

[image: image1]
The Sources of Organic Carbon in the Deepest Ocean: Implication From Bacterial Membrane Lipids in the Mariana Trench Zone
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Hadal trenches have higher microbial carbon turnover rates as compared to adjacent abyssal plains. However, the source of organic carbon in the trench remains enigmatic. In this study, we show that a fraction of organic carbon is possibly derived in situ and correlated with chemoautotrophic communities supported by the fluid discharge of water-rock interaction in the trench wall, based on analysis of glycerol dialkyl glycerol tetraether (GDGT) membrane lipids, including archaeal isoprenoid GDGTs (IsoGDGTs) and bacterial branched GDGTs (BrGDGTs), in sediments and rocks of the Mariana and Yap Trenches, northwest Pacific Ocean. These trench sediments contained relative higher BrGDGTs ratios, which was a rare observation in the open ocean. The BrGDGT-to-IsoGDGT ratios ranged in 0.02–0.88 (mean = 0.10 ± 0.11) in sediments and 0.09–0.38 (mean = 0.17 ± 0.13) in altered rocks. The calculated values of branched and isoprenoid tetraether (BIT) index ranged from 0.02–0.73 (mean = 0.18 ± 0.11) in sediments and from 0.16–0.9 in altered rocks (mean = 0.37 ± 0.27). Moreover, these GDGTs exhibited similar characteristics to those of altered basalt rocks, indicating inputs of organic carbon from the trench subsurface environment. Thus, in addition to organic-rich material settling, we propose chemoautotrophic activity in oceanic crust could be an additional source of organic carbon in the deepest part of the ocean, with an important role in deep-sea carbon cycles.
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INTRODUCTION

Hadal trenches, which are located on the axis of subduction zones, are covered by water depths ranging from 6,500 m to 11,000 m and represent some of the most remote and least-explored regions on Earth (Jamieson et al., 2010; Jamieson et al., 2017, 2018). It has recently been revealed that there is a significantly higher microbial carbon turnover rate in hadal sediment than that in adjacent abyssal plain (Glud et al., 2013; Luo et al., 2018). This environment is also known to sustain a diverse array of metazoan organisms (Jamieson et al., 2010) and heterotrophic microbial populations (Nunoura et al., 2015). It has been speculated that the supply of nutritious food at such great depths largely relied on the flux of fresh organic-rich particulate matter (Glud et al., 2013; Nunoura et al., 2015) and input of the decaying biota and carcasses from the upper ocean (Oguri et al., 2013). Moreover, low temperature water-rock interaction between bedrock and seawater, such as serpentinization and basalt rock alteration, is a common phenomenon at the bottom of trenches (Fryer et al., 1999; Stern et al., 2006; Du et al., 2019) and chemosynthetic microbial communities utilizing crustal fluid are also known to occur in trenches (Fujikura et al., 1999; Hand et al., 2012; Ohara et al., 2012). For example, the existence of fluid discharge features, including fluid discharge points and associated pockmarks, as well as chemosynthetic microorganisms, in the outer rise region was directly observed by submersible investigations in the southern Mariana trench (Du et al., 2019). Around these fluid discharge features, iddingsite-rich muds with high hydrogen and methane concentration were close association with augite, indicating the occurrence of iddingsitisation in these altered basalts (Du et al., 2019). However, the potential contribution of carbon fixation by these chemosynthetic microbial communities, which related to water-rock interaction, in the trench bottom remains enigmatic.

The membrane lipid GDGTs of prokaryotes, including IsoGDGTs and BrGDGTs (for structures see Supplementary Figure 1), in marine sediments are important biomarkers for tracing organic matter sources (Hopmans et al., 2004; Schouten et al., 2013; Weijers et al., 2014). BrGDGTs have been predominantly found in terrestrial settings such as soils and peat deposits. Although BrGDGTs may also be in situ formed in normal marine environments, the abundance of marine BrGDGTs differs from that of terrestrial soil by orders of magnitude (Peterse et al., 2009; Schouten et al., 2013; Weijers et al., 2014). The BIT index was proposed based on BrGDGTs and Crenarchaeol (representative of marine IsoGDGTs) contents (see Supplementary Equations) (Hopmans et al., 2004). In terrestrial soils, the BIT value is approximately 0.90 ± 0.14, whereas that of open marine sediments is 0.04 ± 0.03 (Schouten et al., 2013). Therefore, this index is previously used to characterize the contribution of terrestrial soil inputs in marine environments (Schouten et al., 2013). However, several previous studies have found that relatively high BrGDGT content also presented in some chemoautotrophic systems, such as cold seep (Zhang et al., 2020), hydrothermal fields (Hu et al., 2012; Lincoln et al., 2013; Pan et al., 2016), and serpentinite-hosted ecosystems (Newman et al., 2020). These findings indicated that the high relative abundance of BrGDGT in the sedimentary environment of Open Ocean may be an indicator of the chemoautotrophic ecosystem.

To elucidate the source of organic matter at the bottom of trenches, we examined the GDGT lipid profiles of the sediments and rock samples retrieved from the southern Mariana Trench and northern Yap Trench, northwest Pacific Ocean. Our results demonstrated relatively high BrGDGT ratios within trench sediments, with similar composition to those of altered basaltic rocks rather than of sediments in open oceans, suggesting chemoautotrophic carbon fixation in the subduction zone could be an effective source of organic carbon in the deepest parts of the ocean.



MATERIALS AND METHODS


Sample Collection

Sediment and rock samples were collected from the Yap and Mariana Trenches during cruises that were conducted in 2016 and 2017 (Figure 1 and Supplementary Table 1). The multiple sediment core sample, S01, was collected from the northern Yap Trench at a water depth of 5,058 m using a sediment multi-core sampler on the R/V XIANG-YANG-HONG-09, during cruise DY-37 conducted by the China Ocean Mineral Resource R&D Association in 2016.


[image: image]

FIGURE 1. (A) The locations of Yap and Mariana trenches at the northwest Pacific Ocean. (B) Regional bathymetric map and the S01 sampling site at the northern Yap trench. (C) Regional bathymetric map and the sampling sites at the Mariana Trench. The black triangles represent the rock samples and red circles represent the sediment cores. The lately discovered fluid discharge field and pockmarks on the incoming plate of Mariana trench are marked in white circles (Du et al., 2019).


Nine dives (Dive 114-112) were also performed at the “Challenger deep” of Mariana trench by the “Jiaolong” Human Occupied Vehicle during cruise DY-37. On the two sides of the trench walls, a large number of rock fragments were scattered on the seafloor which is covered with thin sediments (Supplementary Figures 2A-C). These rock samples have undergone varying degrees of alteration. During dive 114 and 115, a few fluid discharging points (1 m in height and 2–5 m diameter) and small pockmarks (3–6 m in diameter) were observed at the southern wall with water depths ranging from 5,448 m to 6,669 m (Du et al., 2019). During dive 121, high altered basement rocks were observed at the Northern trench wall (Supplementary Figure 2D). A total of six rock samples (7 subsamples) were used in this study (Supplementary Figure 3). They were collected from the two sides of the “Challenger Deep”. Three samples, including JL118-G01, JL119-G01, and JL121-G04, were collected from northern wall with water depth ranging from 5,552 m to 6,697 m; while the other three samples JL115-G03, JL120-G01, and JL120-G02, were collected from its southern wall with water depths from 5,544 m to 6,296 m.

Four sediment box cores (B01, B06, B09, and B10) were collected from the southern Marianna Trench with a water depth from 5,525 m to 8,638 m using the box sediment sampler onboard the R/V TAN-SUO-YI-HAO, during cruise TS01 conducted by the Chinese Academy of Sciences in 2016. After the sediment boxes were collected on deck, short sediment cores were obtained by inserting PVC plastic pipes into the sediments. LR01 was a 23 cm long sediment core, and was sampled at the deepest site of the “Challenger Deep” onboard the R/V TAN-SUO-YI-HAO, during cruise TS03 conducted by the Chinese Academy of Sciences in 2017. It was collected by using the “Tianya” deep-sea Lander system, designed by the Institute of Deep-sea Science and Engineering, Chinese Academy of Sciences, with the features of sediment sampling, capturing macroorganisms and recording HD videos below 11,000 m water depth (Supplementary Figure 4). The sediment sampler of “Tianya” Lander, a cuboid cavity made of aluminum alloy, was installed at the foot of the lander frame, and inserted into the sediments by the dive gravity to complete the sampling process. The cores in each recovery were immediately sectioned into slices of 2 cm in thickness onboard, using an aseptic scalpel. The LR01 sample was stored at −80°C, whereas the remaining sediment and altered rock samples were stored at −20°C. To avoid pollution, we removed the surface of rock sample using sterile hammer, cleaned with ethanol (70% v) and milliQ water after returning to the laboratory, and extracted the lipids from the interior part.



Lipids Analysis

In the laboratory, the selected sediments and rocks were ground into powders using an agate pestle and mortar after freeze-drying. An aliquot of each sample (5–10 g) was extracted (× 5) ultrasonically with a mixture of dichloromethane and methanol (9:1, V/V) to obtain the total lipid extract. After condensation via a rotary evaporator, the extracted total lipids were further separated into alkanes and polar lipids using silica gel (60–100 mesh) flash column chromatography with n-hexane and methanol eluents, respectively. The polar fractions were then passed through 0.45-μm PTFE syringe filters and dried under a stream of nitrogen gas.

The n-alkanes and GDGTs were measured at the State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences (Wuhan), China. The aliphatic fraction containing n-alkanes was analyzed in an Agilent 6890 gas chromatography and 5,973 mass spectrometer (GC-MS), equipped with a silica capillary column (DB-5MS; 60 m × 0.25 mm × 0.25 μm). The GC oven temperature program for n-alkanes ramped from 50°C to 120°C at 8°C/min, and then from 120°C to 300°C at 5°C/min, held at 300°C for 20 min with helium as the carrier gas. The ionization energy was 70 eV and the temperature of interface between GC and MS was set as 280°C.

With respect to GDGTs analysis, the dried polar fraction was redissolved in n-hexane/isopropanol (99:1, v/v) for further analysis. Synthesized C46 GDGT was added as an internal standard in each redissolved sample. The GDGTs were analyzed using an Agilent 1200 series liquid chromatography tandem mass spectrometer, with ChemStation management software. Following injection by an autosampler, the GDGT compounds were separated using an Alltech Prevail Cyano column (150 mm × 2.1 mm, 3 μm). Archaeal IsoGDGTs and bacterial BrGDGTs were then analyzed using single ion monitoring at m/z 1302, 1300, 1298, 1296, 1292, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, and 1018. A few GDGT isomers, including 5- and 6- methyl GDGTs could not be separated by using the single ion monitoring method of this study.



TOC, TN, and Carbon Stable Isotope Analysis

The total organic carbon (TOC), total nitrogen (TN), and carbon isotopic (δ13C) compositions of the sediments were measured at the State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences (Wuhan), China. The freeze-dried sediment samples were rapidly homogenized by grinding and weighed aliquots of the sample were acidified by adding 2 mL of 1 M HCl to every 100 mg of sample. The acidified samples were dried at >60°C under a stream of filtered air, then mixed with 1 mL of Milli-Q water and freeze-dried again. The samples were weighed again to account for the change in weight during the acid treatment. Aliquots of approximately 20 mg were added into 5 × 8 mm tin capsules for the measurement of TOC, TN, and carbon isotopes (δ13C) using a continuous-flow isotope-ratio mass spectrometer (Delta V Advantage, Thermo Scientific, Germany) coupled to an elemental analyzer (Flash EA 1112 Thermo Scientific, Italy) in the laboratory. The δ13C results are expressed relative to Vienna PeeDee Belemnite. Replicates of an acetanilide standard (Thermo Scientific) were analyzed along with samples, which indicated that the analytical errors were <0.1‰ for δ13C. The C/N ratios were determined as mol/mol ratios, which were transformed from the %TOC and %TN weight data that were obtained as a part of the stable isotope analyses.



X-Ray Diffraction Analysis

After freeze-drying, the selected sediment and rock samples were thoroughly ground using a mortar and pestle before passing through a 200-mesh sieve. X-ray diffraction analyses were performed on the powdered sub-samples. Sample mounts were step scanned from 2.5° to 65° 2θ with a step size of 0.02° and 50 s counting time. The samples were run on a D/max2550VB3 + /PC X-ray diffractometer at 20 kV and 30 mA with CuK-alpha radiation (1.54061 Å) and a graphite monochromator. Phase analyses were performed on a PDF2 (2004) computer with Jada 5.0 software.



RESULTS


Bulk Organic Geochemical Parameters

In this study, the abundance of TOC ranged from 0.12 to 0.42% in all sediment samples, with highest abundance at the core top sediment in B06 (1,0911 m) and lowest abundance at 33–34 cm of core B01 (5,525 m) (Figure 2 and Supplementary Table 2). The δ13C and C/N molar ratio of the bulk TOC of the sediment samples ranged between −21.72‰ and −16.70‰ (mean = −19.02 ± 1.05‰, n = 67) and between 3.00 and 8.21 (mean = 4.96 ± 1.12, n = 67), respectively, with no obvious trend with the increasing water depth or core depth (Supplementary Table 2 and Figure 3). As for reference site of 5,000 m water depth, mean TOC of S01 (5,058 m) in Yap Trench was a bit higher than that of B01 in Mariana Trench but still lower than other deeper sites. Therefore, the mean TOC of sediment cores of were generally increased with the increasing water depth in Mariana Trench. Regarding to each sediment core, TOC showed peak abundance at the surface (0–5 cm) of sediment core and fluctuatingly decreased with the sediment core depth (Figure 2).
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FIGURE 2. Abundance of TOC and GDGTs from 5000-11000 m in Mariana/Yap Trenches. The distribution of TOC, BrGDGTs and IsoGDGTs (normalized to dry weight of sediment) in the trench sediments from Mariana and Yap Trench. (The asterisk represents the Yap sediment core S01; The mean value of TOC calculates from the subsamples of the first 20 cm of each sediment column). The concentration of IsoGDGT has been published on Chen et al., 2020.
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FIGURE 3. Relationship between δ13C of TOC and molar C/N ratios of organic matter. The domains of marine particle organic matter (Marine POC), marine phytoplankton, soil organic matter (Soil OM), and C3 vascular plant are based on Goni et al., 2008; Khan et al., 2015 and references therein. The data of blue-green points in this figure are derived from Luo et al., 2017.




GDGTs in Trench Sediments and Altered Rocks

The sum abundance of BrGDGT and IsoGDGT (Chen et al., 2020) in sediment was generally increased with increased water depth as TOC (Figure 2), varied from 0.02 to 7.48 ng/g dw and 0.16 to 363.85 ng/g dw, respectively. The distribution of the BrGDGTs was dominated by hexamethylated BrGDGTs (16-74%), followed by tetramethylated BrGDGTs (13-57%) and pentamethylated BrGDGTs (13-64%) (Supplementary Table 2). The domination of hexamethylated groups was coherent with another investigation of the sedimentary BrGDGTs in the bottom of Mariana trench (Xiao et al., 2019). The BrGDGT-to-IsoGDGT (Br/Iso) ratios ranged in 0.02-0.88 (mean = 0.10, n = 67) and 0.09–0.38 (mean = 0.17, n = 7). The calculated BIT values ranged in 0.02-0.73 (mean = 0.18, n = 67) (Supplementary Table 2). Approximately 58% of the sediment samples had BIT values over 0.15.

BrGDGTs of altered rock samples had also been identified. The sum abundance of BrGDGTs in these altered rock samples ranged from 0.03 to 0.41 ng/g dw. Similar distribution of BrGDGT composition was found in altered rock as in sediments. Dominated hexamethylated BrGDGTs were ranged from 44 to 72%, tetramethylated and pentamethylated groups contributed 10–28% and 15–29%, respectively. Br/Iso ratio in altered rocks was ranged from 0.03 to 0.38 (mean = 0.17, n = 7). The calculated BIT values ranged in 0.16-0.90 (mean = 0.37, n = 7) (Supplementary Table 2).



N-ALKANE AND RELATED INDEX IN SEDIMENTS

n-Alkanes in the range of C16 – C29 were mainly discovered in the trench sediments. The n-alkanes presented unimodal distribution pattern centered at C21 – C23 for S01 (5,058 m) and B01 (5,525 m), while cantered at C16 – C18 for the sediment cores below 7,000 m without odd/even predominance (Figure 4). Inhomogeneous distribution of n-alkanes was found in both abundance and composition in trench sediments. The total n-alkanes concentrations ranged from 0.003 to 119.4 mg/g dw. The n-alkane of C16 – C18 were the major components that led to the increase in abundance of the total n-alkane below 7,000 m (Figure 4 and Supplementary Table 3). The average chain length (ACL) is the weight-averaged number of carbon atoms. The majority value ACL ranged from 17.0 to 22.7 (only one sample in B06 reached singularly high as 36.4). The carbon preference index (CPI) of C15 – C25 ranged from 0.37 to 3.82, with majority samples (65%) less than one (CP1 < 1). Uunresolved Complex Mixture (UCM) was obviously observed in most of the samples from trench slope (7,000-8,000 m) and several samples at 5,000 m sites in this study, accompanying with substantial branched alkanes and cycloalkanes indicated by Mass Spectrum (Supplementary Figure 5). UCM was presented for 73, 46, and 80% of the samples in B06 (7,022 m), B09 (7,121 m) and B10 (8,638 m), respectively.
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FIGURE 4. The mean relative concentration of n-alkanes in the trench sediment cores.



Mineral Composition of the Sediments and Altered Rocks

We analyzed the mineral composition of selected sedimentary layers and all altered rocks samples. The X-ray diffraction results showed that quartz, feldspar, zeolite, montmorillonite, chlorite and halite were commonly detected in these sediment samples. While in these altered rocks, quartz, feldspar, chlorite, sepiolite, daubreelite, and talc were detected. Among them, it should be noted that zeolite presented in all of these altered rock samples (Supplementary Table 4).



DISCUSSION


Unusually High Proportions of BrGDGTs in Oceanic Trench Sediments and Altered –Rocks

BrGDGTs have been reported in the trench sedimentary environments, such as the Mariana Trench (Ta et al., 2019; Xu et al., 2020), the Kermadec Trench (Xu et al., 2020), and Atacama Trench (Xu et al., 2020). One notable observation was that relative high abundance of BrGDGTs was examined at two sites with water depths shallower than 6,000 m in the Mariana trench (Ta et al., 2019). In consistent to result of Ta et al. (2019), our data further shows that approximately 58% of the sediment samples had BIT values over 0.15. Although the BIT values of these trench sediments were lower than those observed in terrestrial soils, they were on average far greater than those previously reported for open marine sediments, and approached those of river mouth sediments (Weijers et al., 2014). However, the Mariana and Yap Trench are more than 2,000 km away from large landmasses, and marine production of IsoGDGTs rapidly dilutes the terrestrial BrGDGTs from river flows and dust inputs.

These BrGDGTs were possibly produced in situ in the ocean. The abundance ratio of hexamethylated to pentamethylated (IIIa/IIa) was inferred to be an indicator for BrGDGT source with higher values in deep sea sediments (2.6-5.1) than in soil (<0.59) (Xiao et al., 2016). BrGDGT was 3.87 ± 1.38 (n = 67) in the trench sediments (Supplementary Table 2), indicating little contribution of terrestrial soil inputs (Xiao et al., 2016). This conclusion was consistent with two recent studies, which reported that BrGDGTs in the Mariana trench were characterized by high cyclopentyl rings (Ta et al., 2019) and predominance of hexamethylated 6-methyl BrGDGT (Xiao et al., 2019). Furthermore, other organic geochemical indices also did not support its terrestrial origin. Typically, TOC/TN molar ratio of aquatic organic matter is restricted within values from ∼4 to ∼10, and δ13C from −34‰ to −12‰ (Lamb et al., 2006). Based on the bulk TOC/TN molar ratios (4.2-11) and δ13C values of TOC (−21.8‰ – −18.9‰), Luo et al. (2017) suggested that the organic matter in the Mariana sediments was primarily marine origin. In this study, the TOC/TN molar ratio and δ13C of the bulk organic matter of the sediment samples, which ranged between 3.00 and 8.21 (mean = 4.96 ± 1.12, n = 67) and between −21.72‰ and −16.70‰ (mean = −19.02 ± 1.05‰, n = 67), respectively (Supplementary Table 2 and Figure 3), confirmed they were of marine sources (Lamb et al., 2006; Khan et al., 2015). This conclusion was also supported by the characteristics and distributions of n-alkanes in the trench sediments (n < 27, Figure 4 and Supplementary Table 3), with a dominance of short chain n-alkane and absence of odd-even preference (Nelson, 1978; Serrazanetti et al., 1995). Therefore, it seems likely that the measured BrGDGTs have formed by in situ production in the marine environment. Additionally, since the surface ocean and deep seawater column in this region have constant aerobic conditon (Nunoura et al., 2015) and very low BrGDGT ratios (Schouten et al., 2013; Yamamoto et al., 2016), the relative abundance of BrGDGTs in trench sediments cannot be explained by funnelled inputs from the upper layers of the ocean. Therefore, the relative abundance of BrGDGTs in trench sediments might therefore be in situ production of the trench bottom (trench sediments or altered rocks).

Comparative analysis of trench sediment BrGDGT distributions with trench altered rocks and those from other sources suggests BrGDGTs in trench sediments were primarily derived from altered trench wall rocks. A ternary diagram of BrGDGT-Crenarchaeol-GDGT-0 abundance (Figure 5A) revealed significant differences between the GDGT characteristics of trench samples (both of sediments and altered rocks) and of terrestrial soil samples. Trench samples also showed higher levels of BrGDGTs and GDGT-0, on average, when compared to open marine sediments. When BrGDGTs alone were taken into consideration, a ternary diagram was drawn by plotting the composition of GDGT-II, GDGT-III, and Ringspenta–hexa (the sum of GDGT-IIb, GDGT-IIc, GDGT-IIIb, and GDGT-IIIc) (Figure 5B). This result shows that the lipids of microbes in trench sediments differ significantly from those of waters nearby this region (Yamamoto et al., 2016) yet shared similar characteristics with lipids of microbes associated with altered rocks from this study and some previous reported hydrothermal sediment and deposits (Hu et al., 2012; Pan et al., 2016). This conclusion is further supported by comparative analysis of the interrelation between the BIT and two other parameters calculated from BrGDGTs, the methylation of branched tetraethers (MBT) and cyclization of branched tetraether (CBT) ratio (Weijers et al., 2007) [see the Equation (2) and (3)]. Again, the trench sediments cluster together with the altered trench wall rocks as well as some of the hydrothermal samples (Figure 6; Hu et al., 2012; Pan et al., 2016), characterized by higher CBT values and lower MBT values when compared to those of open ocean, soil and coastal sediments. Therefore, these results indicated that most part of BrGDGTs in the trench sediments might be sourced from the altered trench rocks.
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FIGURE 5. Ternary diagram revealing the source of the GDGTs in the trench sediment. (A) GDGT-0, Crenarchaeol and sum of BrGDGTs; (B) GDGT-II, GDGT-III and rings of penta-hexa. In this figure, III/II refers to the ratio between GDGT-IIIa and GDGT-IIa (Xiao et al., 2016), whereas ringspenta–hexa is the sum of the abundances of ring-shaped GDGT-II and GDGT-III. Br-GDGT refers to bacterial branched GDGT. The sources of data used in this Figure are as follows: open marine data containing particles and surface sediments from NW Pacific (Yamamoto et al., 2016) and surface sediments from SE Pacific (Kaiser et al., 2015); lake data containing particulates and surface sediments from 47 European lakes (Blaga et al., 2009); coastal sediment data containing surface sediments from Gulf of Lions (Kim et al., 2010) and the east coastal sea of China (Lü et al., 2014); soil data containing soil samples from 6 provinces in eastern China (Wu, 2014); data on hydrothermal sediments (Hu et al., 2012); data on low-temperature hydrothermal deposits (Pan et al., 2016). For structures see Supplementary Figure 1.
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FIGURE 6. The interrelation between the BIT, MBT and CBT in sediments. (A) BIT and CBT. (B) BIT and MBT. (C) MBT and CBT. The sources of data used in the Figure are as follows: open marine data containing particles and surface sediments from NW Pacific (Yamamoto et al., 2016); lake data containing particulates and surface sediments from 47 European lakes (Blaga et al., 2009); coastal sediment data containing surface sediments from Gulf of Lions (Kim et al., 2010) and the east coastal sea of China (Lü et al., 2014); soil data containing soil samples from 6 province in eastern China (Wu, 2014); data on hydrothermal sediments (Hu et al., 2012); data on low-temperature hydrothermal deposits (Pan et al., 2016).


Meanwhile, relatively high levels of BrGDGTs have also been reported in studies on chemoautotrophic systems, such as seafloor cold seep (Zhang et al., 2020), hydrothermal fields (Hu et al., 2012; Lincoln et al., 2013; Pan et al., 2016), and serpentinite-hosted ecosystems (Newman et al., 2020). For example, the BIT of hydrothermal sediments of the Lau Basin (Hu et al., 2012), and the low temperature hydrothermal deposits from the Southwest Indian Ridge (Pan et al., 2016) ranged in 0.1–0.76 and 0.24–0.69, respectively. Although they might not be directly sourced from these chemoautotrophic microorganisms (Pan et al., 2016), they were likely derived from heterotrophic BrGDGT-producing bacteria which were fueled by the organic production from the chemoautotrophic communities (Pan et al., 2016). This inference was consistent with the recent findings by Weber et al. (2018), which reported that some BrGDGTs were indeed closely related to chemoautotrophic microorganisms under methanotrophic conditions. Having similar microbial composition is a sound explanation for the close BrGDGTs characteristics between trench sediments, altered rocks, and hydrothermal sediments and deposits. Additionally, wildly distributed UCM in range of short carbon chain of hydrocarbon fractions in slope sediments may further indicated similar synthesis that found in petroleum contaminated or thermal reaction influenced sediments (Frysinger et al., 2003; McCollom et al., 2015), suggesting strongly biodegradation or weathering (Wenger and Isaksen, 2002; Hasinger et al., 2012). UCM in sediment of Mariana (4,000–7,000 m) was previously reported in Guan et al. (2019) which suggested UCM source from biodegraded oils with marine source and likely transported by normal faults and strike-slip faults on the seafloor (Tao et al., 2015; Guan et al., 2019).

In the hydrothermal microbial communities, one of the most conspicuous manifestations is the dominance of chemoautotrophic microorganisms. With regard to the marine trenches, chemoautotrophic communities are far from uncommon (Fujikura et al., 1999; Hand et al., 2012; Ohara et al., 2012). On one hand, the geological settings of the trench bottom can provide habitat niches (e.g., methanotrophic and ammonia oxidizing conditions) for chemolithoautotrophic life (Spang et al., 2010, Nunoura et al., 2015, 2018). The distribution of IsoGDGT in Mariana Trench revealed increasing presence of deep deweling ammonia oxidizing archaeal group (Thaumarchaeota) in the sediments (Chen et al., 2020). On the other hand, chemolithoautotrophic group of CH4 and H2 utilizing in sediment may raise its attention based on conspicuous abundance of dissolved H2 and H2-utilizing chemolithotrophs that were recently identified in the altered rocks and muds of the fluid discharge field at the incoming plate of the southern Mariana trench (Du et al., 2019). Meanwhile, the process of serpentinization, which can generate substantial amounts of crustal fluids for microbial CH4 and H2 utilization, has been reported to widely occur at the southern Mariana forearc (Ohara et al., 2012; Plümper et al., 2017). Moreover, Tarn et al. (2016) suggested that the microbial communities of Mariana Trench bottom water indeed characteristically display a degree of overlap with microbial communities from low-temperature diffuse flow hydrothermal vents and deep-subsurface locations. Specifically, taxa frequently encountered in vent datasets, such as Gammaproteobacteria, Epsilonproteobacteria, SAR324, Thiovulgaceae, and SUP05, were also detected in the trench sediments (Tarn et al., 2016). In addition, abundant of hydrocarbon-degrading bacteria and unknown sources of alkanes were also unexpectedly detected in the sediment of the Mariana trench (Li et al., 2019; Liu et al., 2019). This phenomenon may also be related to the activity of water-rock interaction in the trench bottom (Li et al., 2019). Overall, high similarity in GDGTs between the trench sediments and altered rocks together with these previous microbial and geochemical evidence might imply the wide distribution of chemoautotrophically-based microbial communities in the trench walls, supported by active geological fluid discharge from water-rock interaction.



The Schematic Model of Chemoautotrophic Organic Carbon Production in the Trench Zone

We proposed a schematic model to explore this relationship between water-rock interaction and chemoautotrophic organic carbon in the trench zone (Figure 7). On one hand, fluid discharge and mud volcanoes induced by large-scale serpentinization were widely distributed along the forearc of the Mariana Trench (Fryer et al., 1999; Stern et al., 2006). The chemoautotrophic communities fed by these fluids have been reported in the literature. For example, the serpentinization-formed “Shinkai Seep Field” was discovered at the Southern Mariana Forearc (Ohara et al., 2012). Based on this discovery, they proposed that fluid discharge from serpentinization could be widespread in oceanic trenches. Moreover, Plümper et al. (2017) found organic matter encapsulated in rock clasts from an oceanic serpentinite mud volcano above the Izu–Bonin–Mariana subduction zone. Because of this result, they predicted that the serpentinization-fueled systems in the hydrated forearc mantle of Mariana subduction zone may represent one of Earth’s largest hidden microbial ecosystems. On the other hand, low-temperature alteration reactions between basaltic rocks and seawater also would be a pervasive phenomenon in the trench environments. This conclusion is supported by the common detection of zeolite in the trench sediments and altered rocks (Supplementary Table 4). Zeolite is possibly formed by the low-temperature hydrothermal alteration of basalt (Liou, 1979). This process can also fuel the chemoautotrophic communities, which constitute a trophic base of the basalt habitat in the oceanic crust (Cowen et al., 2003; Santelli et al., 2008). At present, chemoautotrophic carbon fixation associated with carbon and sulfur cycling in seafloor basalts has been proved by multiple lines of indirect evidence, such as depletions in δ34S-pyrite (Rouxel et al., 2008) and DNA sequences (Cowen et al., 2003; Orcutt et al., 2011; Lever et al., 2013). Additionally, the occurrence of fluids discharge feature and H2-utilizing chemolithotrophs (Du et al., 2019) in the outer rise zone of the incoming plate at the southern Mariana trench further supported this conclusion.


[image: image]

FIGURE 7. A schematic model of the sources, production and transport of GDGTs in the trenches. Plate bending caused by subduction processes has generated numerous fractures, faults and microfissures both within the subduction slab and overriding plate, triggering water-rock interactions in the oceanic crust. These water-rock interactions facilitate the widespread growth of chemoautotrophic communities across the trench zone.


In our schematic model, the plate bending caused by subduction processes has generated numerous faults, fractures and microfissures, both within the outer rise zone of the subduction slab and the forearc of the overriding plate, which provides channels for the influx of water into the oceanic crust, thereby triggering water-rock interactions on a large scale. The geological fluids generated by these interactions are then released in the same channels from the oceanic crust. The fluids are rich in hydrogen, methane, hydrocarbons, and other reduced inorganic matter (e.g., Fe, Mn, and S), making them excellent substrates for chemoautotrophic microorganisms. These water-rock interactions facilitate the widespread growth of chemoautotrophic communities across the trench. As shown in Supplementary Figure 6, an increasing trend of BIT was observed in S01, B01 and B06, that corresponds to results in Ta et al. (2019), where an identical trend from surface to bottom was reported in a meter-long sediment core recovered from the Mariana Trench subduction zone (∼5000 m). Higher BIT values in the core bottom at water depths of 5,000–7,000 m, underlain by subducted oceanic crust, suggested abnormal distribution of BrGDGT, compared to those recorded from open oceans with low BIT values. However, such distribution pattern was weak or even reversed at deeper water sites (see B09 and B10). Previously, low BIT values were reported in the sediment cores at the bottom of the Trench (∼11,000 m) by Xiao et al. (2019), which is in line with our findings in core LR01. We speculate that with weakening tectonic distortion of the subducted plate at deeper water depths, increasing BIT values are rarely observed at surface and subsurface sediment (at least 40 cm in this study).

Finally, in the schematic model, the excess labile organic matter produced by these communities are transported laterally to the deeper parts of the trenches through gravity flows, leading to relatively higher microbial carbon turnover rate. No direct evidence of synthesis of BrGDGTs by the chemoautotrophic group is evident yet. However, increasing trend of BIT values from surface to bottom core at subduction zones, and similar composition of BrGDGTs with altered rocks and minerals implies a strong connection between the ecology shaped by chemical fluids in deep sediments and microbial synthesizers of BrGDGT. Overall, we propose that chemoautotrophy driven by geological activity could be an effective supplement to the trench organic carbon pool in addition to photosynthetic products sourced from the upper ocean.



CONCLUSION

In this study, mineralogical compositions, bulk organic geochemical parameters and membrane lipids compositions were examined in sediments and rocks of the Mariana and Yap Trenches, northwest Pacific Ocean. The results shown that these trench sediments and altered rocks contained relative higher BrGDGTs contents, with the BrGDGT-to-IsoGDGT ratios ranged in 0.02–0.88 (mean = 0.10 ± 0.11) and 0.09–0.38 (mean = 0.17 ± 0.13), respectively. Meanwhile, the BIT index ranged in 0.02–0.73 (mean = 0.18 ± 0.11) in sediments and from 0.16–0.9 in altered rocks (mean = 0.37 ± 0.27), which are much higher than those of open ocean. Together with bulk TOC, TN and n-alkanes data, we suggested that these BrGDGTs were in situ production in the trench zone. Furthermore, these GDGTs exhibited similar characteristics to those of altered basalt rocks, indicating a fraction of organic carbon was possibly derived from chemoautotrophic communities supported by the fluid discharge of water-rock interaction in the trench walls. This was further supported by the common detection of zeolite, indicative of water-rock alteration, in both altered rocks and trench sediments. Thus, we propose chemoautotrophic activity in oceanic crust could be an additional source of organic carbon in the trench sedimentary environments.
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