted as a detachment surface (Szitkar et al., 2019). Shimmering #3 and #5 are located 150 m west of a detachment surface identified by Graber et al. (2020) at the southern edge of an N–S volcanic ridge. Shimmering #4 is separated from the other deposits by a small basin covered by mixed pelagic–hydrothermal sediments. Shimmering #4 lies at the intersection of an N–S volcanic ridge and an axis-perpendicular fault. The Shimmering zone surface mineralization is mainly composed of oxide-rich rocks including Mn crusts (Figure 4N), Fe ± Mn ± Si LT precipitates (Figure 4O), metalliferous sediments, and iron–silica-rich rocks (Figure 4P). Semi-massive sulfide mineralization outcropping is observed at the Shimmering mound where steep slopes (>30°) offer the opportunity to observe subsurface mineralization located under the LT Fe ± Mn ± Si hydrothermal crusts. Several metric-wide LT patches with fluid flow venting at temperatures up to 26°C were observed on the hydrothermal crust near the summit of the Shimmering mound. Widespread LT hydrothermal crusts cover the sub-circular Shimmering #2 mound. The base of the deposit is a 200-m-diameter platform with a steep SE flank (up to 30°) and a gentler NW flank (<25°). The platform is crosscut by N–S to NE–SW faults and topped by at least three smaller cone-shaped structures. These latter structures, less than 50 m in diameter and 15 m in height, appear unaffected by the faults and host several small LT patches (T° up to 14°C; Figure 4O). Shimmering #3 is a (200 m × 100 m) NE–SW-elongated mound with gentle slopes (mean slope 23°). Pelagic sediments cover most of the mineralization except at the summit where metric- to decametric-sized boulders outcrop (rough texture on the HR bathymetric map; Figure 3D). Surprisingly, these large boulders coated by a millimeter-thick hydrogenetic Fe–Mn layer are friable due to a high proportion of oxides and oxyhydroxides with a variable amount of silica. Shimmering #4 is a large (200 m x 100 m) NE–SW-elongated deposit characterized by gentle slopes (mean slope 17.2°). Pelagic sediments cover the base of the southern flank embedding widespread Mn ± Fe ± Si hydrothermal crusts. Metric to decametric boulders outcrop at the summit where an E–W fault and a NNE–SSW fault intersect. It corresponds to iron–silica mineralization (Figure 4P), most likely uplifted during tectonic dissection of the mound. Low-temperature fluids (up to 14°C) diffuse through cracks, and LT precipitates develop on the Fe–Si blocks. Shimmering #5 is a small mound where outcrop LT hydrothermal crusts are covered by pelagic sediments.
[image: Figure 5]FIGURE 5 | Photomicrographs representative of surface mineralization collected in the TAG hydrothermal field. (A) Chimney fragment (HER-PL-15-12; New mound #2) with two fluid conduits. The sample is mainly composed of pyrite, marcasite, and chalcopyrite. (B) Massive sulfides composed of recrystallized pyrite (HER-PL-17-03; Southern mound). (C) Massive sulfides with a brecciated structure (HER-PL-15-16; Double mound) mainly composed of pyrite. The thin lining of chalcopyrite at the boundary of pyrite clasts and cavities indicates late HT pulses (associated with anhydrite dissolution). (D) Jasper breccia (bright red) partially replaced by grayish pyritic hydrothermal chert indicating a reaction with reduced, hot (<150°C) fluids (HER-PL-16-07; MIR #3). (E) Jasper breccia material with a vuggy texture (HER-PL-21-03; MIR mound). (F) Fully oxidized sulfide breccia (HER-PL-11-09; Abyss mound). (G) Low-temperature Fe–Si precipitate (HER2-PL-20-01; Shimmering #3). (H). Cu and Zn-rich manganese hydrothermal crust (HER2-PL-22-01; Menez Du #3).
4.2 Mineralogy and geochemistry
4.2.1 Sulfide-rich mineralization
Sulfide-rich rocks were sampled in the MIR zone (n = 23), Alvin zone (n = 41), and Shimmering zone (n = 2). In the MIR zone, samples are mainly composed of fragments of chimneys and few semi-massive sulfides. Most of the semi-massive sulfides and strongly silicified sulfide rocks (Figures 5D, E) were recovered at MIR# 3. The mineralogy of the MIR zone is dominated by iron sulfides (pyrite and marcasite; 42 wt%) associated with a significant amount of chalcopyrite (21 wt%) and silica (e.g., quartz and opal; 23 wt%) (Figure 6). Minor minerals include secondary copper minerals (covellite and atacamite) and goethite. MIR #3 samples are commonly silica-rich, which indicates the presence of a strongly silicified zone beneath the Fe–Mn oxyhydroxide crusts. Surface samples at the MIR exhibit a large amount of chalcopyrite (27 wt%) and a lower proportion of silica (3 wt%). Sphalerite is generally scarce, except in chimneys where its proportions can reach up to 56 wt%. The mean copper concentration in the MIR zone is high (ca. 10 wt%), whereas the zinc content is generally lower than 3 wt% (Supplementary Table S1). Average Cu + Zn concentrations reach 13.6 wt% (±9.7; n = 15) and 10.5 wt% (±9.1; n = 7) for MIR and MIR #3, respectively (Figure 7A). High Cu + Zn concentrations (16.8 wt% ±9.8; n = 13) are recorded in chimney samples (Figure 7A). Semi-massive sulfides have very low Zn concentrations (<0.2 wt%) but exhibit relatively high copper contents (up to 13.5 wt%) compared to the Alvin zone (Figure 7A). Gold concentrations vary from less than 0.1 ppm to up to 18.3 ppm (mean Au: 5.8 ppm ±6.2; n = 14). High Au contents are correlated with high Zn, Cd, Ga, and Ag concentrations. However, four samples from MIR #3 are relatively gold-rich (>3 ppm) without significant Zn enrichment (i.e., Zn < 0.7 wt%). These samples are characterized by high silica concentrations (26.67 wt% to 70.92 wt% SiO2).
[image: Figure 6]FIGURE 6 | Abundance of major minerals estimated by X-Ray diffraction in sulfide-rich rocks sampled in the ALVIN and MIR zones.
[image: Figure 7]FIGURE 7 | (A) Copper and zinc concentrations vs. the Cu/Zn ratio for sulfide chimney (triangles), massive and semi-massive sulfides (circles), and metalliferous sediments (square) sampled in the MIR (black symbols), ALVIN (white symbols), and Shimmering (gray symbols) zones. (B) Average copper and zinc concentrations vs. the Cu/Zn ratio for SMS from the Mid-Atlantic Ridge. Red stars: large SMS deposits in the TAG hydrothermal zone (this study).
Surface and subsurface samples collected in the Alvin zone mainly comprise semi-massive to massive sulfides and rare chimneys (Figures 5A–C). Iron sulfides (pyrite and marcasite; 79 wt%) are dominant, and silica (10 wt%), sphalerite (3 wt%), and chalcopyrite (2 wt%) are only present in minor amounts (Figure 6). The Double mound and Southern mound are predominantly composed of pyrite (81 wt% and 84 wt%, respectively) and minor marcasite (5 wt% and 1 wt%, respectively). Chalcopyrite and sphalerite amounts are low in the two deposits. The higher sphalerite amount for the Double mound (Figure 6) is only due to one Zn-rich sample. The Shinkai mound is characterized by a high proportion of silica minerals (opal, cristobalite, and quartz; 28 wt%) either in the chimney or massive sulfides. High silica content is also recorded in two samples collected at New Mound 2 and New Mound 3 (HER-PL-15-13 and HER-PL-14-03). Marcasite contents are higher in the Shinkai mound samples than in those from the Double mound and Southern mound (Figure 6). The two samples from Mont des reliques are dominated by iron sulfides and show a significant amount of aragonite. Two sulfide-rich rocks were sampled on an NNE–SSW fault that crosscuts the Cyana mound. Pyrite and marcasite are dominant sulfides, but a significant amount of amorphous silica is also detected.
Low average Cu and Zn concentrations characterize SMS deposits of the Alvin zone (Figure 7B). All but two samples exhibit zinc concentrations lower than 2 wt%, and only five samples have copper values greater than 3 wt%. All samples (including chimneys) from the Southern mound and Shinkai mound have zinc contents lower than 1 wt%, and all semi-massive sulfides are rather copper-poor (i.e., < 3 wt%). These two mounds have average copper and zinc concentrations even lower than those of Krasnov and TAG (ODP samples) deposits (Figure 7B). Higher average zinc and copper values and lower Cu/Zn ratio recorded for the Double mound (Figure 7B) are due to a single sample with very high Zn (42.85 wt%) and Cu (13.44 wt%) concentrations. Disregarding this sample, average Zn and Cu contents and Cu/Zn ratio are similar to those recorded for the Shinkai mound. Gold concentrations are low in most sulfide samples from the Alvin zone. No sample from the Southern mound has Au content greater than 1 ppm, and only two samples at the Double mound exhibit Au concentrations greater than 1 ppm (i.e., 1.9 ppm). Five samples display relatively high gold contents (i.e., > 3 ppm; up to 31.3 ppm), and all but one have SiO2 concentrations greater than 33 wt%. Sample HER-PL-14-02 (chimney; New Mound 2) shows an Au concentration of 8.4 ppm correlated with high Zn (10.72 wt%), Ag (470 ppm), and Ga (616 ppm) concentrations. Samples from the Southern mound show high cobalt concentrations (up to 1,669 ppm, average at 598 ppm; n = 11) compared to other sulfide mineralization of the Alvin zone.
Two samples of the seventeen collected in the Shimmering zone correspond to sulfide mineralization. They were sampled on the southern flank of the Shimmering mound where steep slopes provide access to deeper parts of the deposit. Pyrite is the major phase, but a significant amount of chalcopyrite is detected (13 wt% and 14 wt%). Zinc concentrations are low (<0.3 wt%), and copper values reach 4.08 wt% (HER-PL-18-01).
4.2.2 Oxyhydroxide-rich and silica-rich mineralization
This group of mineralized rocks comprises LT Fe-rich precipitates (Figure 5G), LT Mn-rich precipitates (Figure 5H), mixed LT Fe–Si–Mn precipitates, metalliferous sediments, strongly to fully oxidized sulfide rocks (Figure 5F), and silica–iron-rich rocks (Figures 5D, E).
At mound #11, two samples from the widespread Mn ± Fe ± Si crust were sampled. The main minerals identified are birnessite, todorokite, goethite, and nontronite. X-ray amorphous FeOOH and silica are also expected. Even though the HER-PL-13-02 sample exhibits a slight copper enrichment (i.e., 0.3 wt%), the precipitates are characterized by low metal contents in accordance with the LT hydrothermal precipitation (Figure 8).
[image: Figure 8]FIGURE 8 | Ternary discriminative diagrams of the LT precipitates from the TAG hydrothermal field [(A) from Bonatti et al. (1972) and (B) modified from Josso et al. (2017)].
LT mineralization in the MIR zone (n = 8) encompasses Mn-rich hydrothermal crusts (n = 5) and Fe ± Si-rich deposits (n = 3) including currently forming Fe–Si precipitate (sample HER2-PL-22-PBT01). Mn-rich crusts were only sampled at MIR #3, whereas Fe ± Si-rich precipitates were sampled at MIR, MIR #3, and MIR #7. Todorokite and birnessite are the major components of Mn-rich mineralization, except for one sample (HER2-DR-16-10) mainly composed of X-ray amorphous Mn oxyhydroxides. Quartz was also detected as a trace mineral. Two Fe ± Si-rich precipitates are composed of X-ray amorphous FeOOH (e.g., lepidocrocite) and amorphous silica, and one sample from an old hydrothermal crust at MIR (HER-PL-21-06) shows the presence of goethite and hematite. Trace elements in LT precipitates are highly variable. Five samples exhibit relatively low metal concentrations in accordance with hydrothermal ferromanganese rocks (e.g., Cu < 0.27 wt%; Zn < 0.42 wt%). Conversely, three Mn hydrothermal crusts have unusually high copper concentrations (3.7–10.7 wt%) for hydrothermal deposits (Figure 8). They also display relatively high Ba values (>0.3 wt%), and Zn contents vary from 0.25 to 0.6 wt%. Molybdenum content is high (i.e., > 1,000 ppm) in all Mn-rich crusts regardless of the copper concentration. Silica–iron mineralization is mainly composed of quartz with minor oxides and/or oxyhydroxides and sulfides. Copper and zinc concentrations vary from 0.16 to 0.59 wt% and <0.01 to 0.4 wt%, respectively.
Samples collected in the Nautile zone can be separated in LT Fe-rich (±Si ± Mn) precipitates (n = 7), Mn-rich hydrothermal crusts (n = 3), metalliferous sediments (n = 1), and strongly oxidized sulfide breccia (n = 1). Samples from the Abyss mound are all iron-rich mineralization and are dominated by iron oxides and/or oxyhydroxides. The main minerals identified are goethite and hematite. Quartz and nontronite were also detected. Mn-rich hydrothermal crusts were sampled at Menez Du and Menez Du #3. They are predominantly composed of birnessite and X-ray amorphous oxyhydroxides with minor calcite (i.e., pelagic sediment in cavities). Menez Du #2 samples include 1) an LT Fe-rich precipitate composed of X-ray amorphous FeOOH and 2) an Fe–Mn–Si hydrothermal crust composed of goethite, X-ray amorphous FeOOH, and X-ray amorphous Mn oxyhydroxides. Low-temperature Fe-rich mineralization in the Nautile zone has low metal concentrations characteristic of hydrothermal deposits (Figure 8). Four samples exhibit manganese concentrations over 10 wt%. Two of these precipitates (HER2-PL-16-04 and HER2-PL-22-01; Menez Du #3) have high copper and zinc concentrations of up to 3.6 wt% and 1 wt%, respectively. Mn-rich crusts sampled at Menez Du have low metal concentrations in agreement with a hydrothermal origin. All Mn-rich samples are characterized by relatively high Mo values, whereas Ni concentrations over 1,000 ppm were only recorded for one Cu-poor (<0.1 wt%) and one Cu-rich (3.6 wt%) Mn crust. Metalliferous sediments (HER-PL-11-10) and strongly oxidized sulfide breccia (HER-PL-11-09) from the Abyss mound display variable but relatively high copper values (0.5 wt% and 2.45 wt%).
Fe ± Si ± Mn mineralization in the Alvin zone comprises metalliferous sediments (n = 9), silica–iron-rich rocks (n = 2), and LT Fe-rich or Mn-rich hydrothermal crusts (n = 2). Goethite is the main phase present in metalliferous sediments (except HER-PL-11-06a). Carbonates are present in three samples, and nontronite was identified in one sample where X-ray amorphous FeOOH is also expected. The HER-PL-11-06a sample shows a high amount of todorokite and birnessite associated with goethite. The LT Fe-rich crust (HER-PL15-17; Double mound) is composed of goethite associated with nontronite. Birnessite is the main mineral detected in sample HER-PL11-01 (Cyana mound), though the presence of X-ray amorphous Mn oxyhydroxides is likely. XRD analyses of silica–iron-rich mineralization detected goethite, jarosite, and sulfides. However, X-ray amorphous FeOOH and amorphous silica are probably the main components of the two samples. Metalliferous sediments exhibit variable but generally high zinc (up to 0.52 wt%) and/or copper (up to 3.9 wt%) concentrations. One exception is the HER-PL-14-07 sample where very low trace element contents and high silica values are recorded. The two LT hydrothermal crust samples (HER-PL-15-17 and HER-PL-11-01) show contrasted geochemical signatures. The LT Fe-rich crust from the Double mound has low metal concentrations, whereas the Mn-rich crust from the Cyana mound exhibits copper and zinc values over 3 wt% and 0.9 wt%, respectively. Silica–iron-rich mineralization (Shinkai mound) displays low Cu concentrations (i.e., < 0.06 wt%) and zinc values between 0.15 and 0.5 wt%. Two samples have gold contents over 1 ppm (i.e., 1.4 and 1.6 ppm).
In the Shimmering zone, LT Fe ± Si ± Mn precipitates, silica–iron-rich mineralization, and metalliferous sediments are mainly composed of X-ray amorphous FeOOH, goethite, hematite, quartz, and X-ray amorphous silica. Calcite is present in one sample (HER-PL-18-07), and pyrite was only detected in an Si–Fe-rich mineralization (HER-PL-20-08a). All but one sample have copper values lower than 0.21 wt%. The highest Cu concentration (i.e., 1 wt%) is recorded for an LT Fe ± Si ± Mn hydrothermal crust collected at the top of Shimmering mound #2, where active diffuse fluids (13.7°C) were observed. Zinc concentrations vary between <0.01 and 0.64 wt%, with no specific enrichment associated with a type of mineralization (i.e., LT precipitates, metalliferous sediment, and Si–Fe mineralization). Higher zinc concentrations are recorded for an LT Fe ± Si crust (HER-PL-18-05) and an Si–Fe-rich mineralization with relicts of sulfides (HER2-PL-20-08a). Other trace elements are generally low, with the exception of two samples from Shimmering mound #2, which display relatively high Pb concentrations (0.18 wt%).
4.3 Volume and tonnage estimations of hydrothermal deposits
Volume and tonnage estimations are summarized in Table 1. The cumulative tonnage of the TAG hydrothermal field is 21.1 Mt for sulfides deposited onto the seafloor. The Alvin zone represents more than half of this tonnage with three mounds (i.e., Shinkai, Southern, and Double mounds) containing 10.2 Mt of sulfides altogether. The largest SMS deposits are the Southern mound (4.4 Mt), Shinkai mound (3.3 Mt), MIR mound (3.4 Mt), and Double mound (2.8 Mt). At the MIR zone, all but the MIR mound are small SMS deposits with a tonnage less than 0.12 Mt. The Shimmering zone contains four mounds with a tonnage over 0.38 Mt and two hydrothermal deposits with a tonnage approximately 1 Mt. The cumulative tonnage of the Shimmering zone is equivalent to the tonnage of the MIR zone. The Nautile zone has a cumulative tonnage for the five mounds of 1.8 Mt, with most of the tonnage contained in the Abyss deposit (ca. 1.3 Mt). The calculated tonnage for Menez Du and Menez Du #2 is approximately 0.2 Mt. However, calculated tonnages at the Nautile zone must be taken with caution since calculations were based on the lower-resolution digital terrain model (DTM), i.e., 20 m. Indeed, the volumes calculated on the basis of 2 m-resolution DTM are greater by a factor of 1.5–1.8 than the volumes calculated on the basis of 20 m-resolution DTM (Supplementary Table S3).
5 DISCUSSION
5.1 Size, nature, and resource potential of hydrothermal deposits
Extensive exploration of the TAG hydrothermal field led to the discovery of thirteen new hydrothermal deposits. Six newly discovered deposits have dimensions over 5,000 m2 and can be seen as “significant SMS deposits” (Hannington et al., 2010). The total tonnage of approximately 21.1 Mt of the hydrothermal material deposited on the seafloor is similar, though slightly lower than recent estimation (22.1 Mt; Graber et al., 2020). The lower surface area we defined from extensive dive explorations explains most of the discrepancy between our tonnage estimations and those of Graber et al. (2020). However, we believe that the calculation method used to estimate the mound mass may also lead to an overestimation of tonnages. This is particularly true for MIR deposits, where the IDW interpolation generates an unlikely topography for the reference surface (Supplementary Figure S2), leading to an increase of more than 50% of the tonnage. Thus, caution must be paid when interpolating a reference surface, especially when deposits lie on a complex topography. At TAG, according to Murton et al. (2019) and Graber et al. (2020), total sulfide mass including subseafloor mineralization might be as high as 26 or 29 Mt. A similar tonnage of 27 Mt can be estimated from our results considering that subseafloor mineralization represents 30% of the surface tonnage (Hannington et al., 1998; Graber et al., 2020). These recent estimations indicate that the TAG hydrothermal field hosts one of the largest accumulations of sulfide materials known in the ocean and remains remarkable even in comparison with that in other large districts, such as Middle Valley (10–15 Mt; Hannington et al., 2011) or Semenov hydrothermal fields (9 Mt; Monecke et al., 2016; 13.95 Mt; Cherkashev et al., 2010; or 40 Mt; Cherkashev et al., 2013).
In the Shimmering zone and Nautile zone, surface mineralization mainly comprises LT hydrothermal precipitates (e.g., Mn–Fe–Si ± Cu crusts), metalliferous sediments, Si–Fe mineralization (e.g., jasper and silicified sulfide breccia), and rare fully weathered sulfide breccias. The average concentrations of economic metals (e.g., Cu, Zn, and Au) are low in many, but not all, samples, indicating that the shallow part of the deposits can be seen as nearly barren. No sulfide-rich rocks were sampled in the Nautile zone, and only two pyrite-rich massive sulfides were recovered at the Shimmering mound, making any interpretation of the economic potential of these deposits not possible. Metalliferous sediments with variable thickness may cover the massive sulfides in the Alvin zone, and a silica cap was identified at the summit of Southern and Rona mounds from drilling operations (Lehrmann et al., 2018; Murton et al., 2019). However, sulfide-rich rocks (i.e., massive to semi-massive sulfides and sulfide chimneys) dominate surface and subsurface mineralization sampled in the Alvin zone. Massive sulfides are mainly composed of pyrite and marcasite with only less amounts of sphalerite and chalcopyrite (Figure 6), and the average copper and zinc concentration is remarkably low (Figure 7B). It is particularly true for Southern and Shinkai mounds where the average copper and zinc contents (Cu + Zn < 1.4 wt%) are lower than that calculated for the TAG active mound (Cu + Zn: 3.2 wt%; Hannington et al., 1998). Such low Zn coupled with rather low Cu is unusual for surface and subsurface massive sulfides as the refining process is thought to trigger Zn remobilization (and to a lesser extent Cu) and its subsequent enrichment in the upper part of an SMS deposit (Hannington et al., 1998; Lehrmann et al., 2018). The presence of Co ± Cu ± Se enrichment (i.e., HT elements; Fouquet et al., 2010) in some sulfides might indicate a preferential sampling of the deepest Cu-rich and Zn-poor parts of the mound (>5 m). However, many samples record relatively high concentrations in Zn-associated LT elements (i.e., Ag: mean approximately 150 ppm; Pb: up to 543 ppm) supporting sampling of the upper 5 m of the sulfide mounds (Hannington et al., 1998). Moreover, drilling results obtained by Murton et al. (2019) for the Southern mound show that Zn concentration is systematically lower than 0.3 wt%. Although the reasons for such zinc depletion (e.g., “over-refining” processes and supergene remobilization of Zn; Lehrmann et al., 2018) are beyond the scope of this study, our results indicate that the Zn (±Cu)-poor upper orebody is distinctive of large SMS deposits hosted in the Alvin zone. On the contrary, smaller mounds such as the Rona mound and Mont de reliques (immature SMS deposits) seem to have higher Zn ± Cu grades (Murton et al., 2019). This questions the economic interest of large mafic-hosted SMS deposits, especially when compared to volcanogenic massive sulfides characterized by mean Cu + Zn greater than 2.66 wt% (Franklin et al., 2005). The gold content is generally low (<1 ppm), except for the strongly silicified sulfides that may enclose secondary gold related to reworking processes (Firstova et al., 2019).
The surface and subsurface mineralization in the MIR zone is composite in nature, divided into 1) Fe ± Mn ± Si mineralization (e.g., east of MIR, MIR #2, #3, #6, and #7) and 2) sulfide chimneys and massive sulfides (e.g., West of MIR, MIR #4, and #5). Several LT Mn-rich crusts exhibit high copper and zinc concentrations that are atypical for this type of hydrothermal mineralization (see Section 5.4). Sulfide mineralization processes in the MIR zone have distinct mineralogical and chemical signatures compared to those collected in other TAG hydrothermal zones. Significant amounts of chalcopyrite and to a lesser extent sphalerite were identified (Figure 6), and high copper (±zinc) concentrations are recorded (Figure 7). Our observations confirm that the MIR deposit is actually a large area of coalesced mounds (Rona et al., 1993a; 1993b) with limited thickness (<30 m). These mounds are most likely immature compared to large SMS deposits of the Alvin zone (i.e., Southern mound, Double mound, and Shinkai mound), where HT hydrothermal fluid flow appears more focused through time. This may explain why copper in the upper orebody at MIR and MIR #3 is highly (6–9-fold) enriched compared to Southern and Shinkai upper orebodies. Though our sampling at the MIR is principally restricted to the west area (subzones A and B) and mostly corresponds to chimneys, drilling conducted on the western border of subzone C confirms the presence of a Cu-rich zone at 4 mbsf (Murton et al., 2019). Gold concentrations over 1 ppm are recorded for more than half of MIR zone samples (Zn-rich chimneys, MIR; silicified sulfides, MIR #3). With all the uncertainties associated with these results, it seems that the MIR hydrothermal zone has the highest SMS resource potential in the TAG field.
5.2 Distribution of hydrothermal deposits
More than two-thirds (20/28) of hydrothermal deposits belong to the contiguous MIR, Nautile, and Alvin hydrothermal zones and span over a narrow (ca. 500 m) curved surface extending 2.5 km from south to north (Figure 2). In the south, i. e., MIR and Nautile zones, the distribution of hydrothermal mounds shows a general N–S trend, whereas SMS deposits in the Alvin zone are roughly aligned along a NW–SE direction. The general distribution of the deposits appears controlled by two major structures: 1) the N–S west-facing fault in the south and 2) the NW–SE trough interpreted by Graber et al. (2020) as an old transfer fault connecting the southern and the northern domains. Considering the distribution and density of hydrothermal deposits, these two major structures have probably maintained a high permeability in a restricted zone through time. At the MIR mound, local modification of permeability and subsequent migration of vent activity to the west is expected according to the composite nature of mineralization from the east (LT crusts) to the west (standing sulfide chimneys) (see also Section 5.5).
The Shimmering zone is formed by a dense cluster of five mounds apparently spatially disconnected from the other contiguous hydrothermal zones located to the south (Figure 2). Deposits are within the “smooth northern block” (Graber et al., 2020) in an area where oblique and axis-perpendicular faults intersect axis-parallel faults. Moreover, a major N–S-trending, west-facing fault scarp bounds the western part of the hydrothermal zone and is interpreted as a detachment surface related to the initiation of a new detachment fault (Szitkar et al., 2019). A consequence would be that the Shimmering zone is structurally distinct from the southern hydrothermal zones (Szitkar et al., 2019; Graber et al., 2020). The “chaotic zone” between the Alvin and Shimmering zones remains poorly explored, so we cannot rule out the presence of small (<< 5,000 m2) inactive or weakly active deposits. However, with exception to the Cyana mound, no large mounds are inferred from Graber et al. (2020) HR bathymetric maps in this “chaotic zone.” This apparent absence of large SMS and thus long-duration HT hydrothermal activity between the Alvin zone and Shimmering zone should be investigated in future work to ascertain if the shimmering zone and the southern hydrothermal zones are connected or not, i.e., if hydrothermal fluids are linked to a single convection cell or different ones (Humphris et al., 2015).
The sparse distribution of the three last deposits (TAG active mound, mound #11, and chimney cluster; Figure 2) compared to that of the other hydrothermal zones, as well as the diverse size, activity, morphology, and mineralization type, is intriguing. Additional exploration of the hydrothermal mounds hosted in the “extensional area” defined by Graber et al. (2020) is necessary to understand the tectonic controls and/or hydrothermal history in this area.
5.3 Current low-temperature activity
The extensive dive observations and measurements performed so far have provided the most comprehensive present-day distribution of hydrothermal activity in the TAG field. A significant result is the presence of low-temperature diffuse flow (<30°C) in nearly all of the investigated hydrothermal zones. Beyond questioning the inactive nature of some old hydrothermal deposits of the TAG hydrothermal field (section 5.6), this brings insights on the current upflow zones. The maximum temperatures measured vary in range, from slightly over the seawater temperature (3°C; Rona mound) to up to 29°C (east of the MIR). The contiguous MIR, Nautile, and Alvin hydrothermal zones show a gradual decrease in maximum temperature from south to north (Figure 2). Furthermore, morphologies of currently forming LT precipitates vary from 7-m-tall hills at the MIR mound to scarce centimeter-scale orange patches at the Rona mound supporting the progressive weakening of the LT activity toward the Alvin zone. Further north, the shimmering zone hosts three areas with significant LT hydrothermal activities (with the maximum temperature ranging from 14°C to 26°C). Presently forming LT precipitates are distributed along cracks in Mn–Fe–Si crusts and span over a surface of tens of meters. At Shimmering zones #2 and #4, the distribution of diffuse fluids and precipitates as well as the intensity of venting are similar to those of Menez Du #2. The relatively intense LT activity (up to 26°C) recorded in the Shimmering zone contrasts with the inactive or very weakly active nature of the Alvin hydrothermal zone yet closest to the HT active mound and MIR and Nautile diffusive zones. If the spatial distribution of venting is representative of the current upflow zones in the subsurface, a lack of visible diffuse venting at the Alvin zone (contrary to all other hydrothermal zones) may provide constraints on subsurface circulation patterns in the hanging wall. Considering a single convection model (i.e., fluids from the same upwelling flow supply all hydrothermal zones), inactivity or very weak activity of the Alvin zone deposits could be seen as reflecting a strong decrease of permeability in the hanging wall below this area. According to the mass of sulfides deposited in the Alvin zone (i.e., half of the total tonnage of the TAG field) and occurrence of standing chimneys, evidence of long-lived upflow zones in the area, the decrease of permeability would have to be recent (<5,000 years). LT hydrothermal activity recorded at the MIR, Nautile, and Shimmering zones (2 km WNW and 4 km NNE of Active mound) might be linked to the presence of major N–S-trending faults that would act as preferential pathways for fluids and thus sustain diffuse venting. However, the apparent spatial disconnection of the Shimmering zone and the absence of visible diffuse venting at the Alvin zone might also be the expression of different circulation cells (Humphris et al., 2015). Additional exploration in the vicinity of the Shimmering zone as well as the east of the MIR (faulted upper terrain described by Graber et al., 2020), i.e., toward the LTZ, together with investigation of fluid geochemistry, is crucial to decipher between a single or multiple convection cell model.
5.4 Past low-temperature activity: insights from hydrothermal Mn–Fe–Si crusts
Several but not all SMS deposits lacking upright chimneys are sealed by widespread Mn–Fe–Si hydrothermal crusts attesting to the longevity of diffuse flow at specific locations even long after ceasing of the last HT hydrothermal activity. The LT hydrothermal crust covers all deposits in the Shimmering zone and Nautile zone. Only Cyana and mound #11 deposits in the Alvin and southwest hydrothermal zones, respectively, display widespread LT hydrothermal crusts at the surface. In the MIR zone, the LT hydrothermal crust entirely covers MIR #2, #3, and the eastern part of the MIR. Hydrothermal mounds covered by LT hydrothermal crusts are characterized by a relatively flat top morphology with rare visible fault scarps indicating that low-temperature activity still occurs after the dissection and collapse of the sulfide mounds. A significant renewal of HT activity after sustained diffuse flow was only seen at the MIR mound (between subzones A/B and subzone C) where small sulfide chimneys developed on Mn–Fe–Si crusts. In the Alvin zone, a decrease in the hydrothermal activity is evident from major silicification of sulfide-rich rocks at the Shinkai mound and the presence of jasper formation at the summit of the Southern mound and Rona mound (Murton et al., 2019). However, large SMS deposits in the Alvin zone are mostly devoid of widespread LT crusts, suggesting no sustained LT diffuse venting in the area since the last HT hydrothermal activity. The spatial distribution of LT hydrothermal crusts is intriguing and points to longevity of the LT discharge zones in the Shimmering, Nautile, and MIR zones (confirmed by current LT activity). On the contrary, SMS deposits of the Alvin zone located in the heavily tectonized area seem affected by radical changes of upflow zones after HT activity ceased.
LT hydrothermal crusts exhibit a wide variety of Mn, Fe, and Si concentrations and a large range of Fe/Mn that support a hydrothermal origin and different precipitation temperatures. Very high copper and zinc concentrations (up to 10 wt%) recorded make these crusts atypical for low-temperature precipitates and could give misleading information on the origin of this mineralization (Figure 8A), apart from using recent discrimination diagrams based on immobile elements (e.g., Zr, Y, and Ce; Figure 8B; Josso et al., 2017). In the TAG hydrothermal field, five deposits (MIR #3, Menez Du #2 and #3, Cyana, and Shimmering #2) host a hydrothermal crust with copper and zinc concentrations higher than 1 wt%. Mn oxyhydroxides are thought to be the main Cu–Zn-bearing phase since the highest copper and zinc contents (up to 10 wt% Cu and 1 wt% Zn) are recorded for Mn-rich crusts. Metal enrichments (e.g., Ni, Co, Cu, and Zn) in hydrothermal Mn ± Fe ± Si mineralization have already been reported in previous studies (e.g., Hein et al., 2008; Hein et al., 1996; Hein et al., 1992; Hein et al., 1990; Conly et al., 2011; González et al., 2016; Pelleter et al., 2017). Several hypotheses may account for the metal enrichment of hydrothermal Mn mineralization, such as the leaching of magmatic or ultramafic rocks, sulfide mineralization, or biogenic sediments (Hein et al., 2008). Sulfides were sampled under the Mn–Fe–Si crusts at MIR #3 and Cyana mounds and thus are most likely the source of the Cu and Zn recorded in Mn-rich hydrothermal precipitates. Sustained LT hydrothermal activity attested by the presence of widespread Mn–Fe–Si crusts could thus fundamentally alter the pristine surface and subsurface sulfide mineralization and release metals. Though Mn oxyhydroxides appear as potential sinks for copper and to a lesser extent zinc, the ultimate fate of metals during LT hydrothermal activity needs investigations of diffuse fluid and associated LT precipitate chemistry.
5.5 Relative age of the hydrothermal mounds and/or last HT hydrothermal activity
Several geological parameters can help define the relative age/chronology of the hydrothermal processes and age(s) of deposits (e.g., size, morphology, surface, and subsurface geology, including faults).
A first-order criterion is the presence of standing or toppled sulfide chimneys (Figure 4A, C, K) for identifying deposits characterized by a recent cessation of HT activity. Standing and/or toppled chimneys are present in the Alvin zone (Shinkai, New Mound #2 and #3, and Mont de reliques), MIR zone (MIR subzones A and B), and the southwest hydrothermal zone (chimney cluster). No relict chimney was observed at the top of large mounds in the Shimmering zone nor Nautile zone, attesting to long-ceased HT activity. At the MIR, the dating of several standing and toppled chimneys provided ages spanning between 3,000 and 500 years (Lalou et al., 1995). Based on these results, we assume that last HT activity at Shinkai, New mounds, Mont de reliques, and chimney cluster most likely belongs to this period of time (3,000 to approximately 500 years). The TAG active mound is thought to be inactive during this period of time until the recent reactivation of HT activity 60 years ago (Lalou et al., 1995). Therefore, we assume that last HT activity (3,000–500 years) was focused in the western part of the Alvin zone and in a restricted area west of the MIR. Chimney clusters discovered between the Alvin zone and active mound indicate a very short-lived hydrothermal activity (transitional?) in the extensional area.
Other criteria that can be used for deciphering a relative chronology of hydrothermal processes include indirect geological factors such as morphology, pelagic sediment cover, weathering of sulfides, or tectonic dissection (e.g., Murton et al., 2019). The size of the deposit may help localize areas of long-duration HT activity. In the TAG hydrothermal field, thirteen deposits consist of very large deposits (>10,000 m2), with sulfide accumulation of over 1 Mt and up to 4.4 Mt. The Shimmering zone and Alvin zone have four very large SMS deposits. The Nautile zone hosts three large deposits, and the last two are the MIR mound and Active mound. Dating studies have shown that the active mound has accumulated 2 Mt of sulfides over 50 kyrs, including several episodes of activity (2%–20% of this time) and inactivity (Lalou et al., 1995; Humphris and Cann, 2000). Shinkai, Southern, and Double mounds exhibit circular, conical, to sub-conical shapes suggesting a sustained (yet probably episodic), focused upflow of HT fluids in the Alvin zone. Relatively steep slopes and surface mineralization dominated by sulfides (only oxidized in outer rims) imply that these three SMS deposits are not significantly older than the Active mound. It is in agreement with ages of approximately 50 kyrs, obtained on sulfide samples attributed to the Double mound (Lalou et al., 1995). Based on the morphology, sediment cover, and absence of tectonic dissection, several authors proposed that the age of the Shinkai mound might be less than 40 kyrs (Murton et al., 2019; Graber et al., 2020). Actually, these geological features mostly suggest that the Shinkai mound has experienced a sustained HT hydrothermal episode more recently than Southern and Double mounds, which is different than being intrinsically younger, and a way to illustrate this is to consider the Active mound as an analog. The Active mound is not dissected by axis-oblique or axis-parallel faults, and it has relatively steep mean slopes (28.7°; Table 1) and a thin pelagic sediment cover. However, the maximum age recorded, i.e., the potential first HT hydrothermal activity, is around 50 kyrs (Lalou et al., 1993). Considering the large sulfide volume and assuming episodic HT hydrothermal episodes, the Shinkai mound may be as old as the Active, Double, and Southern mounds. New geochronological studies are needed to determine precisely the maximum age for the Shinkai mound and the age of the last HT event at Southern and Double mounds (i.e., before the spreading-parallel extensional faulting). The morphology and surface geology of the Cyana mound are unique in the Alvin hydrothermal zone with a gentle slope, flat surface, and a widespread layer of the hydrothermal manganese crust. Contrary to the observation by Graber et al. (2020), Cyana is affected by axis-parallel faults and should not be considered certainly younger than the Double mound. Actually, the widespread Mn crust and lack of relict chimneys indicate that last HT activity at the Cyana mound is probably as old as, or older, than that at the Double mound. Interestingly, Lalou et al. (1995) reported one age of 74 kyrs for the Mn crust in the Alvin zone. Though the precise location of the dated sample is unknown, several lines of evidence support an old HT event (>74 kyrs) in the Alvin zone, which might be attributed to the formation of the Cyana mound.
Gentle slopes and relatively flat morphologies sometimes barely visible on the HR bathymetric map characterize hydrothermal mounds in the Nautile and Shimmering zones. Together with the locally thick sediment cover and presence of oxide-dominated boulders, this supports a very long-ceased HT activity and relatively increased ages for sulfide mineralization (i.e., > 50 kyrs). No absolute ages are presently ascribed for these deposits. However, re-examination of data from the historical MIR zone described by Rona et al. (1993a); Rona et al. (1993b) in regards with new observations suggests that samples collected for dating during Alvin 2188 and 2195 dives do not belong to the MIR mound. This is in agreement with the observation of recent studies highlighting that the MIR mound appears smaller than previously thought (Murton et al., 2019; Graber et al., 2020). Alvin 2188 and 2195 dives most likely occurred several hundreds of meters north to the actual MIR mound, i.e., a zone between MIR #3 and Menez Du #2. High conductive heat flows measured during Alvin 2188 and 2195 dives at 3463, 3483, and 3484 mbsl (Rona et al., 1993b) are also in good accordance with diffuse venting discovered in the southern part of the Nautile zone (up to 19°C measured at Menez Du #2). Two samples collected in this area (i.e., Alvin 2188 3-1 and Alvin 2195 1-1) provided radiometric ages of 102 and 50 kyrs, respectively (Lalou et al., 1995). If our assumptions on localization of historical sample stations and interpretations of geological features are correct, hydrothermal mounds located in the Nautile zone and/or the northern edge of the MIR zone are the oldest deposits in the TAG hydrothermal field. Shimmering zone deposits share common geological features with Nautile zone deposits and the Cyana mound (morphologies, surface mineralization, and sediments cover). Though radiometric dates are needed, deposits hosted in the Shimmering zone appear older than those in Alvin zone mounds (with exception of Cyana) and were probably first active before 74 kyrs (i.e., higher age reported for LT activity in the Alvin zone).
The MIR mound is a complex mineralized area with relatively thin and immature sites with standing and toppled chimneys to the west (subzones A and B) and larger site(s) with the LT Mn–Fe–Si crust to the east (subzone C). Samples collected in the western part (subzones A and B) during dive MIR 3.76 are no older than 20 kyrs (Lalou et al., 1995), attesting to the relatively recent hydrothermal activity to the west. Though no age is available for the eastern part of the mound, we assume higher ages (>20 kyrs) based on geological characteristics (size, morphology, and surface mineralization). Additional sampling of the eastern zone and geochronological studies would help deciphering the polyphase history of the MIR mound.
Within the limitation of indirect geological characteristics and previous dating studies, the HT hydrothermal history of the TAG hydrothermal field may be summarized as follows:
1) The HT hydrothermal activity that began at least 105–75 kyrs ago was mainly focused in the Nautile zone and most likely in the Shimmering zone. Some SMS mounds might be synchronous in the north of the MIR zone (e.g., MIR #3) and in the Alvin zone (i.e., Cyana).
2) An HT event began at least as early as 50–40 kyrs in the Alvin zone (e.g., Southern and Double mounds) and at the Active mound. It may indicate a southward and/or westward migration of the HT hydrothermal activity. One age south to the Nautile zone or north to the MIR zone corresponds to this period, but no subsequent HT event is recorded in this area after that episode.
3) From 20–10 kyrs, new HT events occurred west of the MIR mound and at the Active mound. It is very likely that episodic activity during this period also took place in the Alvin zone (e.g., Shinkai mound).
4) At around 5 kyrs, a HT activity was recorded at the Active mound (Lalou et al., 1990) which associated with the formation of the upper platform (Humphris and Kleinrock, 1996).
5) toppled A new HT hydrothermal episode attested by the presence of standing andchimneys occurred between 3,000 and 500 years in the Alvin zone (Shinkai, New mounds, Mont de Reliques) and west of the MIR mound.
6) Current HT activity began around 60 years ago and is only present at the Active mound (Lalou et al., 1995).
Possible older HT hydrothermal events (>125 kyrs) may have occurred in the TAG hydrothermal field. Our observations indicate that SMS deposits can be concealed by LT hydrothermal crusts and pelagic sediments. Hence, this may lead to misinterpretation on the nature of the deposit (i.e., SMS deposit versus LT deposit only) without extensive exploration and sampling operations. The LTZ localized on the upper eastern flank of the TAG massif (Figure 1) hosts several Mn–Fe deposits (Rona et al., 1975; Rona et al., 1984; Thompson et al., 1985). Even though Mn–Fe–Si crusts in the LTZ (see Plate I of Thomson et al., 1985) are very similar to those covering sulfide mineralization in the HTZ (Figures 4F, M, N) including copper enrichments (Mills et al., 2001), no sulfide mineralization is presently known. Yet, over the last decades, studies have shown that black smoker-type deposits can develop several kilometers off-axis in association with detachment faults (Petersen et al., 2009; Fouquet et al., 2010). The analogy between the Mn–Fe–Si crusts studied here and those described by Thompson et al. (1985) in the LTZ encourages further exploration to the east to find potential old SMS deposits and thus constrain the spatial and temporal extent of the TAG HT hydrothermal field.
5.6 Evolution and genetic models of SMS deposits at the TAG field
The first step of hydrothermal activity led to the formation of chimney clusters and, if HT activity persists, to small SMS mounds (Figure 9A). For the Active mound, formation of the deposit is complex and is linked to cycles of anhydrite precipitation and dissolution, which is responsible for flat tops and platform-like morphology (Humphris and Kleinrock, 1996; Petersen et al., 2000). Anhydrite dissolution and subsequent collapse of the structure may explain the formation of the circular depression observed at Mont de reliques and New mounds #2 (Figure 9A). Nevertheless, the morphology of the Active mound characterized by stacked flat platforms is rather uncommon inside the TAG hydrothermal field. Only Shimmering #2 and Abyss mounds exhibit a similar morphology (i.e., platform(s) shape with a flat top or depression) that may be related to massive anhydrite dissolution and related collapse of the mound. Conversely, large SMS deposits hosted in the Alvin zone display rather conical to sub-conical shapes (e.g., Shinkai, Double, and Southern mounds; Supplementary Figure S3) without significant depression or large flat-top excluding massive anhydrite dissolution. Even though anhydrite dissolution cannot be ruled out from the presence of brecciated sulfides (Murton et al., 2019), the collapse of these mounds is most likely controlled by tectonic dissection and/or mass wasting. Additionally, high silica recorded in massive sulfides at Shinkai may stabilize sulfide structures (Delaney et al., 1992) and, together with filling of some collapse structures by the last ceased HT activity, may explain the striking conical shape of this mound (Figure 9B). A silica cap at depth has also been reported near the summit of the Southern mound and Rona mound and is attributed to a waning phase occurring at the closing stage of the hydrothermal activity (Murton et al., 2019) (Figure 9B).
[image: Figure 9]FIGURE 9 | Evolution model proposed to explain the diversity of active, weakly active, and inactive SMS deposits in the TAG hydrothermal field. (A) Early cycles of HT hydrothermal activity lead to the formation of sulfide chimney clusters and small SMS mounds. Massive anhydrite dissolution (and related collapse of the mound) may follow if strong seawater entrainment into the mound occurred during the HT activity. (B) Successive cycles of HT activity and inactivity will eventually lead to the development of large SMS mounds. Massive anhydrite dissolution would explain platform-like shape of some deposits (e.g., TAG active mound, Shimmering #2, and Abyss). Limited anhydrite dissolution and related mass wasting of sulfides combined with tectonic dissection explain morphologies of some SMS deposits (e.g., Southern mound and Double mound). Waning of HT activity associated with the closing stage of the hydrothermal cycles may result in silicification. (C) Successive cycles of LT activity long after the mound has collapsed and HT activity has ceased. Massive precipitation of Fe–Si–Mn small mounds and crusts will eventually cover the SMS mound. LT activity may remobilize copper and zinc from massive sulfides. Copper ± zinc may be adsorbed into Mn oxyhydroxides or lost in the water column.
A second major step of hydrothermal activity in the TAG hydrothermal field is the development of a long-lived, possibly episodic, LT hydrothermal activity. Widespread Mn ± Fe ± Si crusts cover mounds with gentle slopes and relatively flat morphologies with no more standing sulfide chimneys (Figure 9C; Supplementary Figure S3). Together with the presence of active LT venting in the Shimmering zone, Nautile zone, and MIR zone, these observations indicate that LT activity is a major event in the TAG hydrothermal field. This is in good agreement with the large time span (i.e., 140–4 kyrs) recorded for Mn crusts (Lalou et al., 1986; Lalou et al., 1995). LT hydrothermal events are most likely concomitant with oxidation of sulfide minerals in seawater (e.g., Abyss mound), eventually leading to oxide-dominant surface and subsurface mineralization. Oxidation of pristine hydrothermal sulfides by LT hydrothermal fluids and/or seawater may release metals (e.g., Cu, Zn; Dekov et al., 2011) that would either be trapped into secondary minerals (e.g., Fe oxyhydroxides, Mn oxyhydroxydes, and atacamite) or discharged into seawater. Sulfide oxidation and related leaching of metals should be more efficient during the LT hydrothermal activity than at seawater temperature (e.g., Chandra and Gerson, 2010; Fallon et al., 2017). Then, if the long-lived LT activity identified in the TAG hydrothermal field reveals to be a common process in other hydrothermal fields hosting old SMS deposits, this process should be considered in future studies on biogeochemical cycles of metals in the deep ocean. In addition, such sustained LT activity (10°C–30°C) in a sulfide-rich environment (i.e., SMS) may support diverse mesophilic microbial populations for long durations (Zeng et al., 2021).
5.7 Defining active, inactive, and extinct SMS deposits: insight from the TAG hydrothermal field
With increasing interest in polymetallic sulfides, part of the scientific community working on hydrothermal systems calls for the protection of active hydrothermal sites (Van Dover et al., 2018). As a consequence, potential mining activity would be focused on so-called inactive/extinct sites, though only few studies have been carried out on these deposits. Some authors recently advocated for research efforts to propose a classification of inactive and extinct deposits/vent fields that could help for mining regulations (Jamieson and Gartman, 2020; Van Dover et al., 2020). To our knowledge, the International Seabed Authority (ISA) has only proposed a definition for inactivity and extinction at vent-scale with distinction based on potential hydrothermal rejuvenation from mining activity (ISBA/25/LTC/6 Rev.2, 2022). Jamieson and Gartman (2020) argued that the term “extinct” should be only used for deposits hosted in an inactive vent field for which the probability of hydrothermal rejuvenation is low (but not certain). Considering that TAG hydrothermal mounds are all linked to the same heat source and a common detachment fault system that controls the hydrothermal circulation, Jamieson and Gartman (2020) classified the TAG field as hydrothermally active. This recommendation is relevant, particularly now knowing that all hydrothermal zones in the TAG field exhibit temperature anomalies. However, defining the extent of a single hydrothermal vent field (i.e., cluster(s) of deposits related to a common heat source and/or subseafloor permeability) may be challenging. That is true for TAG, where the location of the heat source and by extension the pattern of hydrothermal circulation is now disputed (e.g., McCaig et al., 2010; Guo et al., 2023). Moreover, the question of geological continuity may arise if inactive sulfide deposits are discovered toward the LTZ at depths shallower than the detachment fault termination (approximately 3,300 m, Graber et al., 2020). As a consequence, considering knowledge gaps and based on a precautionary approach, all known and to-be-discovered deposits belonging to the TAG area (including HTZ and LTZ, i.e., approximately 45 km2) should be grouped within a single field or district classified as hydrothermally active.
For an inactive field, Jamieson and Gartman (2020) proposed a set of indicators such as the absence of an upright chimney, relatively flat mound, lack of fluid venting, and absence of a vent biological community that may be important to distinguish extinct sites from inactive sites. These criteria are most likely diagnostic for prolonged HT hydrothermal inactivity. The discovery of a long-lived low-temperature hydrothermal activity in the TAG area indicates that deposits with flat morphologies, no more standing chimneys, and a thick Fe–Mn hydrothermal crust may still host hydrothermal activity. Since the episodicity of low-temperature activity is not known, documentation and dating of LT precipitates should be considered to improve the definition of inactivity and extinction. New data arising from active and inactive hydrothermal field exploration programs are essential to fill gaps in scientific knowledge regarding the geology and ecology of inactive/extinct SMS deposits.
6 CONCLUSION
Extensive dive exploration, sampling, and measurements coupled with high-resolution acoustic data provide new insights on the nature of mafic-hosted SMS deposits as well as their spatial and temporal distribution and evolution in the TAG hydrothermal field. Our conclusions can be summarized as follows:
1) Thirteen new hydrothermal deposits were discovered including six large (>5,000 m2) deposits. The TAG hydrothermal field currently hosts 28 hydrothermal mounds accumulating 21.1 Mt of hydrothermal materials deposited above the seafloor.
2) Large and mature SMS deposits are mostly characterized by low copper and zinc concentrations compared to mafic-hosted volcanogenic massive sulfides. This questions the economic potential of large mafic-hosted SMS deposits in slow-spreading ridge settings.
3) LT activity (3°C–29°C) is identified in eight different areas including five newly discovered zones of diffuse venting. The spatial distribution of present sites of venting questions the geometry of sub-surface circulation patterns within the hanging wall and should be considered in future 3D flow modeling.
4) Shimme The distribution, morphology, mineralogy, and geochemistry of the hydrothermal deposits can be used to propose a new chronologic framework of the sulfide formation. HT activity was mainly focused in the ring zone and the Nautile zone until 50 kyrs ago. A migration of HT activity to the Alvin zone, MIR zone (e.g., MIR mound), and active mound is likely since 50 kyrs, including different periods of activity (50–40 kyrs, 20–10 kyrs, 5 kyrs, 3,000–500 yrs, and 60 yrs) and inactivity. Excluding the recent rejuvenation of the Active mound at 60 yrs, last HT hydrothermal activity of the TAG field was focused in the western part of the MIR mound and at Shinkai mound, New Mound #2 and #3, and Mont de reliques.
5) Widespread LT crusts covering old flattened SMS mounds indicate that LT hydrothermal events can occur long after ceasing of the last HT hydrothermal activity. This finding indicates that old SMS deposits might be discovered to the east toward the LTZ. Long-lived LT hydrothermal activity (>140 kyrs to present) is a major process in the evolution and aging of SMS mounds in the TAG hydrothermal field, and its consequences on the fate of metals and microbial processes should be investigated in the future.
6) As already mentioned by Jamieson and Gartman (2020), none of the hydrothermal deposits belonging to the TAG area should be considered extinct. Without additional constrains on the sub-surface fluid flow pathways, all deposits should be grouped in a single hydrothermal field (including the HTZ and LTZ) classified as “active.”
Further exploration to the north of the Shimmering zone and east of the Alvin, Nautile, and MIR zones is needed to fully understand the extension of the TAG SMS district. New radiometric dating of sulfides, Mn oxides, and aragonite of well-localized samples is also of prime importance to better constrain the temporal evolution of the TAG hydrothermal field. Knowing the spatial and temporal distribution of active, weakly active, and inactive SMS deposits would help constrain the present and past upflow zones and hence evolution of convection cell(s) associated with the development of detachment fault systems.
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The influence of cold seep methane on the surrounding benthos is well-documented but the fate of dissolved methane and its impact on water column biogeochemistry remains less understood. To address this, the distribution of dissolved methane was determined around three seeps on the south-east Hikurangi Margin, south-east of New Zealand, by combining data from discrete water column sampling and a towed methane sensor. Integrating this with bottom water current flow data in a dynamic Gerris model determined an annual methane flux of 3 x 105 kg at the main seep. This source was then applied in a Regional Ocean Modelling System (ROMS) simulation to visualize lateral transport of the dissolved methane plume, which dispersed over ∼100 km in bottom water within 1 year. Extrapolation of this approach to four other regional seeps identified a combined plume volume of 3,500 km3 and annual methane emission of 0.4–3.2 x 106 kg CH4 y-1. This suggests a regional methane flux of 1.1–10.9 x 107 kg CH4 y-1 for the entire Hikurangi Margin, which is lower than previous hydroacoustic estimates. Carbon stable isotope values in dissolved methane indicated that lateral mixing was the primary determinant of methane in bottom water, with potential methane oxidation rates orders of magnitude lower than the dilution rate. Calculations indicate that oxidation of the annual total methane emitted from the five seeps would not significantly alter bottom water dissolved carbon dioxide, oxygen or pH; however, superimposition of methane plumes from different seeps, which was evident in the ROMS simulation, may have localized impacts. These findings highlight the value of characterizing methane release from multiple seeps within a hydrodynamic model framework to determine the biogeochemical impact, climate feedbacks and connectivity of cold seeps on continental shelf margins.
Keywords: methane, hydrates, hydrodynamic model, methane oxidation, continental shelf, New Zealand, mixing, climate change
1 INTRODUCTION
Although the ocean only accounts for 1%–3% of global methane (CH4) emissions (9–22 Tg CH4 y−1, Saunois et al., 2020) marine methane is attracting increasing attention, in part due to its sensitivity to climate change. Marine methane sources are dominated by cold seeps on continental shelf margins and coasts (Weber et al., 2019), which primarily originate from underlying gas hydrates. The latter form in the Gas Hydrate Stability Zone (GHSZ), at low temperature and high pressure, hence their subsurface presence on continental shelves and margins (Hester and Brewer, 2009). Estimates vary widely and indicate that 450–75,000 Pg CH4 may be stored globally in these reservoirs (Klauda and Sandler, 2005; Wallmann et al., 2012), with annual global seafloor seepage potentially reaching 65 Tg (US EPA: Office of Atmospheric Programs, 2010). However, their contribution to atmospheric emissions is negligible (Saunois et al., 2020), due to a combination of physical, geological and biological barriers that minimize methane transfer to the ocean surface. Methane flux from subsurface hydrates is primarily suppressed by anaerobic methanotrophy in the overlying sediment, which significantly reduces methane release into bottom water to ∼0.02 Gt C y−1 (Boetius and Wenzhöfer, 2013). However, gaseous methane can evade this benthic filter (Sommer et al., 2006), with bubble ebullition and subsequent diffusion elevating dissolved methane in bottom waters (McGinnis et al., 2006). Dispersion and dilution by bottom currents (Kessler et al., 2011; Steinle et al., 2015), and oxidation via the pelagic filter of aerobic methanotrophs (Reeburgh, 2007) then further reduce dissolved methane concentration (de Angelis et al., 1993; Mau et al., 2013; Leonte et al., 2017). The dominance of lateral flow relative to vertical exchange in bottom and intermediate waters, combined with stratification in the main pycnocline, effectively caps the transfer of dissolved methane to surface waters and the atmosphere, with retention in deeper water ultimately resulting in aerobic oxidation to carbon dioxide (CO2) (Valentine et al., 2001; Reeburgh, 2007).
Methane release at cold seeps has a significant influence on local benthic biology, as it supports microbial communities and associated biogeochemical pathways that sustain unique infauna and macrofauna assemblages via chemosynthesis (Boetius and Wenzhöfer, 2013; Bowden et al., 2013). There is also evidence around seep sites of trophic transfer of carbon derived from methane in food webs that include commercially important fisheries species (Niemann et al., 2013; Seabrook et al., 2019). The potential sensitivity of hydrates to tectonic activity (Crutchley et al., 2023; Rudebusch et al., 2023) and ocean warming (Ruppel and Kessler, 2017), and also interest in methane hydrates as a potential fuel source (Moridis et al., 2011), has focused attention on the fate of methane in bottom water. Warming of deep water may destabilize hydrates at the upper edge of the GHSZ, as indicated in the paleorecord by significant methane release from subsurface reservoirs coincident with periods of ocean warming (Maslin et al., 2010), and there is increasing contemporary evidence for this (Phrampus and Hornbach, 2012; Trivedi et al., 2022). The resulting increase in methane in deep waters could enhance CO2 production and consumption of oxygen (O2) via aerobic oxidation, so accelerating acidification and deoxygenation (Biastoch et al., 2011; Ruppel, 2011; Boudreau et al., 2015). However, the impact of seep methane on water column biogeochemistry has received less attention (Levin et al., 2016), in part due to the challenge of tracking dissolved methane in bottom water.
Fluid seepage and cold seeps are well-characterized along the Hikurangi Margin, east of New Zealand (Lewis and Marshall, 1996; Barnes et al., 2010; Watson et al., 2020), with subsurface hydrates evident as bottom-simulating reflectors in seismic data (Henrys et al., 2003; Klaucke et al., 2010; Crutchley et al., 2021; Crutchley et al., 2023). Regional analysis indicates seepage occurring predominantly along the deforming backstop of the margin, with fluid release from both the subducting plate and the accretionary wedge (Watson et al., 2020). Fluid migration is facilitated by folding, fractures and faults arising from tectonic activity and strata of elevated permeability and porosity. Cold seep location is further evidenced by the presence of gas flares or bubble plumes in hydroacoustic backscatter data (Turco et al., 2022), that may extend up to 1 km above the seafloor (Faure et al., 2010; Law et al., 2010). To determine the fate of methane released from cold seeps, dissolved methane concentrations and related biogeochemical parameters including dissolved O2 and carbonate system parameters were measured in the water column at three seep sites on the south-east Hikurangi Margin. As tracking of dissolved methane in bottom waters is confounded by tidal currents and dispersal in three dimensions, the dissolved methane source and distribution at the main seep site was simulated at local scales in a hydrodynamic framework using a dynamic Gerris model, with dispersal along the margin then determined using the Regional Ocean Modelling System (ROMS). This was extended to four other regional seeps (Turco et al., 2022) to assess the combined dispersal of seep methane and influence on bottom water biogeochemistry. Methane loss was assessed by potential oxidation rate measurements, with oxidation also examined indirectly using carbon stable isotope values in dissolved methane (δ13C-CH4), to establish the relative influence of dispersion and oxidation on seep methane in bottom waters along the Hikurangi Margin.
2 METHODS
2.1 Regional setting
Sampling was carried out during July 2019 onboard R/V Tangaroa, as part of the New Zealand HYDEE (Gas Hydrates: Economic Opportunities and Environmental Implications) programme. The study area lies at the southern end of the Hikurangi subduction margin (Figure 1) where the Pacific Plate subducts obliquely beneath the Australian Plate. Measurements were focused on three seeps - Maungaroa, Glendhu Ridge and Uruti Ridge - with data from two additional seep sites–Pahaua Bank and Uruti Ridge West - also considered in the analysis (Turco et al., 2022; see Table 1). Dispersal modelling focused on the main seep site at Maungaroa, where a subsurface layer of gas of >200 m height below the GHSZ has generated doming, fracturing and formation of a conduit that facilitates gas transfer to the seafloor (Crutchley et al., 2021).
[image: Figure 1]FIGURE 1 | Location of the five seep sites on the south-east Hikurangi Margin plotted against bathymetric depth (m), as shown in the colour bar. The three seep sites surveyed in this study (Maungaroa, Uruti Ridge and Glendhu Ridge) are indicated by yellow circles, and the two additional sites (Uruti Ridge West and Pahaua Bank, (Turco et al., 2022) by white circles. The x-axis shows longitude (ºEast) and y-axis latitude (ºSouth).
TABLE 1 | Seep locations and dimensions on the south-east Hikurangi Margin (all data from Turco et al., 2022, except for * Crutchley et al., 2021), with the sites sampled in this study indicated by †.
[image: Table 1]2.2 Bottom water hydrography and properties
A seafloor mooring was deployed in the vicinity of each of the three seeps consecutively to record bottom water physical and biogeochemical properties. The mooring frame was attached to a 460 kg ballast weight and supported a 600 kHz Acoustic Doppler Current Profiler (ADCP) for measuring current direction and velocity. A SBE 37 ODO MicroCAT with conductivity, temperature and optical dissolved O2 sensors was also deployed on the mooring at ∼15 m above the seafloor. The mooring was deployed for periods of 3–5 days at each site, which either preceded or followed other sampling activities to ensure the mooring and sensors were not compromised. On recovery, the mooring frame was decoupled from the ballast by remote activation of an acoustic release device whilst the ballast remained on the seafloor. The ADCP data was processed and quality controlled to generate a filtered data set with records at 120 s intervals over the lifetime of each respective deployment.
2.3 Water column sampling and characterisation
Dissolved methane concentrations were determined by four different approaches: discrete water sample collection in Niskin bottles on a CTD (Conductivity, Temperature and Depth) rosette in either a) standard vertical profiling mode or b) lateral towed mode, with methane concentration also measured by a methane sensor deployed on c) the CTD or d) a Deep Towed Imaging System (DTIS, Bowden et al., 2013). As the dissolved methane plume was largely retained in near-bottom waters, the CTD and DTIS lateral tows focused on the bottom 10 m of water overlying the seafloor, with each sensor tow orientated relative to the seep by reference to a predetermined location and information from preceding tows. Each sensor tow started ∼1 km from the seep and crossed this at the transect mid-point before completion at a similar distance of 1 km. During the CTD sensor tow, Niskin bottle water samples were obtained with increased sampling frequency close to the seep, with the remaining bottles fired in the bottom 200–500 m during retrieval. At least one vertical CTD cast was carried out at a distance of >1 km from the seep at all three sites to characterize background conditions. Bottom waters at Maungaroa received the most intense sampling, with six DTIS tows and 12 CTDs. Stratification was determined using buoyancy frequency squared (N2), which was calculated as:
[image: image]
where g is gravitational acceleration, ρ0 is a reference density, and δρ/ρz is the vertical density gradient (Stevens et al., 2012).
2.4 Dissolved methane measurements
2.4.1 Analysis of discrete water samples
Seawater from the 10-L Niskin bottles was sub-sampled into 240 mL glass serum bottles, which were overflowed by at least 100% to exclude bubbles and then sealed with butyl rubber septa. The samples warmed passively to ambient temperature, with analysis within 4–5 h of collection. A 40 mL headspace of O2-free nitrogen (N2) was injected into the bottle whilst 40 mL of seawater was expelled, with the two phases subsequently equilibrated at room temperature for 30 min. The equilibrated headspace was displaced through a drying tube containing magnesium perchlorate and then a 2.9 mL sample loop, the contents of which were injected onto a 1/8” molecular sieve chromatographic column with methane detection by a Flame Ionisation Detector (Law et al., 2010). Calibration was carried out using prepared gas standards certified by comparison in an international calibration exercise (Wilson et al., 2018), with peak area variation of <0.35% over a 12-h analysis period. Dissolved methane concentration (nmol L−1) was calculated from the measured partial pressure of methane in the headspace, following correction for water vapour and using the equilibration temperature and salinity with the solubility coefficients of Weisenburg and Guinasso (1979). Precision of duplicate sample analysis was 2.5% (1 standard deviation), consistent with the reproducibility reported in an international intercomparison (Wilson et al., 2018). Methane saturation from atmospheric equilibrium was calculated using the mean atmospheric methane mixing ratio of 1740 ppb recorded at the nearby National Institute of Water and Atmospheric Research (NIWA) Baring Head Global Atmosphere Watch Programme station (World Data Centre for Greenhouse Gases; kishou.go.jp), with dissolved methane concentration expressed as a percentage of expected saturation. An example of the vertical profile data for dissolved methane and associated parameters is available in Supplementary Table S1 (Supplementary Material), with the data for all profiles available at the associated website.
2.4.2 Continuous dissolved methane measurement
The dissolved methane dataset was extended to greater temporal and spatial resolution by deployment of a METS Sensor (Franatech, Oslo, Norway). This sensor was used in two modes: i) attached to the CTD, which enabled comparison with discrete sample data so enabling sensor calibration at in situ temperature and pressure; and ii) mounted on the DTIS (Bowden et al., 2013), which generated detailed transects across the seep region in bottom waters between 2 and 8 m above the seafloor. Each CTD lateral tow was at slightly shallower depths (5–15 m above the seabed), with the CTD initially held for 5–10 min to allow equilibration of the METS sensor before towing commenced. The METS relies upon methane diffusion across a permeable membrane, with diffusion assisted by a pump head, and detection by semi-conductor technology. Methane adsorption results in a change in conductivity which is converted to voltage as an output signal, with temperature sensitivity accounted for by a separate voltage (Krabbenhoefft et al., 2010). As diffusion across the membrane is rate-limiting this results in a lag in METS response, which was corrected for by comparison with in situ discrete sample data. The METS working temperature minimum of +2°C and methane concentration sensitivity of ∼1 nmol L-1 were well suited to measurements in bottom waters along the Hikurangi Margin.
2.5 Dissolved inorganic carbon and total alkalinity
Bottom water collected in the Niskin bottles was subsampled into 1-L and 2-L glass bottles on selected CTD tows and profiles at seep and background stations for analysis of dissolved inorganic carbon (DIC) and total alkalinity (TA), respectively. The bottles were overflowed by 100%, with samples preserved by saturated mercuric chloride addition, sealed with parafilm and stored in the dark, with subsequent analysis in the laboratory. DIC concentration was determined coulometrically (Dickson et al., 2007) with an estimated accuracy and precision of ±1 μmol kg–1 based on repeat analysis of Dickson Certified Reference Materials. TA was determined by closed-cell potentiometric titration (Dickson et al., 2007), using a curve-fitting optimization with least squares analysis of the titration curve, with an estimated accuracy and precision ±2 μmol kg–1 also based on repeat analysis of Dickson Certified Reference Materials measurements. The DIC and TA data were used to calculate in situ pH on the total scale using in situ temperature, salinity and pressure and Mehrbach dissociation constants (Mehrbach et al., 1973), as refitted by Dickson and Millero (1987).
2.6 Dissolved methane carbon isotope analysis
Stable C isotope ratios of CO2 were measured using a GasBench II and GC-PAL autosampler coupled to a DELTA V Plus isotope ratio mass spectrometer (IRMS) (all Thermo Fisher Scientific, Bremen, Germany). Daily checks confirmed that IRMS linearity was <0.06‰ volt−1 for a known m/z 44 voltage span, and the standard deviation of δ13C values from 10 peaks of working standard CO2 was always <0.06‰. Values of sample δ13C were derived relative to the CO2 working standard gas introduced directly into the IRMS and corrected for 17O (Santrock et al., 1985) by Isodat software (version 3.0.94.17; Thermo Fisher Scientific, Bremen, Germany). Isotopic values were reported in δ-notation relative to the Vienna Pee Dee Belemnite scale. This approach was used for both dissolved methane (Section 2.6.1), and also for DIC in the potential oxidation rate measurement (Section 2.7).
2.6.1 Sample preparation for methane carbon isotope analysis
Seawater samples for dissolved δ13C-CH4 analysis were subsampled from the Niskin bottles into 285 mL glass serum bottles, poisoned with mercuric chloride and sealed with butyl rubber septa. Sample temperature was slowly raised to ambient temperature with a hypodermic needle inserted through the septa to allow water to expel during volume change. In the laboratory, a 15 mL headspace of ultra-high purity helium was introduced while withdrawing an equivalent volume of seawater to obtain a seawater:headspace volume ratio of 18, with the two phases equilibrated on a shaker for 30 min. Using a GasBench II and GC PAL autosampler (Thermo Fisher Scientific, Bremen, Germany) the headspace gas was purged at 20 mL min−1 in a helium carrier flow and directed through a series of in-line traps to remove water, carbon monoxide and CO2. A PreCon cold trap immersed in liquid N2 removed nitrous oxide before sample methane was trapped on a second PreCon automated cold trap comprised of 100 cm of coiled GS-Q capillary column (divinylbenzene (DVB), wide-bore 0.32 mm D; Agilent Technologies, United States) also held in liquid N2 (Yarnes, 2013). On removal of the second trap from the liquid N2 the methane was transferred into the helium carrier flow and combusted by passing through the PreCon combustion reactor (99.8% alumina, 1.6 mm outer diameter, 0.8 mm bore, 327 mm length; McDanel Ceramics, United States) at 1,000°C. After drying, the CO2 produced by methane combustion was cryo-focused in the GasBench II cold trap held in liquid N2, and then separated from residual gases by a chromatographic column (CP-PoraPLOT Q) at 70°C. C stable isotope analysis was as described above, with δ13C-CH4 from clean air from the Baring Head station used to correct sample δ13C-CH4 values (Paul et al., 2007).
2.7 Methane oxidation rate
Potential methane oxidation rate was measured in selected bottom water samples using 13C-CH4 addition, following the method of Leonte et al. (2017). Seawater was transferred from the Niskin bottle into 6 x 240 mL serum bottles for each depth sample, sealed with butyl rubber septa and aluminium seals, and placed in the dark at ambient bottom water temperature (2–2.5°C). Within three-five hours, four of the six serum bottles were injected with 50 µL 13C-CH4 mixed with 50 µL ambient air from a gas-tight syringe, during which the serum bottle was inverted and the rubber seal perforated by a separate needle to maintain atmospheric pressure in the bottle. The remaining two serum bottles were not amended and provided a time zero for the rate measurement. All bottles were gently agitated for 20 min on a wrist-action shaker, after which the four amended samples were incubated in the dark at ambient bottom water temperature for three-five days. The incubation was terminated at time zero, Day 2 and Day 4 by removal of 2 mL of water; this was injected into a 12 mL gas-tight glass vial sealed with a rubber septum previously flushed with high purity helium and containing 100 µL of phosphoric acid. In the laboratory, acidified samples were equilibrated overnight at 24°C, during which the CO2 released by acidification of DIC had equilibrated with the headspace. C stable isotope analysis was as described above in Section 2.6. Reference materials IAEA NBS-18 and IAEA-603 were used to normalize all δ13Cgas values (Paul et al., 2007). Values of δ13C-DIC were calculated from δ13Cgas values by accounting for the C stable isotope fractionation associated with the CO2 gas-aqueous partition (Assayag et al., 2006). Potential methane oxidation rate was determined by the transfer of 13C from the methane gas to DIC. Background in situ DIC concentrations were determined using the individual sample CO2 peak values generated by the GasBench II, calibrated against a subset of samples analysed by coulometry, as detailed in Section 2.5. Rates (nmol l−1 d−1, hereafter identified as nM d−1) were derived using the approach of Leonte et al. (2017), and are regarded as “potential” oxidation, reflecting the large 13C-CH4 addition relative to the background dissolved methane concentration.
2.8 Modelling
2.8.1 Near-field dispersion of dissolved methane in bottom water
A dynamic model of nearfield dispersion of dissolved methane around the Maungaroa seep was developed using Gerris, a semi-structured adaptive grid model for the solution of the non-hydrostatic Navier–Stokes equations (S. Popinet, http://gfs.sf.net; Rickard, 2020). The primary aim of the Gerris modelling was to estimate the source input of methane into the water column by assessing advection and diffusion of the methane tracer via fitting to the spatial and temporal transect observations. Dissolved methane was treated as a passive tracer and so was advected and diffused with the imposed flow. As Gerris is applicable to small scales it was appropriate for modelling dispersion of dissolved methane within a 1 km radius of the seep where most of the water sampling took place. The three-dimensional model domain spanned 2.25 km in each horizontal direction and 250 m in the vertical plane, with grid spacing over most of the domain of 7.8 m. The model incorporated advection associated with M2 tidal currents, as measured by the ADCP, with the seep methane assumed to be entrained within 50 m above the seafloor (see Results). The model was spun up for a number of M2 tidal cycles, thereby allowing the methane tracer to advect and diffuse across the domain, with two to four M2 tidal cycles producing tracer patterns that best fitted the observations. Using these best fits an “optimal” ratio of the observed maximum methane concentration to the Gerris model maximum was determined for each transect and profile, with the average ratio subsequently used to calculate methane emission.
2.8.2 Far-field dispersion of dissolved methane
The ROMS (Haidvogel et al., 2008) was used to simulate the advection of passive ‘dye’ tracers released at each of the five seep sites (Table 1) along the southern Hikurangi Margin over a period of 1 year. The model domain spans the continental shelf of the eastern North Island of New Zealand, from Cook Strait in the south to East Cape in the North, with a horizontal resolution of 2 km and 30 terrain-following vertical coordinates. The model bathymetry was constructed from various sources including the NIWA gridded bathymetry database, land elevation data, regional coastline data, and the General Bathymetric Chart of the Oceans (GEBCO) gridded ocean bathymetry. The model was initialized on 1 January 2013 with initial and boundary conditions derived from a global ocean reanalysis based on the Hybrid Coordinate Ocean Model (HYCOM; Chassignet et al., 2009). The global HYCOM product used provides daily snapshots of the 3-dimensional state of the global ocean on a 1/12° grid. Tidal currents were added to the HYCOM boundary conditions using amplitude and phase data for 13 tidal constituents derived from the New Zealand tidal model described by Walters et al. (2001). The ROMS simulation was forced at the surface with wind stress calculated from 3-hourly winds obtained from the 12 km New Zealand Limited Area Model (NZLAM; Lane et al., 2009). Heat and freshwater fluxes were obtained from six-hourly NCEP/NCAR reanalysis data with a horizonal resolution of 2.5° (Kalnay et al., 1996).
The passive tracer computational capabilities of ROMS were used to determine the dispersal of methane via a conservative dye tracer released in the bottom three grid cells (150–200 m above the bottom) at each of the five seep sites. The passive tracers were advected from the release locations following the same governing equations as temperature and salinity. The passive tracer has a unit concentration and was initialized from each location with a value of 100. To simulate a continuous release, the passive tracers were nudged back to a value of 100 at the release locations on a daily basis using a nudging coefficient of 0.05 days−1.
The calculated methane source function generated by the Gerris model was applied to the ROMS dye tracer to determine dispersion from the Maungaroa seep in bottom waters along the Hikurangi Margin. The ratio of the Gerris source function to an independent estimate of methane emission from hydroacoustic backscatter (Turco et al., 2022) was generated for Maungaroa, and then applied to the estimated methane emission from hydroacoustic backscatter for the other four sites (Turco et al., 2022) to re-evaluate the total emission from the five seeps.
3 RESULTS
3.1 Dissolved methane distribution
Analysis of the integrated discrete water sample and high-resolution sensor data determined that most of the dissolved methane was retained in bottom waters up to 200 m above the seafloor, although this was biased by the large number of sensor measurements obtained within 5 m of the seafloor. Dissolved methane concentration varied over four orders of magnitude, with maximum concentrations exceeding 2 μmol L-1 (supersaturation of 60,000 relative to atmospheric methane) at the Maungaroa and Uruti Ridge sites (Figure 2, Supplementary Table S1). The lower dissolved methane maximum at Glendhu Ridge may reflect that this site is characterized by a number of smaller dispersed seeps (Turco et al., 2022). All three sites showed methane undersaturation, indicative of methane oxidation, in the mid-water column at depths of 750–1,000 m for the shallower Uruti Ridge site and 1,000–1,500 m for the two deeper sites (Figure 2; Supplementary Table S1). Mid-water column methane concentrations were similar at the background and seep stations at Maungaroa, although elevated methane concentration of ∼20 nmol L-1 was evident at 1,600–1800 m at the background sites. All three sites exhibited a mean methane concentration of ∼4.5 nmol L−1 between 500 m and the surface, with a maximum of ∼12.5 nmol L−1 at a background site near Maungaroa. The near-surface methane supersaturation of <150% was consistent with previous regional surveys (Law et al., 2010), confirming low regional methane flux to the atmosphere. Although there was no evidence of seep methane reaching the surface, emissions from shallower seeps along the Hikurangi Margin may occur (Higgs et al., 2019). Alternatively, the low methane supersaturation in surface waters may be produced by methane phosphonate or methylotrophic pathways (Karl et al., 2008; Weller et al., 2013).
[image: Figure 2]FIGURE 2 | Vertical profiles of dissolved methane concentration (nmol/l) at the three seep sites: (A) Maungaroa, (B) Glendhu Ridge and (C) Uruti Ridge, with consistent depth and concentration scales used for comparison. The dashed line indicates the dissolved methane concentration expected from equilibrium with atmospheric methane. In (A) samples within 1 km of the Maungaroa seep are shown by blue circles, and those from background sites >1 km from the seep by open circles.
3.1.1 High resolution dissolved methane in bottom waters
Comparison of discrete sample and sensor data on three CTD tows at the Maungaroa seep (Figure 3) indicated that the sensor generally overestimated background dissolved methane concentration and underestimated high values. This was not surprising as diffusion limits the sensor response with equilibrium taking longer than exposure to the methane maximum during towing. This also resulted in a “memory” effect, with temporal smearing generating lower broad dissolved methane concentrations relative to the sharper and higher concentrations in the discrete bottle data (see Figure 3). Corrected in situ dissolved methane concentrations (CH4 insitu) were generated from the sensor data by applying the equation CH4 insitu = (CH4sens −2)1.15, which was derived from in situ calibration of the sensor relative to discrete bottom water samples. The limiting step of diffusion also caused a sensor response lag of ∼5–6 min, as confirmed by comparison of sensor and discrete sample data, and so the dissolved CH4 insitu was also corrected for this delay (Figure 3). However, the in situ temporal lag was shorter than in pre-voyage laboratory tests, potentially reflecting increased diffusion at the elevated in situ pressure in bottom water. Although the sensor “memory” could not be explicitly determined, the combined concentration and temporal corrections showed good agreement between the calculated CH4 insitu and the bottle data (Figures 3A, B), with some indication of smearing following the methane maxima.
[image: Figure 3]FIGURE 3 | (A,B) CTD-sensor transects in bottom waters 5 m above the seafloor at Maungaroa, showing dissolved methane concentration (nmol/L) as determined by the sensor (CH4 sens, dashed line), and discrete Niskin samples (open circles), overlain by the corrected sensor data (CH4 insitu, black lines). The y-axis indicates the duration of the sensor tow in hours.
The lateral distribution of dissolved methane at Maungaroa was determined by a series of transects carried out with reference to the seep location and also elevated backscatter, which indicated the presence of authigenic carbonates formed by precipitation that is characteristic of seeps along the Hikurangi Margin (Figure 4C; Bowden et al., 2013; Crutchley et al., 2021). In two of the CTD transects dissolved methane associated with the bubble plume reached a water column depth of ∼1,600 m with lateral transport to the north-east (towards 4 in Figure 4B). Retention in bottom waters occurred, with over 50% of total dissolved methane within 50 m of the seafloor and 75% in the bottom 200 m. This largely reflects rapid diffusion of methane out of the bubbles (McGinnis et al., 2006), which is then transferred laterally in dissolved form by bottom currents. This may be supplemented by dissolved methane in fluid release at the seafloor (Krabbenhoeff et al., 2010), although these two sources are indistinguishable with the techniques employed in the current study.
[image: Figure 4]FIGURE 4 | Contour plots showing the vertical distribution of dissolved methane concentration (nmol L−1, see colour bar) below 1,000 m water depth along: (A) a NW–SE transect (1–2), and (B) a SW-NE transect (3–4) across the Maungaroa seep, with sample depths indicated by the black dots. (C) shows the spatial distribution of dissolved methane (nmol/l, see key), from discrete bottle samples (triangles) and sensor measurements (circles), overlain on subsurface backscatter around the Maungaroa seep, with transects 1–2 and 3–4 and mooring location (red dot) identified. The elevated backscatter in the upper right of (C) is an artefact related to swell or outer beam noise. (A,B) were created using Ocean Data View (Schlitzer, 2021), and the spatial plot (C) using ArcGIS.
3.2 Bottom water currents and properties
Regional circulation in the water column overlying the Maungaroa Seep is influenced by eddies and mixing between the northward-flowing Southland Current and the D'Urville Current which flows through the Cook Strait. This generates the Wairarapa Coastal Current (WCC), a relatively cool northward flow along the outer shelf and upper slope (Figure 5D), inshore of the southward-flowing East Cape Current (ECC, Chiswell, 2003). The observed salinity variation between 200 m and 400 m (Figure 5C) likely reflects variability in the relative contributions of the Southland Current, ECC and D’Urville Current between sampling profiles. Below this the Antarctic Intermediate Water (AAIW) is evident as a salinity minimum around 1,000 m depth, with salinity increasing to the seafloor in Pacific Deep Water (PDW).
[image: Figure 5]FIGURE 5 | Water column profiles at Maungaroa showing: (A) methane concentration (nmol/l), from discrete samples (blue symbols), and corrected sensor data (CH4 insitu, black points between 2070 and 2080 m depth), with bin average methane concentration (black line), (B) buoyancy frequency squared N2 (20 m bin average), (C) salinity and (D) temperature at 1 m resolution from 12 separate vertical profiles. The inset (E) shows the bubble plume at the Maungaroa seep, as imaged by the 38 kHz channel in the multibeam data (reproduced with permission from Turco et al., 2022). All profiles and inset are scaled to the same vertical depth range.
The mean Buoyancy Frequency squared (N2) profile showed strongest vertical stratification between 250 m and 400 m depth at the base of the WCC (Figure 5B), and then decreased to the core of the AAIW at 1,000 m depth. N2 subsequently increased to ∼1,250 m depth, at the interface between the AAIW and PDW, before decreasing again to the seafloor. Comparison with the dissolved methane profile at Maungaroa (Figure 5A; also Figures 4A, B) suggests that water column structure and stability have a limited influence on vertical dissolved methane distribution. The bubble plume extended to a water column depth of ∼1,000 m, shallower than the mid-water column stratification maximum at 1,250 m (compare Figures 5B, E), whereas dissolved methane was largely retained below 1,500 m where there was no corresponding N2 maximum (compare Figures 5A, B). The absence of near-seafloor stratification (Figure 5B) is in contrast to Opouawe Bank nearby, where dissolved methane from a shallower seep (depth of ∼1,080 m) was constrained by elevated N2 just above the seafloor (Law et al., 2010).
The mooring at Maungaroa was located less than 100 m from the seep centre, with sensor measurements at 15 m above the seafloor. The ADCP recorded relatively low currents (<0.15 m s−1), with north-easterly flow dominating and tidal currents running along the shelf parallel to the coast (Supplementary Figure S1). Fitting of M2 tides confirmed that tidal forcing was the dominant factor, despite an apparent anomaly in flow direction on Day 2. The tidal influence was also apparent in bottom water temperature and salinity, which showed an inverse relationship and variability of <0.2°C and 0.02 ppt, respectively, over the 5-day period. Dissolved O2 concentration showed minor variation of <2 μmol L-1 relative to a bottom water mean of 152.5–155 μmol L-1 (44.8%–45.5% saturation with respect to the atmosphere). This variability primarily reflected temperature-related variation in solubility and there was no temperature or dissolved O2 signal associated with the seep plume (Supplementary Figure S1), as reported in a previous regional study (Krabbenhoefft et al., 2010).
3.3 Modelled near-field methane distribution
The modelled methane was scaled by reference to the observed dissolved methane concentration in bottom waters within a 1 km radius around the seep using the Gerris model to estimate the methane source function, which was then converted to a flux by applying this to a source volume. Figures 6A, B show two sensor tows that crossed the Maungaroa seep, with the modelled distribution at the corresponding tidal state shown in Figures 6C, D. Overlaying the transects in Figures 6C, D highlights the overriding influence of the tidal cycle on the spatial distribution of seep-derived methane in bottom waters; despite both transects passing within 50 m of the seep, the modelled methane concentrations and distribution differ markedly due to the tidal state, as shown in the corresponding model simulations.
[image: Figure 6]FIGURE 6 | (A,B) Bottom water methane concentration (nM, blue line) and temperature (oC, red line) during two sensor transects across the Maungaroa seep, shown against time (UTC) on the x-axis. (C,D) show the corresponding dissolved methane distribution in bottom water, based on data obtained in A and B, respectively, as generated by the Gerris model at 2.5 and 3.0 tidal cycles. The seep location is indicated by the white triangle, the sensor transects by the continuous black line, and the modelled dissolved methane concentration by colour corresponding to the underlying colour bar. The white arrows show the tidal flow vectors at the time of the concentration contour snapshot in each frame, to indicate how flow influences dispersal. The total domain is 2.25 km x 2.25 km, with the numbers on the x- and y-axis corresponding to increments of 250 m.
The footprint of the seep was assessed using different approaches. Previous measurement of water column backscatter indicated a seep footprint of ∼200 m2 at Maungaroa (Crutchley et al., 2021), although this is likely an overestimate as the bubble plume will be dispersed over a broader area by bottom currents and advection relative to the actual seafloor release area. An alternative approach to estimating seep spatial extent utilized the decline in meiobenthos abundance from the seep centre to background (D. Leduc, pers. comm.) which provided a horizontal length scale of ∼50 m. As the latter estimate is consistent with the length scale reported for active fluid release at seeps along the Hikurangi Margin (Klaucke et al., 2010), a footprint of 50 m x 50 m was applied with the Gerris simulation, to generate a source function of 4.7 x 10−6 mol m−3 s−1 methane, and so an annual methane emission of 3 x 105 kg at the Maungaroa seep.
3.3.1 Modelled far-field dispersion of dissolved methane
ROMS-simulated bottom water currents were comparable with the ADCP currents in strength (<0.15 m s−1) and direction, with north-easterly and south-easterly flow combining with tides to generate a net north-easterly advection (Figure 7A). Dye tracer released at the Maungaroa seep site in the ROMS simulation advected along the 2000 m isobath a maximum distance of ∼87 km north-east of the seep location over 1 year. Scaling the ROMS tracer concentration to the Gerris-derived source function showed that modelled methane concentration was highest in a plume extending north-east of the seep centre (Figure 7B), but this declined sharply, falling below 500 and 200 nmol L−1 within 10 and 20 km of the seep location, respectively, with a total plume surface area of 4,000 km2 after 1 year (see Supplementary Table S2).
[image: Figure 7]FIGURE 7 | (A) Rose of current speed (m/s) averaged over a polygon spanning the methane seep locations. (B) Time-averaged dissolved methane concentration (mmol m−3) for Maungaroa for the simulation period 1 January 2013–16 December 2013, with the turquoise, blue and green concentric circles indicating radii of 5 km, 10 km and 20 km from the release point, respectively. The modelled dissolved methane concentration is shown on the colour bar, with isobaths indicated by the grey contours.
The ROMS model was subsequently applied across the south-east Hikurangi Margin to assess plume dispersion for the four other cold seeps, characterized by Turco et al. (2022); see Table 1). Although the tracer was advected primarily to the north-east at Maungaroa (Figures 7, 8), individual snapshots of tracer concentration over the simulation period showed that some seep plumes advected south-west on occasions (Figure 9). Lateral plume dispersion varied between seeps, with the tracer released at Pahaua Bank advecting a maximum distance of 104 km between the 1,000 m and 2000 m isobaths, in contrast to the shallower Uruti Ridge site, where dispersal was only 50 km within a year. At all sites elevated dye concentration (>0.25%) was generally constrained within 10 km of the release location, although elevated tracer plumes occasionally extended 50 km from the release site (Figure 9).
[image: Figure 8]FIGURE 8 | Time-averaged concentration of dye tracer at the five seep locations on the south-east Hikurangi Margin for the period 1 January 2013–16 December 2013. The blue and green circles show radii of 10 and 20 km, respectively, from the release point at each seep. Dye tracer is shown as a percentage relative to 1.0 at the source location, as indicated in the colour bar, with isobaths indicated by the grey contours.
[image: Figure 9]FIGURE 9 | (A–D) Daily snapshots of dye tracer concentration on the south-east Hikurangi Margin at four different timepoints between 1 January 2013 and 16 December 2013. The blue and green circles indicate radii of 10 and 20 km, respectively, from the release point at each location. Dye tracer is shown as a percentage relative to 1.0 at the source location, as indicated in the colour bar, with isobaths indicated by the grey contours.
The extent of the dye tracer footprint for each seep plume was estimated based on a polygon enclosed by the contour associated with a dye concentration of 0.005. After 1 year the surface area of the individual dye tracer plumes ranged from 2,370 to 4,000 km2 (Supplementary Table S2). The modelled vertical plume dispersal extended 1,000 m above the seafloor, resulting in a combined plume volume for the five seeps of 3,500 km3 (Supplementary Table S3). The combination of reversing tidal currents, the relative proximity of seeps and their co-location primarily at similar depths resulted in overlap of the tracer plumes from individual seeps. This is evident as extended plumes of elevated tracer concentration (>0.25%) beyond 20 km from the seep location on occasions, such as for Maungaroa and Glendhu Ridge in September 2013 (Figure 9C). The ratio of the Gerris model flux estimate to the hydroacoustic flux estimate for Maungaroa (Turco et al., 2022) was then applied to the other seeps in Table 1 to generate a total methane flux for the five seeps of 0.4–3.2 x 106 kg CH4 y-1. Extrapolating this estimate using the approach of Turco et al. (2022) to all seeps across the Hikurangi Margin (Watson et al., 2020) results in a total methane emission of 1.1–10.9 x 107 kg CH4 y-1.
3.4 Potential methane oxidation rate
Measurements in 15 bottom water samples obtained within 1 km of the three seep sites (Maungaroa, Uruti Ridge and Glendhu Ridge) generated potential methane oxidation rates of 1.79 ± 0.64 nM d−1 (Supplementary Figure S2). Rates were relatively insensitive to bottom water DIC concentration (mean 2058.1 [image: image] mol kg-1), and also showed no trend with distance from seep location or between the three seeps. In addition, there was no relationship between potential oxidation rate and in situ methane concentration, despite three orders of magnitude variation in the latter (Supplementary Figure S2).
3.5 Dissolved δ13C-CH4
Hydrates release methane with a characteristic low stable isotope (δ13C-CH4) value that results from fractionation during bacterial methanogenesis (Reeburgh, 2007), and consequently elevated methane concentrations in bottom water overlying the Hikurangi Margin seeps were associated with low δ13C-CH4. The three seep sites showed a similar relationship between dissolved methane concentration and δ13C-CH4 in waters between 1,000 m depth and the seafloor (Figure 10A), suggesting that there was no significant differences in either the source or processing of methane in bottom waters at the three sites. However, the more extensive dataset obtained at Maungaroa showed greater variability than the other two sites. Analysis of data from this site for the bottom 200 m of water, where most seep methane was retained (Figures 4, 5), showed a linear relationship between methane concentration and δ13C-CH4 (Figure 10B), as would be expected for lateral mixing of seep-derived methane with background water. However, variability precluded identification of end-member values, and indicated the influence of other factors.
[image: Figure 10]FIGURE 10 | (A) The relationship between dissolved methane concentration (nmol L−1) and δ13C-CH4 values (‰) at depths >1,000 m for the three main seep sites, with the fits indicated by dotted lines and corresponding color for each seep (see key) (B) Dissolved methane concentration - δ13C-CH4 relationship for Maungaroa in bottom water up to 200 m above the seafloor, with the dashed line indicating the mean linear fit.
4 DISCUSSION
4.1 Methane emissions
Integration of in situ measurements in the Gerris model and ROMS simulation provided a new approach to estimating methane seep emissions on the Hikurangi Margin. The resulting methane flux for the Maungaroa seep of 3 x 105 kg CH4 y-1 is 4%–12% of a previous estimate of 2.5–7.2 × 106 kg CH4 y-1 derived from hydroacoustic data (Turco et al., 2022). These different estimates reflect methodological assumptions and uncertainties, as described in Turco et al. (2022) and other studies (Mitchell, et al., 2022). The hydroacoustic calculation likely overestimates the flux, as diffusive loss of methane during bubble rise (McGinnis et al., 2006) was not accounted for, whereas the Gerris model included uncertainty regarding the spatial dimensions of the methane source (see Section 3.3). The dissolved methane measurements in this study may also have included fluid input, although previous regional studies indicate that fluid release is relatively minor in relation to free gas (Luo et al., 2016). Although emissions from seeps are generally consistent in terms of location and magnitude on the Hikurangi Margin (Law et al., 2010), temporal variation in emissions has been reported (Naudts et al., 2010). Consequently, the emission estimates in this study and that of Turco et al. (2022) provide boundaries on annual methane emissions at Maungaroa of 0.3–7.2 x 106 kg CH4 y-1. This estimate is high relative to other seeps on Hikurangi Margin, for which annual emissions range from 102 to 104 kg CH4 y-1 (Naudts et al., 2010; Luo et al., 2016), but is consistent with a first order estimate derived from hydroacoustic data and residence time for the Opouawe Bank seep located at a shallower depth close to Maungaroa (4.9–9.8 x 105 kg CH4 y-1, Law et al., 2010). The revised methane emission for the entire Hikurangi Margin, of 1.1–10.9 x 107 kg CH4 y-1, is equivalent to 0.8%–7.9% of New Zealand terrestrial emissions (Ministry for Environment, 2022), and of similar magnitude to the calculated air-sea methane flux for the entire New Zealand Exclusive Economic Zone (4.1 x 107 kg y−1, based upon 130% surface supersaturation; Law et al., 2010). This highlights the critical role of horizontal dilution and the pelagic methane filter in minimizing transfer of seep-derived methane to the atmosphere.
4.2 The relative roles of methane oxidation and dispersion
A primary aim of this study was to distinguish the relative contributions of dilution and methanotrophy in determining the distribution and concentration of methane in bottom waters along the Hikurangi Margin. The observed decrease in methane concentration in the vicinity of the seep, and corresponding diffusion and advection in the Gerris model, indicate dilution of two orders of magnitude. The equivalent dilution rate of ∼1 mol m-3 d−1 is considerably larger than the measured potential oxidation rate of ∼2 x 10−6 mol m−3 d−1 and, consequently, advection and dilution are the dominant determinants of methane concentration for the volume of interest and timescales of days in this study.
However, methanotrophy is an important sink for dissolved methane that not only reduces methane concentrations in the deep ocean but also flux to the atmosphere (Mao et al., 2022). The potential contribution of methanotrophy in this study was examined by two independent techniques: measurement of potential oxidation rate in isotope tracer incubations and interpretation of the dissolved δ13C-CH4 values in bottom waters. The potential oxidation rates were relatively invariant, despite being sampled from within the seep plume through to background locations at all three seep sites (Supplementary Figure S2). This uniformity could reflect tidal retention in bottom waters along the shelf (Figure 9), resulting in a homogenised methanotroph community with uniform oxidation capacity. Although the potential oxidation rate technique relies upon addition of isotopic tracer at concentrations in excess of in situ methane concentrations (Leonte et al., 2018), the observed range and low variability are similar to rates reported at other seeps (5.6 ± 2.3 nM d−1; Leonte et al., 2017; 0–3 nM d−1; Graves et al., 2015; 0–2.5 nM d−1; Weinstein et al., 2016), and marine systems (0–2.5 nM d−1, Steinle et al., 2015; Osudar et al., 2015; 1–10 nM d−1; Mau et al., 2013; 0.01–7.5 nM d−1; Mao et al., 2022). This consistency is surprising, considering the range of environments and ambient methane concentrations, and also the different techniques used to measure methane oxidation. However, it should be noted that rate measurements in this and other studies were predominately carried out at atmospheric pressure, which may alter microbial metabolism and so methane oxidation, relative to that at in situ pressure in the deep ocean (Fortunato et al., 2021).
The absence of a relationship between potential oxidation rate and in situ methane concentration, despite three orders of magnitude variation in the latter (Supplementary Figure S2), has been reported in other studies. However, a first-order relationship has also been reported for some hydrate seeps (Valentine et al., 2001), and hydrothermal plumes (de Angelis et al., 1993), with strong evidence from the Deep Water Horizon wellhead blowout in the Gulf of Mexico after which rates rose by four orders of magnitude (Crespo-Medina et al., 2014). Methanotrophic response is slow (Valentine et al., 2001), with rates increasing ∼1–2 months after methane addition and reaching a maximum after 3–4 months, as confirmed by modelling, oxidation rate and in situ O2 measurements in the Gulf of Mexico (Kessler et al., 2011; Du and Kessler, 2012; Crespo-Medina et al., 2014). This may reflect slow adjustment of methanotroph metabolism or alternatively adaptation at the community level to elevated methane, which may account for the absence of a relationship between oxidation rate and in situ dissolved methane concentration (Supplementary Figure S2). Alternatively, this lag may reflect other controls of methane oxidation (Steinle et al., 2016), as suggested by shorter response times to methane addition at near-seep sites relative to sites at distance (Chan et al., 2019). As dilution was excluded in the Chan et al. study, the results suggest that near-seep methanotrophs were primed by prior exposure to elevated methane, or alternatively availability of a limiting factor such as trace metals or macronutrients (De Angelis et al., 1993; Beal et al., 2009).
The relatively constant potential oxidation rate across three orders of magnitude in dissolved methane concentration in this study resulted in a range in turnover time of 6–1,000 days, consistent with other systems (7–560 days, De Angelis et al., 1993; 3–1,000 days; Osudar et al., 2015; 500 days to decades; Valentine et al., 2001). However, shorter turnover times have been recorded at seeps where mixing and circulation is constrained (0.3–3.7 days, Leonte et al., 2017; 1.3–24.0 days; Weinstein et al., 2016). Indeed, residence time is an important determinant of methane oxidation rate, with regional geomorphology, seasonal and water mass variation influencing methanotroph distribution, abundance and activity via dilution and current flow (Steinle et al., 2016; Gründger et al., 2021). The Maungaroa seep is located on a relatively flat ridge on the Hikurangi Margin (Turco et al., 2022), without canyons or seafloor morphology that might enhance regional retention and entrainment of bottom water, and so accumulation of dissolved methane, and thus methane oxidation, might be expected to be low. Although this is supported by the linear relationship between methane concentration and δ13C-CH4 in bottom waters, other influences are also apparent (Figure 10B). This may reflect tidal circulation and entrainment of methane in the vicinity of the seep, as visualized in the Gerris and ROMS model simulations (Figures 6 and 9), with fresh seep methane of lower δ13C-CH4 mixing with recirculated “older” methane with higher δ13C-CH4 values due to oxidation. Despite potential methane oxidation rates being low (Supplementary Figure S2) relative to mixing, local retention could enhance methanotroph adaptation to elevated methane, resulting in higher δ13C-CH4 values. Conversely, the variability at Maungaroa in Figure 10B may arise due to methane input from other regional seeps, as illustrated in the ROMS simulation in Figure 9. Methane release from hydrates will not have a uniform regional isotopic value but will vary between sites. In addition, thermogenic methane input has been reported for the Hikurangi Margin (Henrys et al., 2009), which could be a source of methane with higher δ13C-CH4. Although tidal circulation of bottom waters may increase methane oxidation and mixing with methane from other sources this also confounds determination of their relative contribution to local methane dynamics.
4.3 Potential influence of methane emissions on water column biogeochemistry
Methane oxidation provides a source of energy and C for methanotroph growth (Hanson and Hanson, 1996), and ultimately produces CO2 whilst consuming O2. This is reflected in the elevated O2 consumption in seafloor seep communities relative to non-seep benthos (Boetius and Wenzhöfer, 2013), that arises directly from methanotrophy and indirectly from chemosynthetically-supported benthic communities. However, there was no evidence of the Hikurangi Margin seeps influencing bottom water O2 concentrations in either the mooring data (Supplementary Figure S1) or CTD profiles (data not shown), and the measured potential methane oxidation rates would have negligible effect on bottom water O2. If the total methane release by the five seeps was completely oxidized within the modeled plume volume (90% of dye tracer, ∼1,000 km3) within 1 year, the decrease in dissolved O2 concentration would be <0.3%. This assumes utilization of 2 mol of O2 during methanotrophy and so conversion of all methane-fueled biomass to CO2 (Chan et al., 2019), with resulting CO2 production of <0.2 μmol L-1 and a corresponding decrease in pH of <0.002 relative to a background of 7.87. This minor influence is consistent with observations at the Hudson Canyon seeps, where aerobic methane oxidation accounted for only 0.3% of observed changes in DIC (Garcia-Tigreros and Kessler, 2018). A previous estimate based upon all Hikurangi Margin seeps suggested a greater impact of methane oxidation on dissolved O2 and the carbonate system (Turco et al., 2022), but this was derived using a higher seep methane flux and also did not consider dilution and dispersion. Although the current assessment indicates negligible impact of seep methane on bottom water biogeochemistry it does not account for superimposition of plumes from different seeps along the Hikurangi Margin, as shown in Figure 9, which may result in localized impacts. For example, oxidation of seep methane in overlapping plumes could generate localized decreases of 0.53% in dissolved O2 concentration and 0.005 in pH. These localized methanotrophy-driven decreases would compound the current low dissolved O2 saturation in deep water along the Hikurangi Margin, and contribute to ongoing deoxygenation and carbonate saturation horizon shoaling (Feely et al., 2012; Oschlies et al., 2018).
4.4 Characterizing seep dispersal using hydrodynamic models
This study highlights the value of assessing the influence of methane seeps on bottom waters by integrating observations within a hydrodynamic framework. Although bottom water currents confound characterization of dissolved methane distribution around a seep, as illustrated in Figure 6, tidal dispersion and dilution was accounted for in a Gerris model. The ROMS model subsequently simulated methane concentration and distribution using the source function and location generated by the Gerris model but did not include loss to methane oxidation. Although rate measurements indicate that this process is insignificant relative to dispersion, further model development should incorporate methane oxidation, informed by measurements along the Hikurangi Margin to investigate the apparent uniformity in rate and also establish the relative contribution of oxidation to bottom water methane dynamics. The superimposition of multiple seeps could be further examined by applying the ROMS framework to the full suite of seeps along the Hikurangi Margin (Watson et al., 2020). As with many global studies, methane release from seeps is not apparent in surface waters along the Hikurangi Margin, except for some shallow seeps (Higgs et al., 2019); however, there is the potential for transfer via vertical mixing associated with geomorphological features and eddies. Application of the ROMS model framework to the broader shelf region could determine whether this represents a “shortcut” for seep methane transfer to surface waters and flux to the atmosphere along the Hikurangi Margin. The ROMS simulation also suggests that tidal retention and superimposition of plumes may facilitate connectivity between seeps, which should be examined with respect to larval dispersion and connectivity between seep populations (Levin et al., 2016) along the broader Hikurangi Margin. In addition, integration of regional hydrodynamic models with Earth System Models (Rickard et al., 2023) could examine future climate-driven changes in bottom water and the associated biogeochemical impacts along the Hikurangi Margin.
5 CONCLUSION
Integration of methane data in a ROMS simulation established the methane source strength of five cold seeps on the south-eastern slope of the Hikurangi Margin. Although the combined methane plumes dispersed over a volume of 3,500 km3 and depth of 1,000 m over a year, elevated concentrations were largely restricted to bottom waters 20 km downstream of the seep location. Potential methane oxidation rates were low and invariant in bottom waters, regardless of dissolved methane concentration, indicating slow turnover of dissolved methane. Despite dilution being orders of magnitude greater than aerobic oxidation, δ13C-CH4 values showed some variability in bottom waters, reflecting a potential contribution of methane oxidation or other sources. The total methane release was revised to 0.4–3.2 x 106 kg CH4 y-1 for the five seeps, and 1.1–10.9 x 107 kg CH4 y-1 for the entire Hikurangi Margin, equivalent to the estimated air-sea flux for the entire Exclusive Economic Zone but less than 8% of New Zealand terrestrial emissions. Oxidation of total annual emissions from the five seeps would not significantly affect bottom water O2, CO2 and pH; however, superimposition of plumes from different seeps could support localised maxima in methane and methanotrophy in bottom waters. Integration of methane concentration within a hydrodynamic framework provides insight into the relative roles of dilution and oxidation in determining dissolved methane concentration in bottom waters, and also an approach for assessing the contribution to and sensitivity of cold seeps to climate change.
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Ning et al. (2009)
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Monma et al. (1996)
2010-2 2010 May 123'50.992'E 2451.661'N 1,596 | Hatoma Knoll
Watanabe et al. (1999)
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Acre Complete e

OSR organoclastic sulfate reduction

ME ‘methanogenesis

AOM anaerobic oxidation of methane

cp carbonate precipitation

Hy-ME hydrogenotrophic methanogenesis
AcME acetoclastic methanogenesis

Ac-SR acetoclastic sulfate reduction

formate-SR formate mediated sulfate reduction

Ac-CR acetogenic CO; reduction
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Acetate Formate

Site Depth interval hloride Bromide monia Alk

‘ correlation with chloride

A22 below SMTZ (2.3 mbsf) 1.00 - 092 - 087 - 030 -074 -053

242 below SMTZ (1.6 mbsf) 099 -039 - 096 0.66 013 059

correlation with acetate

A22 above SMTZ -029 -0.09 051 047 057 053
below SMTZ - 074 -073 063 070 0.80 | 066
242 above SMTZ - 015 - 005 028 0.19 0.12 008
below SMTZ 013 0.09 068 - 002 0.89 080
F6-3 at all depth - 041 -012 - 007 049 -012 002
c2 at all depth -017 | - 030 - 004 061 - 047 068

correlation with DOC

A22 above SMTZ - 044 -019 055 071 057 033
below SMTZ -030 -029 017 037 080 [ 061

242 above SMTZ -018 - 024 052 0.64 012 -038
below SMTZ 0.66 059 069 - 0.69 092 [ 094

F6-3 at all depth 035 0.19 061 -023 -012 061

c2 at all depth 031 074 077 - 026 - 047 - 048
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Site A2:

Site

Depthintegrated rate

Above SMTZ

DOC consumption

OSR 294 120 09

ME 06 | 03 0.0

DOC production | 67.1 [ 246 19"

k Ammonium production 120 [ 44 0.1
Below SMTZ [

DOC consumption

OSR 37 11 01

M 67 | 37 01
DOC production 209 | 96 04
Ammonium production 38 17 03

Bromide production 07 | 03 00
Flux from depth [
DOC 43 47 -0.6"
Bromide 32 42 -0.1°
Ammonium 43 44 -0.9"
Benthic DOC flux 18 05 -00°

“The DOC, production rate could be under estimated because the simulation result could not fit the profile of DOC, at the interval of 10-100 cmbsf (Figure 3).
“The minus symbol indicates the downward direction.
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ORI-1118

‘ 21° 49.07"

Longitude Latitude Location
A22 120° 33.48' l 21°49.63' western center
242 120° 33.28' ‘ 2004966 | souther center
F6-3 120° 33.34' l 21° 49.24' lower flank
2 120° 33.27' | 7margin
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Hydrothermal ~ Mean Mean Mean Area Area  Volume Volume & Tonnage Tonnage Surface Hydrothermal
area slope slope slope (m?) (m?)? (m*) (m3? (MY (Mt mineralization®  activity—max
along-  cross- "
axis axis
TAG active West TAG 287 | 269-316 244-29.1 37399 | 39,693 | 613926 647,330 215 227 Sulfide Active
mound active HT-365°C
mound
#11 West TAG 5343 | 11979 | 30497 | 62000 | 0.1 022 Oxide
active
‘mound
Total 2,742 644,422 226 249
MIR MIR zone 233 | 194234 175-23.7 90914 | 106128 | 972467 1559520 340 5.6 Sulfide and Active
oxide LT-29°C
MIR #2 MIR zone 317 3124 10,194 0.04 Oxide Inferred
activity
MIR #3 (#29) | MIR zone 307 | 23.6-284 299-31.8 5218 | 8584 | 34717 66950 0.2 023 Oxide
MIR #4 MIR zone 18.0 1,340 894 0.003 Sulfide
MIR #5 MIR zone 16.8 71 595 0.002 Sulfide
MIR #6 MIR zone 233 1,018 2562 001 Oxide
MIR #7 MIR zone 218 3,168 7878 0.03 Oxide
Total 1,05,494 880,527 3.08 5.69
Abyss NAUTILE 255 | 18.6-24.6 280-30.3 42517 | 36160 | 3,59033 | 463840 126 162 Oxide Active
zone LT-10°C
Menez Du NAUTILE 218 12,886 61,148 021 Oxide
zone
MenezDu2 | NAUTILE 239 21479 72,849 025 Oxide Active
zone LT-19°C
MenezDu3 | NAUTILE 4,645 9463 003 Oxide
zone
MenezDud | NAUTILE 2,722 8,398 0.03 Oxide
zone
Total 84,250 5,10,890 179 162
Ronamound | ALVIN 293 | 194-207 238-234 4,639 | 16501 | 25896 | 109650  0.09 038 Sulfide Weakly
zone active-3°C
Double ALVIN 27.1 | 283-318| 20.3-343 61448 | 44,126 | 808767 | 586310 283 205 Sulfide
mound zone
Southern ALVIN 250 | 220-27.0) 28.1-287 81,89 | 78,867 | 1257954 1221,350 4.40 427 Sulfide Inferred
mound zone activity!
Shinkai ALVIN 332 | 323-377) 261-310 42,698 | 48938 | 858830 945040 301 331 Sulfide
zone
Newmound | ALVIN 310 5061 | 4580 | 26756 | 27440 | 0.09 0.10 Sulfide
2 zone
Newmound | ALVIN 362 7552 | 7.838 | 72070 | 76000 | 025 027 Sulfide
3 zone
Mont de ALVIN 264 3806 | 2667 | 8088 | 8900 | 0.03 0.03 Sulfide
Reliques zone
Cyana (#24) | ALVIN 255 | 246-30.9 261-30.1 15921 7405 | 106641 | 40200 | 037 014 Oxide
zone
Total 2,23,019 31,65,00 108 1055
Shimmering | Shimmering | 33.0 17,404 | 40792 | 2,99401 | 502520 1.05 176 Oxide Active
#1° zone LT-26°C
Shimmering | Shimmering | 23.0 | 242-299 224-224 36851 2,73463 096 Oxide Active
#2 zone LT-14°C
Shimmering | Shimmering | 23.0 | 22.4-289 249-274 20433 1,00824 038 Oxide
# zone
Shimmering | Shimmering = 172 | 169-22.4 253-268 23,380 1,55,328 054 Oxide Active
# zone LT-14°C
Shimmering | Shimmering | 25.1 2,144 3477 0.01 Oxide
# zone
Total 1,00,212 8,41,494 295 176
Total TAG field 555,717 50,42,331 2115 | 2211

"This study; *Graber et al. (2020); *Nature of the dominant surface mineralization; *Murton et al. (2019).
Area calculated in ' and ? is plain area (m?).
*Shimmering mound defined by Graber et al. (2020) correspond to Shimmering#1 and part of Shimmering#2.
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Tool No.  Latitude [N] depth [m]  Core length [cm] TOC  Alkal

POSI99 213631 G W’ 1736956’ 1857 300 X x x
078 203022 Gen w2’ 1737013 1856 205 x x X x x x x x
078 ksl MU | aw2a 1737109 1856 3 x X ox x

so7s 243701 G w2362 1736749’ 1887 2 x x xox x x

so78 w6l MUCH | 3123ss’ 1736999’ L8 1 x x| = x

so7s 213762 Gess. w238 1737000 1858 254 x x X ox x x x x
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OPS/images/fmars.2023.1156918/table1.jpg
Latitude  Longitude Water Total Core SMT Seismic

R Remark
(°N) (43 Depth (m) Length (m) Depth (mbsf)  Characteristic
1:363] 35.7681 130.0339 1,054 7.67 19
16GH- “*MDAC
P3 found
16GH: 35.7683 130.0339 1,050 7.70 "
P3*A
T Chimney
16GH- MDAC
35.6908 130.3433 916 695 25
16GH- | PV not found
£ 16GH- MDAC
35.6909 130.3403 902 7.70 —
P4A found
1:?3' 35.7992 130.2361 1,187 7.75 43
16GH-
B 16GH-
35.7993 130.2361 1,187 7.48 —
PIA
. MDAC
Non-chimney
16GH- not found
BT 35.6915 130.3503 926 7.10 2.7
16GH-
P5
16GH-
PoA 35.6909 130.3498 925 747 —

*W: core for geochemical study, A: core for sedimentological study.
., : no data.
*** MDAC: methane-derived authigenic carbonate.
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Morphotectonic region

Minimum depth 101 39 81 54

1st Quartile 145 170 274 361
Median 264 329 470 636
3rd Quartile 777 579 598 989
Maximum depth 1,581 1,820 2,656 3,074
QR 632 409 324 626
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Name  Longitude Latitude Top Max. Max. Local Max. Basis of the location and characteristics of mud

depth depth inclination Diameter volcanoes
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etection limit S1 S2 S3 sS4 S5 Mean Hydrogenetic Fe-Mn crust:

0.1 140 72 106 158 48 104 175
0.1 184 111 170 21 45 146 209
0.1 572 s | a0 775 182 502 700
0.02 378 204 351 453 92 296 34
0.1 160 90 152 187 39 s 147
003 319 175 300 368 81 us | 28
0.02 83 44 73 95 23 64 75
I 0.05 358 199 326 415 95 279 35
001 55 31 50 63 15 42 56
0.05 329 183 299 384 94 58 | 359
001 68 37 57 78 20 52 81
0.03 19.0 103 158 218 58 145 251
001 26 14 21 30 08 20 36
0.03 162 86 126 187 53 123 244
001 26 13 19 29 09 19 38
L115 811 979 1415 320 o8 1,267
993 | 744 874 1274 285 g4 1125
121 67 106 140 35 94 142
LREE/HREE 819 1118 828 9.08 814 890 7.90
8Ce [ 1.65 [ 253 150 18 214 194 207
Lagn/Ybsy 077 0.86 091 0.80 058 078 058

Note: § Ce = 2Cesy/(Lasy + Prsx), Ces, Lagy, and Proy are the normalized values of Post-Archean Australian Shales. Shale data from ref Pourmand et al. (2012).
“The data is the average from the literature (Bau et al., 1996).
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Unit Detection limit S1 S2 55 S4 55
Co mg/kg 01 1,835 1,605 879 1945 2210 1695
Ni mg/kg 02 2,390 2,620 1015 1475 515 1603
St mg/kg 02 1,060 923 1,190 1,195 567 987
Ba mg/kg 05 1,040 1,195 990 860 621 941
Zn mg/kg 2 633 560 449 506 1250 680
Pb mg/kg 05 754 702 540 1,050 207 | 651
v mg/kg 5 672 573 590 744 586 633
Cu mg/kg 02 447 930 599 492 14,300 617"
Zr mg/kg 2 386 395 387 484 201 371
Mo mg/kg 005 238 1655 763 242 693 ‘ 1580
Nb mg/kg 01 340 311 328 476 15 314
w mg/kg 1 45 21 14 51 10 282
Th mg/kg 001 148 102 15.1 212 47 132
I Te mg/kg 005 134 15 103 187 72 122
Li mg/kg 02 232 152 56 62 66 114
Sc mg/kg 01 104 18 102 103 98 105
Rb mg/kg 01 72 88 80 96 162 100
u mg/kg 005 83 58 57 97 49 69
Hf mg/kg 01 60 7.1 72 87 36 65
I Ta mg/kg 005 035 033 031 053 014 033

“Due to the extremely high Cu content of $5 compared to the other four samples, which is not representative, only the average Cu content of §1-54 is taken for comparison with samples from
i .
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Unit Detection limit S1 S2 53] S4 55|
Fe W% 001 211 1954 242 2.63 2112 2216
Mn W% 001 15.44 1278 996 13.60 614 1158
si wt % 005 655 10.16 849 616 1121 851
Ca wt % 001 598 268 485 349 406 421
Al W% 001 354 270 237 176 229 253
Mg wt % 001 313 217 136 115 182 193
Na W% 001 095 193 179 137 105 142
Ti wt % 001 091 061 061 0.70 031 0.63
K wt % 001 044 049 050 054 072 054
3 wt % 001 046 035 048 052 045 045
Fe/Mn 137 154 227 172 400 191
Ca/P 13.00 7.66 10.10 6.71 9.02 9.30
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Substrate rock kness (mnm
st 37.99 48.85 2,054 Basalt 56
s2 37.90 48.99 2,706 Serpentinite 5-10
3 38.00 4905 2477 Basalt 56
s4 37.83 49.11 2,196 Basalt 5-10
5 37.94 4926 1,527 Basalt 57
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MV1 155 + 2 0.709 + 0.003 93 96 37 38
MV2 113 + 2 0.903 + 0.004 129 132 52 53
MV3 99 + 2 0.808 + 0.004 130 134 52 53
MVi4 78 - 4 14 0.093 + 0.002 23 39 0.9 L6
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Sample DICosg DICaom DICiota DICcarbonate DIChuri DICoy

Sl

station (mmol/m?yr)  (mmol/m?yr)  (mmol/m?yr) (mmol/m%yr) (mmol/m?yr)  (mmol/m?yr)

Go1 27 43 70 8 1 61

Gl6 21 57 78 8 0.7 69.3

G19 27 71 98 7 0.6 90.4

G34 15 47 62 10 0.7 513
Zone 2

G57 27 0 27 4 0.4 226

G58 27 0 27 4 0.8 222
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Sample o Cpich

3Com (%) Xom (%) 3*Csw (%) Xsw (%) 33Caom (%) Xaom (%)

station added (%)
Zone 1
Go1 -415 -212 2 0 38 -68.5 60
Gl6 -438 -221 36 0 12 -68.5 52
G19 -51.0 -220 20 0 12 -68.5 68
G34 -316 -220 65 0 10 -68.5 25
Zone 2 " ‘
G57 -16.7 -222 ND 0 ND -68.5 [ 0
G58 -172 -222 ND 0 ND -68.5 0
Makran ‘
s3 -331 -21.0 63 0 7 -68.5 30

ND means not determined. The data of site S3 is cited from Zhang et al. (2021b). The values of 8"*Cqyy were estimated to be 0 %0V-PDB refer to Zhang et al. (2021b).





OPS/images/fmars.2023.1229797/table3.jpg
Depth B 2S.D.  Average 1c 5B | 2S.D.  Average

cmbsf ppm ppm ppm ppm Yoo Yoo Yo

MV1 PC3 3 26 135 8 160 32 -4.8 08 =29 i
5 199 149 14 +0.1 0.7
6 349 197 | 3 | 1 -4.1 15

MV2 » PC1 2 109 132 . 8 138 8 +1.6 ‘ 0.7 +4.5 2.0
3 209 152 7 +4.7 0.1
4 309 134 6 +7.4 038
5 409 137 5 +4.5 0.4
6 508 135 22 +4.5 0.7

MV3 PC3 1 ‘ 13 82 15 101 34 +0.3 +22 4 {2
' = 4 129 71 4 +1.7 0.7
3 176 149 5 +4.3 L1
4 293 103 13 +2.5 05

MV14 PC6 4 22 83 5 84 14 -5.0 0.4 -2.8 16
4 69 64 1 [ -2.6 1.0
5 194 92 4 -2.6 0.5
6 294 96 3 -1.1 04

PC, Piston corer.
MC, Multiple corer.
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2+

2o
Sample Water Core SMT Jsoa Img Jpic Jpicnet
4 depth length (mmol/ (mmol/ (mmol/ (mmol/
station depth (m) > > 2 > )
(m) (cm) m?-yr) m2-yr) me-yr) m2-yr) m2-yr)
Zone 1
Gol 844 415 412 ~78.00 1153 2303 52.44 87.00
G16 1441 415 435 -92.68 1434 3223 45.64 9221
G19 214 355 432 -101.38 17.02 3258 37.72 8732
G34 2046 595 5.36 -77.82 1276 2892 37.61 7930
Zone 2
Gs7 3047 715 17.81 -16.63 3.88 420 2283 3092

G58 3102 835 10.23 -34.10 4.99 3.99 42.85 51.83
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PC, Piston corer.
MC, Multiple corer.
N.A, Not analysed.
N.D, Not detected.
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al eter G58 Source

Seafloor temperature (T, °C) 52 43 37 34 19 18 a

Salinity (S) 369 363 358 356 359 363 b

Pressure (P, MPa) 10.5 135 154 16.5 215 21.8 c

Density (p, kg/m®) 2.6x10° 2.6x10° 2.6x10° 2.6x10° 2.6x10° 2.6x10* 3
Sedimentation rate (e, cm/a) 42x10° 3.8x107° 3.4x10° | 3.5x10° 2.9x10° 2.8x10° d
Molecular diffusion coefficient of Sulfate (m?/a) 1.8x10 1.8x1072 1.8x107 1.8x102 1.8x1072 1.8x107% e
Molecular diffusion coefficient of Methane (m?/a) 2.9x10° 2.9x10° 2.9x107 2.9x10” 2.9x107 2.9x107 e
Molecular diffusion coefficient of DIC (m’/a) 1.9x10° 1.9x107 1.9x10° 1.9x107 1.9x10° 19x10° e
Molecular diffusion coefficient of Ca (m®/a) 1.3x107 1.3x10° 1.3x107 1.3x107 1.3x107 1.3x107 e
Molecular diffusion coefficient of Mg (m?/a) 1.2x102 1.2x10°2 1.2x102 1.2x10°2 1.2x10°2 1.2x107 e
Upper boundary condition for sulfate (mM) 25 28 29 32 28 30 b
Upper boundary condition for methane 9CAX=0 2CAX=0 | 9CAX=0 9dCAX=0 9CAX=0 dCAX=0 b
Upper boundary condition for DIC (mM) 9.1 2.1 2.1 241 5 35 b
Upper boundary condition for Ca (mM) 7 8 8.5 9.5 8 9.2 b
Upper boundary condition for Mg (mM) 58 56 56.5 56 56 56 b
Upper boundary condition for *DIC -10 -5 -5 -7 -10 -5 b
Lower boundary condition for sulfate (mM) 0C/OX=0 9C/OX=0 9C/lOX=0 9COX=0 9C/lOX=0 9ClOX=0 b
Lower boundary condition for methane (mM) 8 8 10 10 / / b
Lower boundary condition for DIC 9C/AX=0 9CAX=0 | 0CAX=0 JCAX=0 dCAX=0 JCAX=0 b
Lower boundary condition for Ca 9COX=0 dC/AX=0 dCOX=0 9CAX=0 dClX=0 0C/lX=0 b
Lower boundary condition for Mg dCAX=0 dCAX=0 dClAX=0 dCAX=0 dClAX=0 9CRAX=0 b
Upper boundary condition for *DIC dCAX=0 dCAX=0 dCAX=0 dCAX=0 dClAX=0 9CAX=0 b

*Wu et al., 2021; ®this study; “Bohrmann and cruise participants, 2008; “Boudreau, 1997; Luff et al., 2000,

The upper boundary of $O4>, Ca*, §*C-DIC of the model was based on the porewater data of the shallowest sample, and DIC was derived from the modern seawater dataset (Meister et al.,
2019). The lower boundary of SO,*, Ca**, DIC, §'*C-DIC, and the upper boundary of methane were designed as the Neumann boundary (the gradients of their concentrations were assumed to
be zero) (Dale et al., 2019). The production and consumption of each dissolved species are based on reaction equations (Equations 1-3), and their rates were described as (Equations 7-16).
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Core length

MV1 August 23, 2015 30°52.71 131°46.01' 1,415 3.66
MV2 August 16, 2019 30°55.104' 131°50.4085" 1,443 5.21
30°55.1158" 131°50.3944' 1,366 0.27
MV3 August 17, 2019 31°02.5552" 131°40.9319' 1,168 3.44
31°02.5373' 131°40.9536" 1,136 0.2
MV14 August 30, 2015 30°11.46' 131°23.58' 1,693 3.11






OPS/images/fmars.2023.1181921/fmars-10-1181921-g013.jpg
DIC,,, 08 14 seawater DIC,,, 224 seawater

4 s

CP: 4
F DIC Organic Matter  Sulfate

Carbonate
DIC

F DIC Organic Matter  Sulfate
f

Carbonate

DIC -

OSR:23 %5

DIC -

DIC

AOM: 55 = 11

0.8 £ 0.2 Zone 1 0.6

DIChurial CH4





OPS/images/fmars.2023.1229797/M3.jpg
(:C)= [W

1000

[CF)





OPS/images/fmars.2023.1181921/fmars-10-1181921-g012.jpg
DIC*3"*C-DIC

R7=0.94
813C ggeq = -41.5 % 4.76%

<

DIC*$C-DIC
P S
S ss3s:2 =

R*=0.99

3"3C, 440 = -51.0 £ 0.95%0|

R%=0.99

813C g0 = 43.8 % 1.31%0

DIC*$C-DIC
S bbb &
R
S s32¢2 ¢

=700

R*=0.99

=700
G19
T T u T T T -800 T T T u T T
4 10 15 20 25 30 35 0 X 10 15 20 25 30
DIC (mM) DIC (mM)
0

813C, 440g = -31.6 = 1.04%0

]
-
=3

15 20
DIC (mM)

25

30

35

-800

10

1’5 20
DIC (mM)

25

30

DIC*$"C-DIC

DIC*$"C-DIC

<

O
g2tz
$sss¢s 8

=700
-800

bbb ok L
28z
SRR

-600

& 4
g 32
g 2

R*=0.99

‘\.S\”Cmm = -16.7 % 0.49%

5 10 1'5 20 25 30 35
DIC (mM)

R*=0.99
8"3C 44eq = ~17.2 %+ 0.23%o

0 5 10

15 20 25 30 35
DIC (mM)





OPS/images/fmars.2023.1181921/fmars-10-1181921-g011.jpg
J DIC.,, (mmol/m* yr)

/
|

G57/‘ Zone 2/ I

_40) -60

Jsor (mmol/m* yr)

-80

-100





OPS/images/fmars.2023.1254450/fmars-10-1254450-g007.jpg
Mantel test
Mantel's p

TOC e

— <0.01
— >=0.05
0.01 - 0.05

Mantel's r

— <0.2

— >= (.4 Bacteria

mm (0.2-04

Pearson's r
1.0
l 0.5
0.0

Calcite
-0.5 Halite
-1.0






OPS/images/fmars.2023.1254450/fmars-10-1254450-g006.jpg
A Permutation test: P=0.1333

3] .
ROV4
2]
S
3 1 SO4>~  Candidatus Nitrosopumilus
—
m ©® Candidatus Nitrosopelagicus
'; Methanimicrococcus
@ 0! Methanobacterium
*Methanosarcina ~ ®
* .
TOC % IEH Caleite Methariobrevibacter
1 ROV2
ROVS
2] D)
2 1 2

0
RDA1: 51.07%

ROV3

2
w)
ol
Group &
e CS 4
«FH <
eMS 2o
o

2]

4]

<

Uncultured bacterium
.

e Methyloceanibacter  Group
Sulfurovum <5 (yifatiglans . . CS
S resdifobulbus ROV3| o Fi
.
* MS
Calcité*
Mg**
ROV2
.
- 0
RDAL1: 48.93%





OPS/images/fmars.2023.1269411/table4.jpg
Model compared

Gene Positive sites
M1 vs M2/M7 vs M8

ATP6 ®=1.000/® = 1.000 1.000/0.999
ATP8 ® = 1.000/® = 1.000 0.005/0.999

cor ® = 26.392/® = 1.000 1.000/0.042

cont ®=117.282/® = 1.000 0.999/0.000

coinrl ® = 3.804/0 = 3.626 0.000/0.000 221, 29T etc
COB ® = 34.321/® = 1.000 1.000/0.000

NDI ® = 1.000/® = 1.000 1.000/0.000

ND2 ®= 26634/ 0= 1368 0.001/0.000 73F, 75S etc
ND3 ® = 38.788/® = 1.000 0.999/0.019

ND4 ® = 1.000/® = 1.000 1.000/0.191

ND4l ® = 1.000/® = 1.000 0.999/0.923

ND5 ®=976.933/® = 15264 0.999/0.597

ND6 ® = 40.205/® = 1.000 0.00/0.999
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Mitochondrial GenBank

Species : )
genome size accession numbers

Neolepasmarisindica 16,960 bp MZ772032
Conchoderma 15,202 bp OL606642
hunteri

Scalpellum stearnsi 15,462 bp OP345466
Lepas anserifera 15,653 bp OP377772
Lepas australis 15,502 bp NC025295
Lepas anatifera 15,708 bp NC062431
Capitulum mitella 14,916 bp AB167462
Arcoscalpellum 15,593 bp MH791047
epeeum

Altiverruca navicula 15,976 bp NC037244
Glyptelasma 16,107 bp NC043898
annandalei

Ibla cumingi 15,053 bp NC066682
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Candidatus Nitrosopumilus

Candidatus Nitrosopelagicus

archaeon GW2011_AR13

Candidatus Pacearchaeota archaeon RBG_19FT_COMBO_34 9
Candidatus Pacearchacota archacon CG1 02_32_21

Candidatus Staskawiczbacteria bacterium RIFOXYA2_FULL _32_7
Halorussus

Methanosaeta

Uncultured marine archaeon

Candidatus Diapherotrites archacon ADurb.Bin253

Candidatus Amesbacteria bacterium GW2011_GWC1_47_15
ANME-3

Methanococcoides
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Class ltem Neolepas Scalpellum
marisindica stearnsi
Assembly Transcript 54,446 99,622
number (bar)
Unigene 53,562 98,686
number (bar)
Total length of 49,774,143 61,491,550
Unigenes (bp)
N50 length of 1,721 916
Unigenes (bp)
Mean length of 929 623
Unigenes (bp)
Annotation | Nr 13,679 (25.53%) 26,304 (26.65%)
Nt 5,150 (9.61%) 8,036 (8.14%)
Swiss-Prot 12,019 (22.43%) 19,772 (20.03%)
KEGG Orthology 6,845 (12.77%) 12,042 (12.2%)
PFAM 16,685 (31.15%) 26,406 (26.75%)
GO 16,746 (31.26%) 26,718 (27.07%)
KOG 7,129 (13.3%) 10,959 (11.1%)

All Databases

2,422 (4.52%)

2,786 (2.82%)

At least
one database

20,628 (38.51%)

38,666 (39.18%)
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Codon

Gene Strand Size (bp) Inferred start Inferred stop GC percent (%) Anti-codon nulcnlgggjgl(cbp)
codon codon
cor H 1549/1 536 ATA/ACG T-/TAA 34.3-36.1 0/4
tral, H 88/66 TAA 0
coir H 684 ATG TAA 28.0-33.9 0/20
trnD H 88/63 ‘ GTC 0
ATPS H 159 ATC/ATA TAA 232-26.5 7
ATP6 H 666 ATG TAA 26.9-31.4 -1
[e)iig H 789/788 ATG TAA/TA- ‘ 339-37.7 0/-1
trnG H 72/64 TCC 0
trnR H 69/62 TCG 0
ND3 H 348/354 ATT/ATA TAA 253-33.6 0/84
traN H 74/62 ; v GIT 0
trnA H 76/68 TGC 0
trnE H 68/64 TTC 37/33
trnF L 63/64 GAA 0
ND5 L 1695/1 701 ATT TAA 28.7-29.6 817/0
tmQ L 65/68 » TIG 0
trnH L 64 GTG 0
ND4 L 1.329/1 330 ATT/ATG TAA/T- 28.8-29.6 41/23
ND4L L 285/282 ATG/ATA TAA 27.7-29.5 0/47
trnP L 73/61 ‘ TGG 233/0
trnT H 67/62 v TGT 0
ND6 H 492/483 ATT TAA 23.6-26.2 2/-1
COB H 1 143/1 140 ATG TAA 322-35.8 02
trnS, H 70 TGA 0
trnS, H 75/54 TCT 0/19
trnK L/H 84/61 TTT 0
tmC L 78/63 v GCA 0
trnY L 66/65 GTA 122/40
trul H 68/64 ‘ GAT 0/6
traM H 66/64 CAT 54/10
NDI L 924/930 ATA/ATT TAA 28.6-31.9 0
trnL, L 58/68 TAG 0
IrRNA L 1324/1 301 245-27.2 0
trnV L 67/66 TAC 0
STRNA L 731/839 ‘ 26.3-31.6 0
trnW H 65 TCA 126/36
ND2 H 987/984 ATA/ATT TAA 250-29.8 61/9
D-loop H 736/507 ‘ » 0
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Gene
chromosome 3 open reading frame 10, C3ORF10
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Sample n.

Kolbeinsey Ridge

GS14-GC2 70°54.955'N 12°02.202°W 1036 Marine sediment core (2.2 m)
GS14-15-R2 71°08.848'N 12°47.482°W 130 Hydrothermal chimney (200°C)
Mohns Ridge

GS14-GC4 71°17.082’N 06°33.696'W 1050 Marine sediment core (2.4 m)
GS14-7B-R2 71°17.897’N 05°41.644°'W 594 Hydrothermal chimney (270°C)
GS14-8-SHUF 71°17.904N 05°42.257W 567 Hydrothermal sediment

GS14-GC8 71°57.953'N 00°06.142’E 2476 Marine sediment core (3.4 m)
GS18-28-R5 73°33.978'N 08°09.726'E 2361 Hydrothermal barite chimney (20°C)
GS18-28-R8 73°33.978'N 08°09.720’E 2361 Hydrothermal barite chimney (20°C)
GS15-9-PC2 73°33.981'N 08°09.740’E 2363 Hydrothermal sediment

GS15-9-R1 73°33.981'N 08°09.764’E 2336 Hydrothermal barite chimney (20°C)
GS18-28-BC3 73°33.984'N 08°09.714’E 2361 Hydrothermal sediment
GS18-28-R3 73°33.984'N 08°09.744’E 2361 Hydrothermal barite chimney (20°C)
GS18-28-R6 73°33.984'N 08°09.726'E 2361 Hydrothermal barite chimney (20°C)
GS14-GC14 73°33.994N 08°09.686’E 2330 Hydrothermal sediment
GS18-22-R2 73°34.002’N 08°09.402’E 2310 Hydrothermal chimney (315°C)
GS18-28-BC4 73°34.008'N 08°09.738’E 2361 Hydrothermal sediment

GS15-GC1 73°34.533'N 08°30.527'E 2562 Marine sediment core (3.9 m)
GS14-GCY 73°42.032’N 07°20.659'E 2653 Marine sediment core (2.1 m)

Knipovich Ridge

GS16-GC5 76°54.766’'N 07°07.491’E 3007 Marine sediment core (3.6 m)
GS16-GC7 76°55.212’N 07°23.371’E 3493 Marine sediment core (3.5 m)
GS16-GC6 76°55.253'N 07°34.522’E 2994 Marine sediment core (0.9 m)

Sample names include the year in which the sample was collected (GS13 to GS18) and the type of sampling equipment used, GG, gravity corer; PC, push corer; SHUF, shuffle box; BC, blade corer.
For ROV-dives, the dive number is listed after AGR or ROV.
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Seven Sisters Kolbeinsey Basalt 120 200 5.0 30

Jan Mayen S Mohns Basalt 580 270 4.7 5400

Loki’s Castle N Mohns Basalt, sediment® 2361 315 56 14300

'Maximum measured in situ temperature. Determined at 25°C. *Interaction with sediments at depth as inferred from fluid geochemistry. Data from Marques et al. (2020) for Lily mound, Seven
Sisters; Dahle et al. (2018) for Bruse chimney, Jan Mayen; and Pedersen et al. (2010a); Baumberger et al. (2016b) for Camel chimney, Loki’s Castle.
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Morphotype Pair Association

Index

Bathymodiolus heckerae Bathymodiolus heckerae 0.72
live shell

Vesicomya cf. venusta Syringammina sp. 042
Bathymodiolus heckerae Sarsiaster griegii 0.35
live

Bacterial mat Sarsiaster griegii 0.28
Vesicomya cf. venusta Sarsiaster griegii 025
Vesicomya cf. venusta Squat lobster 0.25

Syringammina sp. Heterobrisses hystrix 021
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Seep Habitat Non-Seep itat
Bacterial mat Burrowing anemone
Venus-flytrap anemone Sunflower anemone
Tubeworms (frenulates)? Plump white seastar
Octopus Frilly seastar
Bathymodiolus heckerae Benthodytes shiny
Vesicomya cf. venusta Neoraja carolinensis

sea spider Hydrolagus affinus

Lycodes sp. Large eelfish
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Transect

Number Number of Photos  Distance (m) = Estimated Areal Coverage (m?) = % Photos with Seep Indicators
1E 81 300 | 1380 0
2E 83 300 1380 0
SE 76 270 1242 18
10E 83 300 1380 2
18E 82 290 | 1334 44
20E 85 290 1334 41
24E 84 300 1380 67
26E 88 300 1280 44
TOTAL 662 2350 10810

Distance was calculated from transect start-end coordinates. Photo area (average): 4.6 m width x 3.5 m length. Morphotype richness includes seep indicator taxa (mussel, clam, tubeworm,
bacterial mat).
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Glyptelasma 16,107 bp NC043898

annandalei
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Neolepas Scalpellum
marisindica stearnsi
Assembly Transcript 54,446 99,622
number (bar)
Unigene 53,562 98,686
number (bar)
Total length of 49,774,143 61,491,550
Unigenes (bp)
N50 length of 1,721 916
Unigenes (bp)
Mean length of 929 623
Unigenes (bp)
Annotation = Nr 13,679 (25.53%) 26,304 (26.65%)
Nt 5,150 (9.61%) 8,036 (8.14%)
Swiss-Prot 12,019 (22.43%) 19,772 (20.03%)
KEGG Orthology 6,845 (12.77%) 12,042 (12.2%)
PFAM 16,685 (31.15%) 26,406 (26.75%)
GO 16,746 (31.26%) 26,718 (27.07%)
KOG 7,129 (13.3%) 10,959 (11.1%)

All Databases

2,422 (4.52%)

2,786 (2.82%)

At least
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