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Atypical Diagenesis and Geochemistry of Redox-Sensitive Elements in Hydrothermal Sediments of the Southern Okinawa Trough
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Early diagenesis processes and the geochemistry of redox-sensitive elements (RSEs) in four sediment cores in an active hydrothermal field in the southern Okinawa Trough (OT) was investigated. Dissolved Fe, Mn, ΣHS–, and several other RSEs (Mo, U, and V) in pore water were measured. We also studied metal distribution in sediments using sequential extraction methods. Very high dissolved Fe concentrations (∼140 μmol L–1) but insignificant dissolved Mn were observed in surficial pore waters in the station adjacent to the hydrothermal vent, where highly reactive Fe, Mo, U in the sediments were also measured. Such an atypical diagenetic sequence found in those cores could be driven by the overwhelmingly high reactive Fe fraction (mostly Fe oxides) delivered from the vents. Consequently, significant upward benthic fluxes of Fe and Mo were estimated for the studied stations. In addition, we performed a principal component analysis (PCA), together with relative ratios of carbonate-related elements (Sr, Ca, Mg), to identify particles’ origins in the hydrothermal field; two endmembers being the hydrothermal source and hydrogenous processes. This comprehensive study on a unique set of samples collected by advanced technology provided valuable data to demonstrate distinctive geochemical features that occur in hydrothermal sediments.
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INTRODUCTION

Submarine hydrothermal vents are a widespread feature of the ocean seafloor, not only in the mid-ocean ridges, but also in the island arcs (Hawkes et al., 2014; Beaulieu et al., 2015). Since their first discovery in late 1970s, hydrothermal vents are recognized as a potentially important source and sink of elements in the deep ocean (Edmond et al., 1979). Once discharged by the hydrothermal fluids into the cold and oxygenated seawater, the dissolved metals were believed to mostly precipitate as sulfides or oxides and scavenged out of the water column to sediments surrounding the vents (Elderfield and Schultz, 1996). The hydrothermal/volcanic influenced sediments are typically fine-grained, rich in metals and have high surface area/weight ratio; therefore, they are prone to biogenic activities, and early diagenetic processes may play an important role governing the biogeochemical cycles of trace metals in those sediments (Homoky et al., 2011). However, by far, studies reporting the early digenesis processes of metals in hydrothermal/volcanogenic sediments are scarce.

Homoky et al. (2011) have studied the diagenesis of Fe and Mn in volcanogenic sediments and estimated significant upward benthic fluxes of colloidal Fe and Mn based on pore water and overlying water concentrations. Aquilina et al. (2014) studied sediments from a submarine volcanic edifice in the Bransfield Strait, Antarctica. Dissolved Fe concentrations in surface pore water were also low (< 2 μM) due to an oxic sediment layer overlaying the subsurface peak (565 μm). However, the authors suspected that, through a breach of the surface oxic layer related to the abundant benthos (i.e., tubeworm), the sediments may be an important source of Fe and Mn to the deep waters. On the other hand, the geochemistry of other redox-sensitive elements (RSEs) in hydrothermal sediments is expected to be significantly distinct from other deep-sea oxic sediments because geochemical cycling processes of RSEs are greatly affected by redox changes and the reactive surfaces of newly formed materials in the hydrothermal environment. Overall, our understanding of how early diagenesis processes affecting those metals’ geochemistry in hydrothermal sediments remains largely fragmented. This is likely due to the difficulties in finding steadily deposited sediment layers close to the hydrothermal vents and collecting such sedimentary materials near the vents.

The Okinawa Trough (OT) is a region of great interest to conduct such investigations. The Trough is a heavily sedimented back-arc basin behind the Ryukyu Arc in the western Pacific, off the coast of Japan (Figure 1A). Over the past 30 years, submarine hydrothermal activities have been constantly reported in the area, especially in the middle and southern OT (Chen et al., 1995; Glasby and Notsu, 2003). Here, we reported data from four short sediment cores in near-field hydrothermal sediments in the southern OT, which were collected using a remotely operated vehicle (ROV) equipped with a robotic arm. Pore water samples were carefully retrieved and analzyed for diagenetic tracers (Fe, Mn, ΣHS–) and several RSEs (e.g., Mo, U, V), along with their bulk concentrations in sediments. Sequential leaching experiments were also conducted on those sediments to assess the metal distribution in sediments. Atypical diagenesis processes were found in those hydrothermally influenced sediments. This study thus provides valuable data to shed light on the diagenetic processes and geochemistry of those metals in near-field hydrothermal sediments.
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FIGURE 1. (A) Locations of the sampling sites in the southern Okinawa Trough: gray arrows indicates the flow path of the Kuroshio Current (redrawn from Kao et al., 2006), the red rectangle indicates the location of SPOT (adapted from Glasby and Notsu, 2003). (B) Expanded view of the sampling locations: red crosses indicate the sampling locations, and yellow stars indicate the locations of Yonaguni Knoll (YK) and Hatoma Knoll (HK). (C) Picture of core ROV10-1 being collected by the robotic arm of the ROV.




THE STUDY AREA

The OT spans over 1,200 km in length, is 60–100 km wide in the southern OT, and reaches a maximum width of 230 km in the northern end. Overall, the OT spans over a total area of approximately 1.5 × 105 km2. The water depth is greatest in the southern OT (ca. 2,300 m) and gradually decreases to ca. 200 m in the northern OT (Sibuet et al., 1987; Figure 1A). The seafloor of the OT is covered with thick terrigenous muddy sediments; their depths increase from ∼3 km in the southern OT, to ca. 5 km in the middle OT, and up to 8 km in the northern end (Sibuet et al., 1987; Suzuki et al., 2008; Tsuji et al., 2012). These sediments originate from Eurasia, mainly from the Yangtze and Yellow Rivers, or Taiwan (Narita et al., 1990; Honda et al., 2000; Dou et al., 2010).

The subduction of the Philippine Sea Plate beneath the Eurasian Plate formed the OT; tectonic processes likely initiated and sustained hydrothermal activities observed in the middle and southern OT (Glasby and Notsu, 2003). The first visual observations of hydrothermal activities in the OT and the back-arc environment dated back to the 1980s (Halbach et al., 1989; Zhai et al., 2001). Since then, more hydrothermal fields were discovered across the OT (Watanabe et al., 2006; Kawagucci et al., 2011); exceptionally high heat flow was observed in the middle and southern OT (Yamano et al., 1989; Kinoshita et al., 1990). Black and white hydrothermal smoker vents emit hot fluids with temperatures up to 330°C (Inagaki et al., 2006). Cold-seep carbonates, bubbles from gas hydrates from sediment cores, emission of cold liquid CO2, and shallow hydrothermal vents were also found in the southern OT (Kuo and Chen, 2000; Machiyama et al., 2001; Konno et al., 2006).

The Kuroshio Current, one of the major currents along the western boundary of the northwestern Pacific, originates from subtropical regions and enters into the OT’s southwest through the deep sill in the northeast of Taiwan. The Current turns east following the bottom topography, goes northeastward along the shelf break, flows out through the Tokara Strait of Japan, and finally enters the NW Pacific Ocean (Figure 1B; Kao et al., 2006; Matsuno et al., 2009). The two areas identified with high-temperature venting activities in the southern OT are Hatoma Knoll (HK, 24°51.3′ N, 123°50.5′ E, depth = 1,457 m) and Yonaguni Knoll IV (YK, 24°50.9′N, 122°42.0′E, depth = 1,408 m) (Figure 1B). The vicinity area of the latter is also referred to as the Southernmost Part of Okinawa Trough (SPOT) area (Glasby and Notsu, 2003). Our sampling sites are located within the SPOT area where seven active venting sites and several dead chimneys have been identified (Gena et al., 2005).



MATERIALS AND METHODS


Sample Collection

In June 2016, four sediment cores (ROV 10-1, ROV 10-2, ROV 11-1 and ROV 11-2) were collected in the SPOT area (Figure 1), from the R/V Ke Xue using the ROV Fa Xian. These cores were retrieved by pushing the core tubes (9.5 cm inner diameter) into the sediments with the robotic arm of the ROV. The water depths of the stations were between 1,165 and 1,327 m. Core ROV10-1 was collected in a place very close to a small hydrothermal vent (Figure 1C), with a diameter of ca. 30 cm.

Immediately after retrieving the cores, pore water was collected using a Rhizon sampler (Rhizonsphere Inc., Netherlands) inside N2-filled glove bags. We coupled the Rhizon sampler with thin Teflon lines and a peristaltic pump (LongerPump® Inc., China), which formed a trace-metal clean sampling pathway for pore water samples. On the R/V Ke Xue, pore water samples were collected in 1-cm intervals in the top 10 cm and every 2 cm downcore, placed into 15 mL BD Falcon tubes, then acidified to pH∼2 with HNO3 (Optima® grade, Thermo Fisher Scientific Inc.). The samples were stored at 4°C until analysis. Once pore waters were extracted, we sectioned the sediment cores at 1-cm intervals.

Bottom seawater samples (∼50–100 m above the seafloor) were collected using a Niskin water sampler mounted on the CTD-rosette. Seawater samples were brought to the surface and filtered immediately through 0.2 μm AcroPak® filters (Pall Inc.) into LDPE bottles (NalgeneTM, Thermo Fisher Scientific Inc.), and acidified to pH ∼2 with HNO3. The filters, tubes, sampling bottles, and any other labware that had been in contact with the samples were thoroughly cleaned, following cleaning procedures used for trace metals (details in Li et al., 2015).



Sample Analysis

Total dissolved sulfide (ΣHS–) was measured on board the R/V Ke Xue with a spectrophotometer (7,200 series, Shanghai Unico Inc., China) that was placed inside a N2-filled glove bag, using the methylene-blue colorimetric method (Cline, 1969) with a detection limit of 1.8 μmol L–1. Pore water and bottom seawater samples were diluted 20-fold with 2% HNO3 for metal analysis. Iron and Mn in pore water were analyzed using ICP-OES (6,300, Thermo Fisher Scientific Inc.), whereas Mo, U, and V in seawater and pore water were measured by collision cell ICP-MS (Thermo X Series 2, Thermo Fisher Scientific Inc.). Indium was added to all samples as an internal standard to a final concentration of 10 ppb. Analytical recoveries of Mo, U, and V analysis were determined using NASS-6 certified reference material (National Research Council, Canada). Measured values were in good agreement with the certified values (Supplementary Table 1). Because Mn and Fe concentrations were much higher in pore water than in the reference seawater, precision and accuracy were determined using the standard addition method. Ten percent of the samples were randomly selected and spiked with Fe and Mn standards (High-Purity Standards, United States) to two incremental concentrations to correct for any matrix effects.

Sediment samples (∼50 mg) were freeze-dried and digested with a concentrated acid mixture (HNO3/HF, 1/1). Major elements (e.g., Al, Fe, Mn, P, Ti, etc.) were analyzed by ICP-OES and trace elements (e.g., Mo, U, V, Cd, Co, etc.) by ICP-MS. See Supplementary Table 2 for the full list of all the elements analyzed. A series of sediment reference standards from China (GBW07309) and Canada (MESS-3 and PACS-2) was processed to assess the accuracy of the methods. Recoveries of all elements were within the range of 92–109% (n = 15). Total organic carbon (TOC) was determined with an Elemental Analyzer (Model EL-III, Vario); acetanilide (GBW060239) was used to assess analytical recovery (96–104%, n = 12). Relative errors observed on triplicate analyses were less than 6%. Grain sizes were determined using a laser particle size analyzer (Master Sizer 2,000, Malvern Instrument) and categorized as clay (<4 μm), silt (4–63 μm), and sand (>63 μm).

Selected sediment samples from cores ROV10-1 and ROV10-2 were subject to sequential extraction to assess metal distribution in the sediments. Iron speciation was determined using the method developed by Poulton and Canfield (2005). Sequentially extracted fractions of Fe included FeCAE (carbonates, adsorbed, or exchangeable), iron crystalline oxides, FeOX (e.g., goethite and hematite), FeMAG (magnetite) and FePY (pyrite). The FeCAE fraction was extracted with Na acetate (pH 4.5, 48 h, 50°C). FeOX was extracted with dithionite (pH 4.8, 2 h, room temperature). FeMAG was extracted with oxalate (pH 3.2, 6 h, room temperature). Finally, FePY (pyrite) was quantified using chromous chloride extraction (Burton et al., 2008). The sum of FeCAE, FeOX, FeMAG, and FePY was assumed to be highly reactive iron (FeHR). Therefore, the residual refractory Fe pool was calculated as the difference between FeHR and the total Fe. The distribution of Mo, U and V in sediments was based on the modified BCR method, which partitions the elements into four fractions including acid-soluble, reducible, oxidizable and residual (Rauret et al., 1999). Further details are provided in the supporting information Supplementary Text 1.



Multivariate Statistical Analysis

We applied a principal component analysis (PCA) using a Matlab algorithm to examine correlations between elements and similarities among samples (see Dang et al., 2015 for further details).



RESULTS


Vertical Profiles in Pore Water

The vertical profiles of dissolved Fe, Mn, Mo, U, V and ΣHS– in pore water of the four stations are shown in Figure 2. Iron and Mn profiles in ROV 10-1 revealed distinct geochemical features to other deep-sea oxic sediments (Figure 2A). High Fe concentrations (∼138 μM) were found in surficial (0–7 cm) pore water in ROV 10-1, then decreased sharply in deeper sediments. In contrast, dissolved Mn concentrations remained relatively low (8.5 ± 0.5 μM, n = 9) in the surface layers of ROV 10-1 before it increased to 29.5 μM at the bottom of the sediment core. The profile of ΣHS– was similar to that of Mn (Figure 2A). At station ROV 10-2, there was a subsurface peak at 3 cm in both Mn and Fe profiles (26.7 and 78.9 μM, respectively), which decreased sharply to 4.0 ± 0.5 μM and 1.8 ± 0.8 μM, respectively (n = 10) downcore (Figure 2C). On the other hand, ΣHS– concentrations remained low in the top 7 cm (<100 μM) then increased steadily with depth, reaching ∼2.4 mM downcore. Based on the field observation, yellowish elemental sulfur was visible in ROV 10-2 sediments, which may support the relatively high ΣHS– concentrations of this core.
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FIGURE 2. Vertical concentration profiles of dissolved Fe, Mn, ΣHS–, Mo, U and V in core ROV 10-1 (A,B), ROV 10-2 (C,D), ROV 11-1 (E,F), and ROV 11-2 (G,H), collected from the southern Okinawa Trough. The arrows indicate concentrations of RSEs (Mo, U, V) in the overlying water column. The color-coded blocks on the right of the figures demark the dominant diagenetic reactions (e.g., manganous, ferruginous, and sulfidic) in corresponding layers of sediments.


No dissolved sulfide was detected in the pore water of core ROV11-1 and 11-2. In contrast, relatively high dissolved Fe concentrations (∼50–60 μM) were also measured in surficial (<2 cm) pore water in ROV11-2, which then decreased to zero at depth ∼15 cm. A similar vertical profile was observed for Mn with a much lower concentration (5.5 μM) in surface pore water. In core ROV11-1, deficient concentrations of dissolved Fe and Mn (<5 μM) were found in surficial sediment pore water (<2.5 cm). In deeper sediments, Mn and Fe concentrations peaked at 4.5 and 9.5 cm, respectively. This core was the shortest (i.e., 14 cm) of the four sediment cores; dissolved Mn and Fe concentrations remained high (ca. 50 and 170 μM, respectively) in pore water till the bottom of the core.

In general, dissolved concentration profiles of Mo, U, and V assessed in this study were similar among the cores; we observed a decreasing trend downcore observed at all four stations (Figure 2). Molybdenum and V profiles were both significantly correlated to U (r2 = 0.43 and 0.45; n = 70, respectively, p < 0.01). There were subsurface peaks of all three RSEs at 2, 5.5 and 15 cm in ROV 10-1, 10-2, and 11-2, respectively. Also, because sulfide increased significantly with depth in ROV 10-2 (Figure 2C), Mo dropped to < 5 μM whereas U and V were not removed from pore water (Figure 2D).



Sediment Geochemistry


Bulk Metal Concentrations in Sediment and PCA Analysis

The sediments collected from the southern Trough were categorized as fine-grained; the grain size distribution generally varied within the classes of sandy silt, clayey silt, and silt (Supplementary Figure 1). The average TOC concentrations for ROV10-1, ROV10-2, ROV11-1 and ROV11-2 were 0.68 ± 0.10, 0.65 ± 0.03, 0.72 ± 0.09% and 0.78 ± 0.04%, respectively, with little vertical variation (Supplementary Figure 2).

Vertical distributions of a few representative major elements (Al, Mg, Fe, Mn) and three RSEs are shown in Figures 3, 4, respectively. Iron was enriched (up to 7%) in the top sediments of ROV 10-1, while its concentrations remained constant with depth (4.2 ± 0.2%, n = 52) in all three other cores (ROV 10-2, 11-1 and 11-2). The highest Mo and U concentrations (up to 28 and 12 μg g–1, respectively) were observed in sediments from ROV 10-1, with Mo being enriched in the top 5 cm and U enriched in the middle of the core (∼12 cm) (Figure 4).
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FIGURE 3. Vertical concentration profiles of Al (A,B), Mg (C,D), Fe (E,F), and Mn (G,H) in bulk sediments of the four cores collected from the southern Okinawa Trough.
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FIGURE 4. Vertical concentration profiles of Mo (A,B), U (C,D), and V (E,F) in bulk sediments of the four cores collected from the southern Okinawa Trough.


We performed a PCA, based on a dataset that included 29 elements in 70 sediment samples. Two principal components (PCs) explained 62% of the variations within the dataset (Figure 5). Within the 29 elements assessed, three major groups were identified (Figure 5A): the first one comprised of a series of lithogenic elements (e.g., Li, Al, Ti), the second group included carbonate-related elements (e.g., Mg, Ca, and Sr), and the third group consisted of trace metals (e.g., Cu, Cd, Mo, U, Zn). In addition, this multivariate approach allowed the separation of the four sediment cores into three groups (Figure 5B), ROV 10-1, which was the station adjacent to the hydrothermal vent (Figure 1C), ROV 11-1 and ROV 10-2/ROV 11-2.
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FIGURE 5. Representation of the two principal components (PCs) obtained by PCA treatment of the dataset including (A) 29 elements and (B) 70 sediment samples. The circles represented the correlation circle. In the left panel, color codes illustrate grouping of elements by their similarities. Three groups of samples were identified in the right panel.


Aluminum (Figures 3A,B) is representative of the first group of elements, which included those of lithogenic origin (e.g., Al, Li, K, Ti) and a few trace elements (Cr, V, Figures 4E,F). They show a small variation in concentrations in all four sediment cores ([Al] = 8.3 ± 0.4%, n = 70). However, a slight Al enrichment could be observed in deep sediments (∼ 9%) compared to surface sediments (∼ 8%) in both the ROV 10-1 and 10-2 stations (Figure 3A). In the other two stations (ROV 11-1 and 11-2), Al concentrations were almost constant throughout the core, 8.1 ± 0.1%, and 8.3 ± 0.2%, respectively (Figure 3B).

The second group involved the marine carbonate elements, i.e., Ca, Mg, and Sr; their profiles were constant at station ROV 10-1 ([Mg] = 1.27 ± 0.05%, n = 18) and ROV 11-1 (1.60 ± 0.02%, n = 19) (Figures 3C,D). At stations 10-2 and 11-2, Mg profiles were constant in deep sediments (below 10 cm, ∼ 1.4%) but showed enrichment in the top surface sediments (∼ 1.6%, Figures 3C,D). The third group of elements included trace elements represented by Mo and U, having a large variability in their concentrations. Sediments from ROV 10-2 and 11-2 had similar and typical increasing Mo and U concentrations with depth (Figures 4A,B); this profile has been often observed in suboxic sediment environments (Shaw et al., 1990; Morford and Emerson, 1999). However, very high Mo and U concentrations ([U] and [Mo] up to 12 and 28 μg g–1, respectively) were measured in sediments from ROV 10-1 with Mo enrichment observed just below the sediment-water interface (SWI) (Figure 4A). On the other hand, at ROV 11-1 neither Mo nor U was significantly enriched in the sediments ([Mo] = 0.5 ± 0.1 μg g–1 and [U] = 2.4 ± 0.3 μg g–1, n = 19).

Several other elements did not significantly correlate (e.g., Fe, Ni, Th, Figure 5A). As mentioned above, Fe profiles in ROV 10-1 were significantly different from three others, which was expected because of its location close to the hydrothermal vent (Figure 1). Lastly, there was a significant correlation between Mn and P (r = 0.68, p < 0.001, n = 70, Supplementary Table 3), thus only Mn profiles are shown in Figure 3. These two elements have similar concentrations in deep sediments with an enrichment in the top surface sediments (Figures 3G,H). An enrichment factor was calculated as the ratio of total Mn concentrations just below the SWI to the average concentration in deep sediments. Accumulation of these elements decreased in order of ROV 10-2 > 11-1 > 11-2 > 10-1 and the enrichment factors were 3.4, 2.9, 1.9, and 1.2, respectively.



Metal Distribution in Sediments

Sequential extraction of metals in cores ROV10-1 and ROV10-2 is shown in Figure 6. The percentages of FeHR, which includes FeOX, FeCAE, FeMAG, and FePy, were more significant in surface layers (31–42%) relative to deeper sediments (8.5–20%). This range was similar to the distributions of FeHR in coastal sediments (Raiswell and Canfield, 2012). The FeHR enriched in the surface layers of ROV 10-1 (∼30%) were almost threefold higher than those in the bottom layer (∼10%). Total Fe concentrations (5.6–6.8%) in ROV 10-1 were also higher than the three other cores (Figure 3). Among the reactive Fe fractions, there was a transition between FeOX and FeMAG at ROV 10-1; FeOX represented ∼42–57% of FeHR in the top 5 cm, while FeMAG dominated below 5 cm (38–61% of the FeHR). However, no clear trend was observed for FeOX and FeMAG in ROV 10-2. FeCAE represented 23 ± 7% and 35 ± 7% of FeHR in ROV10-1 and 10-2, respectively. Finally, FePY increased with depth in both cores; up to 16 and 4% of total FeHR in ROV10-1 and ROV 10-2, respectively.


[image: image]

FIGURE 6. Distribution of Fe, Mo, U, V speciation in sediments of the southern Okinawa Trough shown as absolute concentration in sediments (ROV10-1, upper panels and ROV10-2, lower panels). Highly reactive Fe (FeHR) fractions include carbonate (FeCAE), oxides (FeOX), magnetite (FeMag), and pyrite (FePy). Residual Fe (FeRes) is the difference between total Fe and FeHR. Similarly, labile RSEs (X = Mo, U, V) include the fractions of RSEs bound within carbonates (XCarb), Fe/Mn oxides (XOx), organic/sulfides (XOrg/S). See text for further details.


Molybdenum distributions in the sediments were significantly different between the two sediment cores as were total Mo concentration (Figures 4A, 6). In ROV 10-1, very high concentrations of Mo were measured in both residual (14.6 ± 4.9 μg g–1, n = 12) and reactive (4.9 ± 2.4 μg g–1, n = 12) fractions. However, both residual and reactive Mo concentrations were significantly lower at ROV 10-2 (4.4 ± 2.3 μg g–1 and 0.7 ± 0.4 μg g–1, respectively, n = 11). Similarly, higher reactive U was observed in ROV 10-1 (5.9 ± 2.4 μg g–1, n = 12) than in ROV 10-2 (1.1 ± 0.5 μg g–1, n = 11) while residual U was in the same concentration range for the two cores (1.9 ± 0.2 μg g–1, n = 23, Figure 6). The V distribution in the sediments was very similar for the two cores; both residual and reactive V were consistently at 118 ± 9 μg g–1 and 18 ± 3 μg g–1 (n = 23), respectively.



DISCUSSION


Atypical Diagenetic Sequences in the Southern OT Hydrothermal Sediments

In typical oxic hemipelagic sediments, dissolved Mn and Fe are released to subsurface pore water due to the reductive dissolution of Mn and Fe oxides during the organic matter mineralization process; Mn oxides are often reduced before Fe oxides as a thermodynamically favorable electron acceptor (Froelich et al., 1979). The reduction of Mn oxides often lead to a dissolved Mn peak (typically between 3 and 5 cm below the SWI; Shaw et al., 1990; Thomson et al., 1993; Dang et al., 2015; Wang et al., 2019). Dissolved Mn, during its upward transport by diffusion, could be further oxidized, resulting in an enrichment of Mn in the first few cm of the surface sediments. At stations ROV 10-2 and 11-1, we observed dissolved Mn peaks in pore water and Mn enrichments, with enrichment factors of 3.4 and 2.9, respectively (see section “Bulk Metal Concentrations in Sediment and PCA Analysis”), in surface sediments (Figures 2C–E, 3G,H), in agreement with the conventional literature reporting on Mn geochemistry in oxic hemipelagic sediments, as well as the sediment pore water profiles we observed in northern OT (Wang et al., 2019). However, at ROV 10-1 and ROV 11-2, Mn was not released in surface pore water (Figures 2A–G). Subsequently, Mn was only slightly accumulated in surface sediments (enrichment factors of 1.9 and 1.2, respectively, Figures 3G,H). These observations implied the absence of Mn oxide reduction in these sediments (0–10 cm of ROV10-1 and the entire core of ROV 11-2). The thermodynamically preferential Mn oxides reduction may have been inhibited by the reductive dissolution of Fe oxides, which was observed just below the SWI (Figures 2A, G). Dissolved, colloidal and/or particulate forms of Fe are often found to be enriched in hydrothermal plumes (Bennett et al., 2008; Tagliabue et al., 2010; Hawkes et al., 2013). Due to the observed higher fractions of FeHR in near-field hydrothermal sediments (ROV 10-1, Figure 6), we suggest that the unusual diagenetic sequence observed in core ROV10-1 and ROV11-2 was mainly driven by the presence of highly reactive Fe, which was used as the primary electron acceptor, instead of Mn oxides. On the other hand, other processes, such as bio-irrigation or advection (e.g., lateral transport of fluid in the sediment), could affect the diagenetic sequences, resulting in the unexpected order of redox reactions. However, because of logistic challenges (accessibility to the site), it remains challenging to assess the plausibility of these processes. Given the proximity to the hydrothermal vent (Figure 1C), elevated Fe concentrations (Figure 3E) but depletion in Al (Figure 3A) in the top sediments of ROV 10-1, it is more likely that the significant supply in reactive Fe would be the dominant factor leading to the unusual diagenetic sequence observed at ROV 10-1.

In addition, below 10 cm, very low FeHR was available in the sediments, rather Fe was found in the FeMAG form which is more refractory than FeOX (see section “Metal Distribution in Sediments” and Supplementary Figure 3). Interestingly, both sulfide and Mn2+ concentrations increased in the pore water of ROV-10, just below the reactive zone of Fe where there is significantly less FeHR compared to the surface sediments (10–20 cm, Figures 2A, 6). Previously, Canfield et al. (1993) have reported the co-occurrence of Fe oxides and sulfate reductions at similar depths. We suspect similar phenomenon may be happening for Mn oxides in core ROV 10-1. Moreover, elemental sulfur may also be present at ROV10-1 since it was observed in ROV10-2 (section “Vertical Profiles in Pore Water”). These factors may have combinely resulted in the co-occurrence of Mn2+ and HS– in the deep sediments of ROV 10-1. Because MnS has a relatively high solubility compared to most other metals, it is possible for both Mn2+ and HS– to be present in pore water at concentration levels below saturation (Smith and Martell, 1977; Huerta-Diaz et al., 1998). Iron sulfide minerals (FePY) were also detected (up to 15% of all reactive Fe phases, Supplementary Figure 3). Overall, we have observed a unique diagenesis sequence in the hydrothermal-affected sediments where Fe oxides were used as the main electron acceptors in surface sediments. This observation supports the hypothesis that hydrothermal precipitates are the major source of Fe to the surrounding environment and may significantly impact diagenetic processes (Trefry and Metz, 1989).

Consequently, precipitation of Fe from the plume to the surface sediments may scavenge trace metals; we observed very high concentrations of reactive U and Mo in the sediments at station ROV 10-1. Redox-sensitive elements (Mo, U, V) are often used to indicate redox conditions at the SWI (Shaw et al., 1990; Crusius et al., 1996). In anoxic sediments, dissolved U and V in pore water are reduced to lower valences that are less soluble (Klinkhammer and Palmer, 1991; Morford et al., 2005) and the formation of thiomolybdate complexes, which are more particle-reactive, leads to Mo removal from pore water (Helz et al., 1996; Zheng et al., 2002; Vorlicek et al., 2004). As reported in section “Vertical Profiles in Pore Water”, the decreasing trend in dissolved RSEs with increasing core depth was observed in all four cores. Irrespective of the extent of the authigenic RSE accumulation, their subsurface peaks were found in pore waters, i.e., ∼2 cm at ROV10-1, ∼6 cm at ROV10-2, ∼15 cm at ROV11-2. The RSE peak in ROV10-1 could be associated with the reduction of newly formed and deposited Fe oxides, as discussed above. However, at the two other stations (ROV10-2, ROV11-2), the RSE peaks followed the decline of Fe and Mn in pore water (at 5–10 cm in ROV 10-2, Figure 2D and at ca. 15 cm in ROV 11-2, Figure 2H). Because the subsurface peaks of RSEs were observed below the depth of Fe reduction but above the increase of sulide (Figures 2C,G), we suggest that the release of RSEs was not directly associated with the reductive dissolution of ferromanganese oxides nor the reduction of sulfate but rather a result of the formation of dissolved organic complexes. The increase in RSE concentrations in deep pore water has been reported in several sedimentary settings and was associated with dissolved organic matter that maintained RSEs in solution rather than being sequestered onto particles (Brumsack and Gieskes, 1983; Beck et al., 2008; Dang et al., 2014). The subsequent removal of RSEs (6–10 cm at ROV 10-2 or 16–25 cm at ROV 11-2) was concomitant with sulfide production and thus in agreement with the conventional literature (i.e., formation of particle-reactive thiomolybdate and reduction of U and V into insoluble species).



Deciphering Sources of Materials in Hydrothermal Impacted Sediments

The PCA highlighted that the lithogenic elements (i.e., group 1, section “Bulk Metal Concentrations in Sediment and PCA Analysis”) were all correlated (e.g., Al, Li, Rb, Figure 5A). Their concentrations, as well as the elemental ratios (e.g., Ti/Al = 0.055 ± 0.002, n = 70) varied within a very narrow range in all four sediment cores ([Al] = 8.3 ± 0.4%, n = 70). The invariable sediment grain size (Supplementary Figure 1) and the almost constant TOC concentrations throughout the sediment cores (Supplementary Figure 2), indicate little change in detrital inputs in the study area.

Despite the minor variations in the lithogenic elements, there was significant variation in the carbonate-related elements (group 2, section “Bulk Metal Concentrations in Sediment and PCA Analysis”) indicating processes related to carbonate mineral deposition and formation. To shed light on these mechanisms, we calculated the Mg/Ca and Sr/Ca ratios (Figure 7A). Similar to the outcomes of the PCA (Figure 5B), the four sediment cores were split into three groups. Sediments at station ROV 10-1, adjacent to the hydrothermal vent, were most depleted in carbonate minerals (i.e., highest Sr/Ca and Mg/Ca ratios), potentially due to total Mg removal and Ca cycling in the hydrothermal fluid (Antonelli et al., 2017 and references therein). These sediments, therefore, constituted one endmember of the mixing lines (Figures 7A–C). The other endmember is sediments from station ROV 11-1 where constant and high Mg, Ca and Sr concentrations were observed (Figure 3D); the low Mg/Ca and Sr/Ca ratios (Figure 7A) indicated that the carbonate minerals at this station were more likely to be biogenic calcite (Bayon et al., 2007).


[image: image]

FIGURE 7. Crossplots of Sr/Ca (A), U/Th (B), Mo/OC (C) and V/Fe (D) as the function of Mg/Ca. In (A), the top four cm sediments at station ROV 10-1 was excluded from the regression. In (B,C), the regression was performed only on ROV 10-2, 11-1, and 11-2.


In summary, the two endmembers reflected either the marine (ROV 11-1) or hydrothermal influences (ROV 10-1). Sediments at station ROV 10-2 and 11-2 fell on the mixing line between these two endmembers. The deep sediments were more likely to be influenced by the hydrothermal vents while the top sediments were more enriched in biogenic calcite (Figures 3C,D).



Hydrothermal-Impacted Geochemistry of Redox-Sensitive Elements

A negative relationship between the carbonate-related group (Mg, Ca, Sr) and trace elements (e.g., Mo, U) was observed based on the PCA outputs (Figure 5A), indicating there were related geochemical processes controlling the cycle of these elements. To assess the geochemical behavior of each element, we normalized the concentrations of U, Mo and V relative to Th, OC and Fe, respectively. First, because thorium is not a redox-reactive element, the U/Th ratios indicate whether the geochemical evolution of authigenic U is related to its reductive accumulation (Cochran et al., 1986). Second, because Mo accumulation in sediments could be related either to the formation of particle-reactive thiomolybdate species or its delivery and burial with organic carbon (McManus et al., 2006 and references therein), Mo/OC ratios help decipher the difference between authigenically formed Mo and allogenic organic Mo. Finally, it has been demonstrated that hydrothermal precipitates were responsible for V removal from seawater (Feely et al., 1994; Ludford et al., 1996). Therefore, normalizing V relative to Fe, we can evaluate if hydrothermal Fe precipitates would be a major source of V deposition to the sediments.

We have shown previously (section “Bulk Metal Concentrations in Sediment and PCA Analysis”) that Mo and U behaved similarly in the study area while the geochemical behavior of V approximated the lithogenic elements. Therefore, when plotted relative to the Mg/Ca ratios (Figures 7B–D), normalized U and Mo ratios showed a similar trend while V differed. U/Th and Mo/OC ratios were significantly correlated to that of Mg/Ca (Figures 7B,C), except for sediments from station ROV 10-1. This strong correlation indicated that U and Mo accumulation at these stations (ROV 10-2, 11-1, and 11-2) was mainly allogenic as it followed the mixing of the two end-members (marine and hydrothermal). As a result, the reactive Mo and U at these three stations was a minor fraction relative to the residual fraction (Figure 6). However, at station ROV 10-1, enrichment of U and Mo was much higher (Figures 6, 7B,C) and typical of authigenic accumulation. In fact, U accumulation was more noticeable than that of Mo and is supported by the dominant reactive U fraction in ROV 10-1 sediments (Figure 6).

The different geochemical mechanisms leading to their authigenic accumulation could explain the discrepancy between U and Mo enrichment. First, U enrichment is directly related to the reductive accumulation of insoluble U(IV); the redox potentials of the U(IV)/U(VI) half-reaction varied between −0.046 ± 0.001 V for the half-reaction involving Ca2UVIO2(CO3)3 and UIVO2 (Brooks et al., 2003). This Eh typically corresponds to the hypoxic zone of subsurface sediments where ferromanganese oxides are reduced (Couture and Van Cappellen, 2011; Alessi et al., 2014). On the other hand, Mo geochemical cycle is highly dependent on that of sulfide as Mo becomes more particle-reactive in euxinic environments because of the thiomolybdate species formation (Dang et al., 2018 and references therein). This conventional behavior is well supported by the total depletion of dissolved Mo at station ROV 10-1 and 10-2 (Figures 2B,D) where sulfide concentrations were detected (Figures 2A,C). However, we found higher authigenic U and Mo accumulation in the surface sediments of ROV 10-1 (deviation from the regression line, Figures 7A–C), where a high amount of reactive Mo (organic/sulfide fraction) was observed (Figure 6). This finding demonstrated that unique geochemical features of this station adjacent to the hydrothermal vent (ROV 10-1, enrichment of particles of hydrothermal origins, see sections above) altered the geochemistry of Mo and U. Besides, the normalization approach we applied (U/Th and Mo/OC) here could pinpoint the authigenic and allogenic Mo and U in these sediments.

There was no clear correlation between V/Fe and Mg/Ca ratios (Figure 7D). However, it should be noted that V/Fe ratios did not significantly vary in all four sediment cores (3.1 ± 0.4 × 10–3, n = 70), and reactive V represented only 15% of total V (stations ROV 10-1 and 10-2, Figure 6). Also, being of lithogenic origin, as shown by the results of the PCA (Figure 5A), V behavior was different from other trace metals.



Potential Benthic Fluxes Generated by Hydrothermal Influenced Sediments

While the hydrothermal sediments deliver a significant amount reactive Fe and other metals to the surrounding sediments, these elements are not immediately buried. Because of the atypical diagenetic sequence observed in these sediments and its subsequent impact on the geochemistry of the RSEs, it is expected that benthic fluxes in these hydrothermal sediments may differ from other pelagic sediments. Previous studies have reported shallower oxygen penetration depths and higher reactive Fe fractions in the volcanogenic sediments, which may induce higher dissolution rates of Fe and Mn oxides (Hembury et al., 2009; Homoky et al., 2011). Therefore, benthic fluxes of dissolved Fe and other metals generated by the volcanogenic/hydrothermal sediments can potentially be significant to overlying waters (Homoky et al., 2011; Aquilina et al., 2014).

Based on the fact that high dissolved Fe concentrations were measured in surficial pore water (section “Vertical Profiles in Pore Water”) and also that a certain fraction (∼30–40%) of FeHR (section “Sediment Geochemistry”) was quantified in the surface layer of near-field hydrothermal sediments, we calculated the fluxes of Fe and other metals that may be generated from the hydrothermal sediments. These benthic fluxes were calculated using 1-D steady-state mass conservation equations (Boudreau, 1997; supporting information Supplementary Text 2). Briefly, the pore water profiles served as inputs to the model and calculations (e.g., resolution of differential equations) were carried out using the computer code PROFILE (Berg et al., 1998).

The calculated benthic fluxes of Fe ranged between 16.8 and 111.1 μmol m–2 day–1 (Table 1) and were significantly higher than those reported in coastal California sediments (0.84 ± 0.88 μmol m–2, Elrod et al., 2004), where water depths are > 1,000 m, and also along the Peruvian coast (0–1.1 μmol m–2 day–1; Noffke et al., 2012) where water depths are between ∼700–1,000 m. The benthic flux of Fe at ROV10-1 (111 μmol m–2 day–1) was also much higher than the Fe fluxes measured in the volcanogenic sediments in the northern Caribbean Sea (0.27–30.1 μmol m–2 day–1; Homoky et al., 2011). However, they were comparable to the Fe fluxes found in some shallow or anoxic stations along the California coast (6–568 μmol m–2 day–1; Severmann et al., 2010).


TABLE 1. Calculated benthic fluxes of Fe, Mn, Mo, U, V from the sediments of the southern Okinawa Trough.

[image: Table 1]On the other hand, the Mo flux calculated at ROV10-1 (81.5 nmol m–2 day–1) was at the high end of the Mo benthic fluxes (−66.8–85.8 nmol m–2 day–1, n = 4) found in Buzzards Bay, US (Morford et al., 2009). The observed Mn flux was comparable to the average dissolved Mn input from continental margins (∼11.0 μmol m–2 d–1; Berelson et al., 2003). The U flux (1.7–3.5 nmol m–2 d–1) was relatively comparable to those reported in coastal and shelf sediments (Barnes and Cochran, 1990; Zheng et al., 2002; McManus et al., 2005). While benthic fluxes of V are rarely reported, our calculated values were much lower than those reported in coastal areas of the northwest Iberian Peninsula (42–119 nmol m–2 d–1; Santos-Echeandia et al., 2009).

In summary, relatively high Fe fluxes were considered significant in shallow or reducing coastal sediments. However, in deeper (>1,000 m) waters, benthic Fe fluxes were low and/or negligible. This study clearly showed that deep-sea sediments influenced by hydrothermal vents have the potential to contribute high benthic fluxes of Fe and other metals (e.g., Mo) to the overlying water column. Considering the occurrence of multiple hydrothermal fields in the middle and southern OT, metal fluxes generated from the hydrothermal sediments can be potentially important to the marine Fe budget, in addition to the hydrothermal fluids. With this said, this study only investigated a limited number of sediment cores. Although these cores were strategically important because of their proximity to hydrothermal vents, it is uncertain whether this result can be extrapolated to a bigger scale. Moving forward, more cores from a much broader region of the hydrothermal field need to be collected and studied to produce a reliable estimation of the estimated benthic fluxes of this area. Such data would greatly benefit us to better understand the geochemical cycling process of Fe and other metals in those hydrothermally influenced sediments and quantify its significance in terms of a global scale of marine trace metal budget.



CONCLUSION

We have demonstrated atypical diagnetic processes and geochemistry in the OT hydrothermal sediments and, most notably, at station ROV 10-1, which is adjacent to an active hydrothermal vent. We observed high fractions of reactive Fe, Mo and U in these hydrothermal sediments. Due to the significant high input of Fe precipitates from the vent to nearby sediments, the early diagenetic reactions involving Mn oxides in those sediments were likely replaced by the reductive dissolution of Fe oxides just below the SWI, leading to high dissolved Fe, Mo, U concentrations below the sediment surface. Consequently, the estimated upward fluxes of these elements in the southern OT, especially adjacent to the hydrothermal vent (ROV 10-1), were much higher than those in other deep ocean sediments.

By coupling RSEs concentration ratios with carbonate mineral ratios (Sr/Ca and Mg/Ca), we have elucidated the origins of materials delivered to the study area from the end-members, i.e., hydrothermal vs. marine (hydrogenous). This approach is important because it provides a screening tool regarding the nature of sediments in an active hydrothermal seafloor in future studies. Furthermore, this approach helped identify the allogenic and authigenic origins of other trace RSEs, such as U and Mo, which uncertain detrital ratios would otherwise challenge in the allogenic fractions.

This comprehensive study on a unique set of samples collected by advanced technology provided valuable data to demonstrate distinctive early diagenesis processes in near-field hydrothermal sediments. Such study is much needed in the future to better understand the geochemical recycling process of metals at SWI in those hydrothermally influenced sediments and their potential significance to the global budget of trace metals in the marine environment.
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