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Abstract Understanding the interaction between molybdenum (Mo) and organic matter during microbial
sulfate reduction is critical for the use of Mo to reconstruct marine redox conditions throughout Earth's history.
However, little is known about Mo isotope fractionation and how it relates to organic matter remineralization
during microbial sulfate reduction. Here, we report Mo abundances and isotopic (8°*Mo) compositions for bulk-
rock, non-lithogenic and sequentially extracted fractions, including carbonate (carb), pyrite, and organic matter
(OM), of seep carbonate rocks. Our data indicate that the difference between 8°*Moy,,, and 8°*Mogy,
(A”MO, .00 displays significant variability in the studied samples, ranging between 0.72 and 1.01%o.
Remarkably, the obtained A*®Mo,,,,.om Values indicate correlative trends with stable carbon isotope ratios and
bulk abundances of (a) total organic carbon, (b) Mo, and (c) pyrite in seep carbonates, which we interpret as
reflecting sustained adsorption of isotopically light Mo onto organic matter during enhanced sulfate reduction.
On this basis, we put forward the concept that A*Mo,,,,.on Of authigenic carbonate rocks can be used as a
measure of the intensity of sulfate reduction and for reconstructing past interactions between Mo and organic
matter in marine sediments.

Plain Language Summary Molybdenum (Mo) is a useful element for reconstructing marine redox
conditions throughout the Earth's history. The sequestration of Mo through sulfate-reducing bacterial activity
acts as a significant pathway for Mo burial in the ocean. However, the impact of microbial sulfate reduction in
Mo isotope fractionation remains unclear, preventing the understanding of the interaction between Mo and
organic matter. We report Mo abundances and isotopic (8°*Mo) compositions for different phases extracted
from seep carbonate rock fractions, including carbonate (carb), pyrite, and organic matter (OM). Our findings
indicate that organic matter tends to preferentially adsorb isotopically light Mo. The observed 8°*Mo difference
between carbonate and organic matter fractions (A”®Mo,,p,.on from 0.72 to 1.01%o) represents the first report
of the extent of Mo isotope fractionation during Mo adsorption to organic matter in marine environments. We
attribute greater A98Mocarb,OM offsets to the preferential adsorption of isotopically light Mo onto organic matter
during enhanced sulfate reduction, and in turn put forward the idea that such offsets can be possibly used in the
sedimentary record to trace the intensity of sulfate reduction and to reconstruct the past interaction between Mo
and organic matter in marine sediments.

1. Introduction

Over the past decades, molybdenum isotopes (8°*Mo) have been widely used to explore the history of oceanic
redox conditions (e.g., Arnold et al., 2004; Chen et al., 2015; Cheng et al., 2020; Dickson, 2017; Dickson
et al., 2014; Goldberg et al., 2016; O'Sullivan et al., 2022). As a redox sensitive trace metal, Mo is highly soluble
in oxic seawater and has a long residence time of ca. 440 ka (Colodner et al., 1995; Emerson & Huested, 1991;
Miller et al., 2011). Dissolved Mo has a strong affinity to iron (Fe) and manganese (Mn) oxides under oxic
conditions, leading to the preferential adsorption of isotopically light Mo onto Fe-Mn oxides with a maximum
fractionation factor up to 3% relative to the ambient value (e.g., Barling & Anbar, 2004; Barling et al., 2001;
Chen et al., 2022; Eroglu et al., 2020; Goldberg et al., 2009; Scholz et al., 2017; Siebert et al., 2003; Wasylenki
et al., 2008). In environments characterized by low concentrations of dissolved hydrogen sulfide with
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H,S < 11 uM, non-quantitative Mo sequestration results in the enrichment of isotopically light Mo in sediments
relative to the §°*Mo composition of ambient water (e.g., Arnold et al., 2004; Bura-Naki¢ et al., 2018; Goldberg
et al., 2012; Poulson et al., 2006; Scholz et al., 2017; Zheng et al., 2000). In contrast, under strongly sulfidic
conditions exceeding the critical H,S concentration, such as in some restricted marine basins, near-quantitative
Mo sequestration can occur without any significant Mo isotope fractionation (e.g., Gordon et al., 2009; Helz
et al., 2011; Neubert et al., 2008; Siebert et al., 2003).

Accurate interpretation of sedimentary Mo records requires a comprehensive understanding of its biogeochemical
cycling, including Mo burial pathways and isotope fractionation process under anoxic conditions. Under sulfidic
conditions, both iron sulfide minerals (pyrite) and organic matter play an important role in Mo sequestration and
burial in marine sediments, serving as the main pathway for Mo burial (e.g., Ardakani et al., 2016, 2020; Chappaz
et al., 2014; Dahl et al., 2016; Erickson & Helz, 2000; Helz & Vorlicek, 2019; Helz et al., 1996; Vorlicek
etal., 2018; Wagner et al., 2017). Plentiful evidence exists for a strong correlation between organic matter and Mo
abundances in modern and ancient sediments (e.g., Algeo & Lyons, 2006; Chappaz et al., 2014; Dahl et al., 2016;
Dellwig et al., 2019; King et al., 2018; Piper & Perkins, 2004; Tribovillard et al., 2004; Wagner et al., 2017).
Recent studies have documented high Mo abundances in both live and dead cells of sulfate-reducing bacteria (Bao
etal., 2018; Dahl et al., 2016), suggesting that preferential sequestration of Mo by organic matter might represent
a main pathway for Mo burial on geological timescales, thereby explaining the observed close relationship be-
tween Mo and total organic carbon contents in ancient sediments (Dahl et al., 2016). Additionally, interactions
between Mo and organic matter have been inferred from experimental studies showing that significant Mo isotope
fractionation occurs during adsorption onto insolubilized humic acids, a surrogate for organic matter (from 0.82 to
1.79%o; King et al., 2018). However, little is known about the impact of microbial sulfate reduction on the degree
of Mo isotope fractionation to date. Extensive microbial sulfate reduction is thought to have resulted in wide-
spread euxinic conditions in ancient oceans (e.g., Arnold et al., 2004; Gill et al., 2011; Poulton et al., 2004),
similar to the sulfidic conditions that typically prevail in sub-seafloor environments along modern ocean margins
(e.g., Bowles et al., 2014; Jgrgensen, 2021). In this regard, additional insight into how organic matter may affect
Mo isotope fractionation would further advance our understanding of the linkages between organic matter, Mo,
and sulfur cycling in both modern sulfidic pore-water environments and ancient euxinic oceans.

Involving sulfate-reducing bacteria, the anaerobic oxidation of methane and/or heavier hydrocarbon compounds
at submarine seeps results in substantial alkalinity increase near the sediment-seawater interface, which typically
leads to the precipitation of authigenic carbonate deposits (e.g., Boetius et al., 2000; Joye et al., 2004; Naehr
et al., 2009; Peckmann & Thiel, 2004; Smrzka et al., 2019). Such seep carbonate rocks generally show moderate
to significant Mo enrichments, which can reflect preferential sequestration of dissolved Mo under sulfidic
conditions and/or the presence of early diagenetic sulfide minerals (e.g., Deng et al., 2020; Hu et al., 2014; Lin
et al., 2021; Smrzka et al., 2020). For seep carbonate rocks dominated by aragonite, precipitation occurred near
the sediment-seawater interface, hence recording information from both ambient bottom waters and sedimentary
pore water (e.g., Huet al., 2014; Lin et al., 2021). In marine sediments, Mo can be hosted in different phases, most
notably in Fe-Mn oxide, organic matter, and iron sulfides (e.g., Dahl et al., 2016; Jia et al., 2023a; Nan et al., 2023;
Phillips & Xu, 2021). Therefore, the 8°*Mo composition of bulk sediment or bulk authigenic carbonate samples
integrates the sum of the 8°*Mo signature of each of these Mo-bearing phases. The use of §°*Mo values of bulk-
rock samples can consequently lead to inconsistent conclusions or even conclusions that contradict with other
redox indicators such as iron speciation and redox sensitive element contents (Chen et al., 2021). To overcome
this problem, the application of sequentially chemical extraction methods is particularly well suited to determine
the elemental and isotopic characteristics of Mo hosted by different phases (Huang et al., 2023; Jia et al., 2023a).
In authigenic carbonate rocks, sequential leaching can be used to selectively extract carbonate phases, which host
Mo incorporated from ambient pore waters (Chen et al., 2021), but also the fraction of Mo bound to sulfides,
which can form in the sediment by the combination of H,S and sulfophilic elements (Hu et al., 2014; Smrzka
et al.,, 2020). Additionally, sequential leaching can be used to extract the organic compounds preserved in
authigenic carbonate rocks, which may contain critical information regarding the use of Mo by microorganisms
that require Mo as a co-factor in enzymatic processes (Lee et al., 2022; Wang et al., 2019).

In a recent companion paper, we investigated the 8°*Mo composition of sequentially extracted carbonate and
pyrite fractions from seep carbonate rocks, which provided new insights into the biogeochemical pathways of Mo
during early diagenesis (Jia et al., 2023a). In the previous work focused more specifically on the “inorganic
drivers” that control the degree of Mo isotope fractionation between seawater/pore-fluid and authigenic minerals.
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However, despite evidence that the formation of authigenic carbonate and pyrite in reducing marine sediments is
directly linked to methanotrophic and sulfate-reducing microorganisms, little is known about how Mo isotopes
can be affected by microbial activity and how this may influence the burial pathway of Mo. These “organic
drivers” are the subject of this study, where we focus on Mo abundances and isotopic (5°*Mo) compositions of
both carbonate (carb) and organic (OM) fractions extracted from the same suite of seep carbonate rocks. The
purpose is to improve our understanding of Mo isotope fractionation at submarine methane seeps and of the
interaction of Mo with organic matter during microbial sulfate reduction. Such work is required to assess the
potential use of Mo isotopes in sedimentary carbonate rocks as paleo-environmental proxy.

2. Samples and Analytical Methods

The seep carbonate rock samples used in this study are listed in Table 1. Authigenic carbonates from northern
Gulf of Mexico seeps were collected at water depths varying between 260 and 700 m (Figure 1; Table 1; Roberts
et al., 2010 and references therein), while those recovered at methane seeps from the South China Sea were
recovered at 1,120 m water depth (Feng & Chen, 2015). More detailed information on studied seep carbonate
rocks can be found elsewhere (Feng & Chen, 2015; Huang et al., 2020; Sun et al., 2020, 2021; Tong et al., 2019).
The studied carbonate rocks result from sulfate-driven anaerobic oxidation of methane, a biogeochemical process
involving microbial sulfate reduction. After collection and cleaning with deionized water, samples were ground
using an agate mortar.

Bulk mineralogy and relative abundances of carbonate minerals were determined using a LabX X-ray diffraction-
6100 diffractometer equipped with a diffracted beam graphite monochromator using CuKo radiation. The
analytical conditions were set at 40 kV accelerating voltage and 30 mA current. The samples were scanned from
10° to 80° (26) at 0.02° per second with diverging, scattering, and receiving slits of 1°, 0.3°, and 1 mm,
respectively. Quantification of MgCO; contents of carbonate minerals followed the procedures of Liang
et al. (2017). Calcite with less than 5 mol% MgCOs;, 5-20 mol% MgCO;, and 36-50 mol% MgCO; were defined
as low-magnesium calcite (LMC), high-magnesium calcite (HMC), and dolomite, respectively (Burton, 1993;
Burton & Walter, 1991).

To measure the carbon and sulfur contents, we first acidified the powdered samples with 4 M HCI for 12 hr to
remove carbonate minerals. After acidification, the residue was centrifuged, thoroughly rinsed with deionized
water, and freeze dried for carbon and sulfur analyses. The analyzed carbon in the residue represents total organic
carbon (TOC). Since both volatile sulfide released during acidification and organic sulfur are negligible in the
studied samples, the analyzed sulfur mainly corresponds to pyrite-bound sulfur (S,,). Carbon and sulfur were
analyzed using a Vario EI-III Elemental Analyzer with an analytical precision of <2%. For Samples GB260-1 and
MC709-1 containing considerable amounts of barite (Huang et al., 2020; Sun et al., 2021), S, contents were
determined by a modified version of the chromium reduction method (Canfield et al., 1986; Hu et al., 2017).
Samples were treated with 6 N HCI and 1 M CrCl, solutions in an O,-free reaction vessel with continuous N,
flow, and the released H,S gas was trapped in AgNOj; solution and precipitated as Ag,S. The contents of S,,, were
determined by weighting dried Ag,S precipitates.

For stable carbon isotope (5'C) and oxygen isotope (8'®0) analyses of the carbonate phases of seep carbonate
rocks, the CO, fraction released after treatment of powdered samples with 100% phosphoric acid at 70°C was
analyzed using a Gasbench II-Delta V Advantage mass spectrometer. For carbon stable isotope analysis of TOC
of seep carbonate rocks, powdered samples were acidified following the above procedure, and the processed
samples were combusted to CO, using an Elemental Analyzer (EA). The released CO, was subsequently
analyzed using a Delta V Advantage mass spectrometer. Carbon and oxygen isotope values are expressed as o
notation relative to the Vienna-Pee Dee Belemnite (V-PDB) standard with precisions on the order of 0.1%o (2SD)
for both 8'°C and 5'°0 values.

Following the analytical procedure of Hu et al. (2014), about 50 mg of powdered bulk-rock were digested using
ultrapure concentrated HNO; and HF (185°C; 36 hr) to determine trace element abundances of bulk rock. The
resulting solution was evaporated to dryness and further digested in ultrapure HNO; (135°C; S hr). For trace
element analysis of the non-lithogenic fraction of seep carbonate rocks, about 50 mg of powdered samples were
dissolved in a mixture of concentrated HNO; and HCI (v/v = 3) at 110°C for 24 hr. After centrifugation, the
supernatant was evaporated to dryness, and the obtained residue was re-dissolved in 2% HNOj prior to analysis.
Note that the non-lithogenic fraction mostly corresponds to the sum of carbonate, Fe-Mn oxide, sulfide, and
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Table 1
Sample and Site Information of Seep Carbonate Rocks
Location Site Sample ID Water depth (m) References
Gulf of Mexico GB260 GB260-1 460 Huang et al. (2020)
GC140 GC140-1 260-510 Tong et al. (2019)
GC232 GC232-1 570 Sun et al. (2020)
MC709 MC709-1 680-700 Sun et al. (2021)
South China Sea Site F Site F-1 1,120 Feng and Chen (2015)
Site F-2
organic matter fractions associated with seep carbonate rocks, but can also contain a minor fraction of labile
silicate minerals.
A sequential leaching procedure was conducted to determine the abundances of Mo and other trace elements in
different phases of seep carbonate rocks, namely carbonate, Fe-Mn oxide, sulfide, and organic matter fractions.
The carbonate-bound Mo was determined following leaching with 5% ultrapure acetic acid for 16 hr on ca.
300 mg of powdered samples (Rongemaille et al., 2011). While this leaching step also results in the removal of
exchangeable Mo, this latter fraction remains small relative to the extracted Mo fraction derived from carbonate
24 .5°N
23°N
21.5°N
116°E 118°E 120°E 122°E
- 30°N
28.5°N
Gulf of Mexico 5N
94°W 91°W 88°W
Figure 1. Maps showing the study areas and sampling sites. (a) Seep carbonate rocks were collected at Site F from the South
China Sea. (b) Seep carbonate rocks were recovered at sites GC260, GC140, GC232, and MC709 from the Gulf of Mexico.
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phases (Jia et al., 2023a). Next, Fe-Mn oxyhydroxide phases were extracted using a solution of 0.5 M hydrox-
ylamine HCI adjusted to pH = 1.5 (16 hr) according to Tessier et al. (1979). Sulfide minerals, mainly pyrite, and
associated Mo were subsequently dissolved by leaching with 3 M HNO; for 12 hr (Chao & Sanzolone, 1977).
Note that at such molarity and at room temperature, the use of HNO; does not cause extensive oxidation of
organic matter (Han et al., 2009). Finally, organic-bound Mo was extracted with 5% H,O, (pH = 2) for 36 hr
(Wang et al., 2019). All extractions were conducted on a mechanical shaker at room temperature. After each
leaching step, the resulting residue obtained by centrifugation was thoroughly rinsed with deionized water (x4),
and the combined supernatants were evaporated to dryness, and further digested in concentrated H,O, and HNO;.
Prior to analysis, all the above processed leachates were re-dissolved in diluted 2% HNO;. Trace element
abundances in bulk-rock, non-lithogenic, carbonate, Fe-Mn oxide, sulfide, and organic matter fractions were
determined using a Thermo Fisher iCAPRQ ICP-MS or a Thermo Fisher X series 2 ICP-MS. Certified reference
materials (W-2a and BHVO-2) and a single standard solution of Mo were used for quality control with precision
and accuracy both better than 5%.

All bulk-rock and non-lithogenic fractions as well as carbonate, pyrite, and organic matter phases of seep car-
bonate rocks extracted by sequential leaching were analyzed for Mo isotope compositions at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Science using a
Thermo-Fisher Scientific Neptune-Plus multi-collector inductively coupled plasma mass spectrometer. Note that
the Mo fraction hosted in the Fe-Mn oxide phases extracted by sequential leaching was not analyzed for Mo
isotopes due to methodological issues occurring during the corresponding chemical separation step by ion
chromatography. Prior to chemical separation, a 1900Mo-"Mo double spike was added to samples to correct
instrumental mass bias and any other isotope fractionation during chemical preparation. Following the procedures
of Li et al. (2014), chemical separation was performed by ion chromatography using N-benzoyl-N-phenyl hy-
droxylamine (BPHA) resin and a 6 M HF : 1 M HCI solution for Mo elution. Chemical yields of Mo after
separation were usually higher than 90% with procedural blanks less than 0.23 ng of Mo, which corresponds to
less than 1% of total Mo. Repeated measurements of a NIST SRM 3134 standard solution, USGS rock reference
materials AGV-2, and IAPSO seawater standard produced 5%*Mo values of 0.25 + 0.07%o (2SD, n = 26),
0.08 £ 0.09%0 (2SD, n = 4), and 2.33 £ 0.02%o (2SD, n = 4), respectively. These results are in agreement with
reference values from the literature (Greber et al., 2012; Li et al., 2014; Zhao et al., 2016). The analytical error of
5”®Mo values was systematically <0.07%o and typically less than 0.05%o (2SD). The isotopic composition of Mo
is expressed as 8°*Mo relative to the NIST SRM 3134 standard (8°*Mo NIST3134 = +0.25%o), following Niigler
et al. (2014):

5"Mo (%0) = [(**Mo/**Mo) /(" Mo/ Mo) ey~ 1| X 1000+ 0.25 (1)

sample’

3. Results
3.1. Carbonate Mineralogy, and §'>C and §'®0 Compositions

The mineralogical compositions, as well as oxygen and carbon stable isotope compositions, of the samples
analyzed are present in Table 2. Aragonite, LMC, HMC, and dolomite are the dominant minerals, with minor
amounts of quartz, chlorite, and albite (Table 2). Total carbonate contents vary between 66 and 97 wt%. Pyrite was
not detected by XRD analysis due to its low abundance. However, pyrite was widely observed using different
types of microscopes (Feng & Chen, 2015; Huang et al., 2020; Jia et al., 2023a; Roberts et al., 2010).

The 8'*C and 580 values of the carbonate phase of the studied authigenic carbonate rocks (8'*C,,, and 8'%0,,;,)
vary from —58.2%o to —20.6% and from 2.8 to 4.6%o, respectively (Table 2). The 8'>C values of organic matter
(613CTOC) are low, ranging from —46.7%o to —23.4%o0 (Table 2). The carbonate sample from site GB260 in the
Gulf of Mexico is dominated by LMC with a §'°C_,,, value of —49.8%c and a §'*Cyqc value of —30.7%o. The
sample recovered at site GC140 is rich in dolomite with a 'C,,,,, value of —31.7% and a 6'3CTOC value of
—23.4%o. The carbonate sample from site GC232 is dominated by aragonite, showing a 8'°C_,,, value of —20.6%
and a 8" Croc value of —37.4%o. For sample at site MC709, the dominant carbonate mineral is LMC, yielding a
8'%C, ., value of —27.4%o and a 8'*Croc value of —31.4%o. For Site F of the South China Sea, the carbonate
samples are rich in HMC with §'°C.,,, values from —58.2%o to —47.4%o and 8'*Cyoc values from —46.7%o to
—42.7%o0 (Table 2).
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Mineral, Carbon, and Oxygen Isotope Compositions of Seep Carbonate Rocks
SampleID Qz% Ab% Chl% LMC% Dol% Arg% HMC%  Carb.Cont. %  8C_p %0 880, %0 8"Croe %o
GB260-1* 2.8 0 0 97.2 0 0 0 97 —49.8 2.8 —-30.7
GC140-1 5.7 4.5 0 0 76.0 0 13.7 90 -31.7 4.5 —23.4
GC232-1 5.4 0 0 3.8 0 90.8 0 95 —-20.6 35 —37.4
MC709-1° 4.6 0 0 95.4 0 0 0 95 —-27.4 4.5 314
Site F-1° 16.2 6.2 7.7 0 0 18.1 51.9 70 —47.4 4.0 —42.7
Site F-2° 17.1 9.6 7 0 0 0 66.3 66 —58.2 4.6 —46.7

Note. Qz, Ab, Chl, LMC, Dol, Arg, and HMC refer to quartz, albite, chlorite, low-magnesium calcite, dolomite, aragonite, and high-magnesium calcite, respectively.
Carb. Cont.: Carbonate content. 8'°C_,,, and 5'%0_,,, represent 5'°C and 5'%0 values of carbonate phase in the studied seep carbonates rocks, respectively. SISCTOC
indicates 8'>C values of total organic carbon in seep carbonate rocks. *Data from Jia et al. (2023a).

3.2. Elemental Abundances

Except for the site GC232 sample, which displays a TOC content of 11.32% (Table 3) reflecting the influence of
oil seepage (Sun et al., 2020), all other samples show a narrow range of TOC contents, falling between 0.53% and
2.10% (Table 2). The S, content of the sample from site GB260 is low (0.03%), while other samples display
higher S, contents from 0.88% to 1.26% (Table 3). Non-lithogenic Mn (Mn, ;. jino) and Fe (Fe, g, i) contents
range from 35 to 759 pg/g and from 4,750 to 21,100 pg/g, respectively (Table 3). Non-lithogenic Mo (Mo, _jitho)
contents vary from 3.5 to 12.9 pg/g, hence showing relative enrichment compared to the average Mo abundance in
the Earth's upper continental crust (1.5 pg/g; McLennan, 2001; Table 3; Figure 2). The contents of Mo, are
in good agreement with the sum of all Mo fractions obtained by chemical extraction (X Mo; Figure 2), which

non-litho

confirms the reliability of our sequential leaching procedure. Relative to the total Mo budget of studied seep
carbonate rocks (£ Mo), the proportion of pyrite-bound Mo (Mo,,,) ranges from 52% to 86% (mean of 76 % 11%;
1SD; Figure 2). In comparison, the Mo fractions associated with extracted Fe-Mn oxide (Mo,,) and organic
matter (Mogy,) phases account for <10% of the total Mo budget of studied carbonate rocks (Figure 2).

3.3. Molybdenum Isotope Compositions

In bulk-rock samples, 8°*Mo values vary between 1.02 and 2.07%o, averaging 1.61 + 0.36%. (1SD, n = 6;
Figure 3). Similar to 698Mobulk values, §°®Mo values of the non-lithogenic fraction (S%Monon_mho) range from
1.09 to 2.12%o with an average of 1.62 =+ 0.36%0 (1SD, n = 6; Figure 3). Generally, the §°*Mo composition of
the pyrite fraction of seep carbonate rocks (698Mopy), varying from 1.07 to 2.10%. with an average of
1.65 + 0.40%o (1SD, n = 6), is close to the corresponding 5”*Moy,;, and 5”*Mo values (Figure 3). This
indicates that 898M0py largely controls the 8°*Mo

non-litho

nonlitho Signature of studied seep carbonate rocks (Figure 2).

The Mo isotope values of the carbonate fraction of seep carbonate rocks (898Mocarb) are the highest among all

Table 3
Contents of Total Organic Carbon (TOC), Pyrite Sulfur (Spy), Manganese (Mn), and Iron (Fe) of Seep Carbonates and

Molybdenum (Mo) of Different Phases of Seep Carbonate Rocks

TOC S Mo, Mo, Mo, Mo Mogm Mn, Fe

by non-litho carb ox by non-litho non-litho
Sample ID % % ngle ne/e nele  negle nele ngle pg/e
GB260-1* 1.88 0.03 3.5 0.22 0.12 3.16 0.34 231 8,410
GC140-1 0.53 1.26 6.0 0.83 0.32 4.58 0.48 128 9,370
GC232-1 11.3 1.13 8.3 1.51 0.35 5.71 0.11 35 4,750
MC709-1* 2.10 0.88 5.8 0.29 0.33 5.84 0.39 759 11,300
Site F-1* 0.58 0.99 12.9 0.47 0.78 9.77 0.33 225 21,100
Site F-2* 0.69 1.22 12.5 4.26 1.23 7.00 0.86 303 18,700
Note. MO,y jitho» MOy, MO, Mo, and Mo, refer to Mo contents of non-lithogenic, carbonate, Fe-Mn oxide, pyrite, and

organic matter fractions of seep carbonate rocks, respectively. Mn, .4, and Fe . .. indicate Mn and Fe contents of
non-lithogenic fractions of seep carbonate rocks, respectively. *Data from Jia et al. (2023a).
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Figure 2. Molybdenum (Mo) contents and proportions of different phases for seep carbonate rocks. The upper graph shows
the non-lithogenic Mo contents and the sum of Mo contents hosted in different phases by sequential chemical extraction. The
lower graph presents Mo relative proportions of different phases (i.e., carbonate, Fe-Mn oxide, pyrite, and organic matter).
Data for samples GB260-1, MC709-1, Site F-1, and Site F-2 are from Jia et al. (2023a).

studied fractions, varying from 1.54 to 2.64%o with an average of 2.07 + 0.39%o (1SD, n = 6; Figure 3). In
contrast, 5°*Mo values of the organic fraction of seep carbonate rocks (5°*Mogy,) are the lowest among all
studied fractions, ranging from 0.77 to 1.80%c with an average of 1.24 + 0.36%0 (1SD, n = 6; Figure 3).
Therefore, 698M0Py values are generally lower than the corresponding 8°*Moy,,, values but higher than the
corresponding 698M00M values (Figure 3).

4. Discussion
4.1. Biogeochemical Processes and Conditions During Seep Carbonate Formation

Sulfate-driven anaerobic oxidation of methane (AOM) at seeps results in the release of large amounts of '>C-
depleted bicarbonate. This process increases pore-water alkalinity and leads to the formation of '>C-depleted
authigenic carbonates (e.g., Boetius et al., 2000; Peckmann & Thiel, 2004). As a result, carbonate rocks found
in seep environments commonly exhibit highly negative 8'°C_,,, values, commonly lower than 8'*C values of
marine organic matter. Such negative 8'°C values typically serve as diagnostic features for the occurrence of
AOM in the marine environment (e.g., Peckmann & Thiel, 2004). The §'*C_,,;, values lower than —47% obtained
for samples of site GB260 from the Gulf of Mexico and Site F from the South China Sea indicate that carbonate
formation was driven by AOM, inheriting the carbon isotope composition of the methane-rich fluid sources
(Table 2; Feng & Chen, 2015; Huang et al., 2020). The occurrence of dolomite typified by a 8'°C_,,,, value of
—31.7%o for the sample from site GC140 (Table 2) is consistent with previous results (Tong et al., 2019). Based
on the evidence for steep 5'0/5>*S slopes for carbonate-associated sulfate and high 8**S values of sulfide
minerals (Tong et al., 2019), the GC140 carbonates most likely formed in a relatively low sulfate, high-sulfide
environment that was generated by prolonged sulfate reduction.
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Figure 3. 5°®Mo values of different phases of seep carbonate rocks, including carbonate (698Mocarb), pyrite (8°*Mo
organic matter (5°*Mogy,), bulk-rock (5°*Moy,,,), and non-lithogenic phases (8°*Mo,
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Concerning seep carbonate rocks from sites GC232 and MC709, the obtained data for TOC and total nitrogen
contents, 613CTOC values, and 5**S values of sulfides and organic sulfur point toward environmental conditions
associated with the biodegradation of heavy hydrocarbons and other oil derived compounds by sulfate-reducing
bacteria (cf. Joye et al., 2004; Naehr et al., 2009; Sun et al., 2020). This conclusion is supported by high contents
Mo, and S, (Table 3). For surface sediments not affected by seepage from the South China Sea and the Gulf of
Mexico, 8"*Cyoc values are —20%o and —22%o, respectively (Chen et al., 2012; Eadie et al., 1978; LaRowe
et al., 2020). In contrast, for all the seep carbonate rocks investigated in this study, 8'>Croc values lower than
—22%o indicate a contribution of dissolved inorganic carbon resulting from the oxidation of methane and oil
components, with sulfate as the major electron acceptor (Table 2; Feng et al., 2021). Highly '*C-depleted TOC
with 8'3C values as low as —46.7%o for Site F (Table 2) reflects the local abundance of methanotrophic biomass
and pronounced AOM (cf. Feng et al., 2021; Wegener et al., 2008). In summary, the formation processes and
conditions of the studied seep carbonate rocks reflect the consumption of methane and the degradation of oil, both
driven by microbial sulfate reduction.

4.2. §°Mo Patterns of Different Phases of Seep Carbonate Rocks

The circumstance that Mo, contents generally agree with the sum of all Mo fractions obtained by chemical

non-litho
extraction in this study provides reassuring evidence for the reliability of our sequential leaching procedure
(Figure 2a). Likewise, such evidence for near-quantitative extraction of Mo during the sequential leaching
procedure also suggests that any experimental Mo isotope fractionation induced by leaching should be negligible.
This interpretation agrees with the observation that pyrite dominates (a) the Mo budget as well as (b) the 5%Mo
signature of seep carbonate rocks (Figures 2 and 3). As mentioned above, at the critical threshold H,S concen-
trations of 11-100 pM, a °*Mo offset of ca. 0.5-0.7%o exists between sequestrated Mo and seawater/pore water
Mo (e.g., Bura-Naki¢ et al., 2018; Bura-Naki¢ et al., 2020; Gordon et al., 2009; He et al., 2021; Hutchings
etal., 2020; Nigler et al., 2011; Neubert et al., 2008; Poulson et al., 2006; Romaniello et al., 2016). Offsets smaller
than 0.7%o between 698M0py and ambient water 8**Mo therefore probably result from Mo isotope fractionation at
or above the near-critical H,S concentration (Figure 3; Lin et al., 2021). In contrast, the observation of isotopic
offsets larger than 0.7%o between 698M0py and ambient water 8°*Mo instead suggests an additional contribution
of isotopically light Mo to Mo, (Figure 3). It has been shown that isotopically light Mo is preferentially adsorbed
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onto Fe-Mn oxides (e.g., Barling & Anbar, 2004; Chen et al., 2022; Eroglu et al., 2020; Goldberg et al., 2009;
Scholz et al., 2017; Siebert et al., 2003; Wasylenki et al., 2008). In the studied seep carbonate rocks, the Mo
fractions associated with extracted organic matter are also generally typified by the enrichment of isotopically
light Mo, with 8*®*Mogy, lower than SQSMOpy values (Figure 3). Accordingly, the relatively light 898M0py
compositions associated with pyrite—a mineral typically composed of crystal aggregates progressively forming
during early diagenetic processes (Berner, 1970, 1984; Domingos et al., 2023)—are expected to be inherited from
the release of isotopically light Mo during the course of early diagenesis, following both Fe-Mn oxide reduction
and organic matter as well as oil remineralization by sulfate reduction.

Recent work has shown that 698M0mb values faithfully reflect the §**Mo composition of pore waters since only
negligible Mo isotope fractionation is thought to occur during calcite precipitation (Chen et al., 2021). The degree
of Mo isotope fractionation during the adsorption of pore water Mo onto organic matter can thus be estimated by
the difference between 8°*Moy,;, and 8°*Mogys (A%*Mo,1,.on)- In this study, the obtained A*®Moy, ., on Values
vary from 0.72 to 1.01%o, that is, a range that is similar to that previously observed between dissolved Mo and
insoluble humic acids (King et al., 2018). To the best of our knowledge, this finding represents the first report of
the extent of Mo isotope fractionation during adsorption of Mo onto organic matter in the marine environment,
being fully consistent with previous inferences derived from experimental work (Biswas et al., 2009; King
et al., 2018).

4.3. Mo Isotope Fractionation During Sulfate Reduction

Despite the evidence for a close interaction between Mo and both live and dead cells of sulfate-reducing bacteria
(Bao et al., 2018; Dahl et al., 2016), little is known about the degree of Mo isotope fractionation during Mo
sequestration by organic matter. Marine seeps—with their locally enhanced sulfate reduction and a high abun-
dance of sulfate-reducing bacteria—are typified by (a) prominent pyrite production, (b) high abundance of
authigenic Mo in the sediments, and (c) the occurrence of highly depleted 8'>C signatures in both organic matter
and authigenic carbonate rocks (e.g., Feng et al., 2021; Hu et al., 2014; Peckmann & Thiel, 2004). Methanotrophic
archaea and associated sulfate-reducing bacteria assimilate highly '*C-depleted bicarbonate and methane into
their biomass (e.g., Bowles et al., 2020; Osorio-Rodriguez et al., 2023; Wegener et al., 2008), contributing to the
highly '*C-depleted TOC at seeps (e.g., Feng et al., 2021). Enhanced sulfate reduction at seeps can be generally
inferred from more negative 8'°C.,,;, and 8'*Cyqc values, although the fact that methane-rich fluids at seeps
worldwide carry distinctive and variable 8'>C compositions (due to different origins, such as thermogenic and
biogenic methane) complicates the use of §'>C,,,;, and 8'*Croc as a proxy for the intensity of sulfate reduction.
Pyrite and Mo contents in authigenic carbonates can provide independent constraints on the degree of sulfate
reduction (e.g., Gong et al., 2018) as they result from enhanced sulfate reduction and the consequent H,S
production.

In this study, we found that certain distinctive diagnostic features (Spy, Moy, 8"*C o and 613CTOC) associated
with enhanced sulfate reduction are consistently linked to higher A**Moy,,, on values (Figure 4; Table 3). For
instance, for Site F of the South China Sea, a higher A°*Mo., 1, oum Value along with higher S,y and Mo, contents
suggests enhanced sulfate reduction and corresponding sulfate-reducing bacterial activity. In seepage areas, any
increase in the rate of sulfate reduction is accompanied by enhanced metabolic activity and/or an increase in the
biomass of sulfate-reducing bacteria (Glass et al., 2014; Osorio-Rodriguez et al., 2023). Such enhanced microbial
activity is likely to come along with a greater sequestration of light Mo isotopes from the surrounding pore water
onto the microbially derived organic matter, hence resulting in enhanced Mo isotope fractionation and higher
A%*Mo,,, om Values (Figure 4). Therefore, our data suggest that the difference in 8°*Mo composition between
the carbonate fractions and the organic matter fractions preserved in the authigenic carbonates can provide in-
sights into the effect of organic matter on dissolved Mo during sulfate reduction. On this basis, we suggest that
A”Mo,,.0n derived from authigenic carbonate rocks can be used to assess the extent of bacterial sulfate
reduction, with higher A*®Mo,;,.on values indicating enhanced sulfate reduction. Euxinic conditions (i.e., low-
oxygen and high-sulfide levels in the water column) were prevalent in ancient oceans (e.g., Gill et al., 2011;
Poulton et al., 2004), where sulfate-reducing bacteria likely played a significant role in Mo burial (Dahl
et al., 2016). Regardless of their origin—carbonate precipitation related to sulfate reduction in the water column
or AOM in the sediment—the interaction between organic matter and dissolved Mo during sulfate reduction
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Figure 4. Difference of 5°®Mo values between carbonate and organic matter phases in seep carbonate rocks (A%Mo(carbfoM)) versus (a) contents of pyrite sulfur (S,
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and 613CTOC data for samples GB260-1, MC709-1, Site F-1, and Site F-2 are from Jia et al. (2023a).

should be preserved in all types of marine carbonate rocks. Therefore, the potential A**Mo,, on Proxy of
sedimentary carbonate rocks holds promise as a tool for tracing the intensity of bacterial sulfate reduction and the
cycling of Mo and sulfur in ancient marine sediments.

5. Conclusions and Perspectives

Fractions of molybdenum (Mo) bound to carbonate, pyrite, and organic phases of seep carbonate rocks from four
sites of the Gulf of Mexico and one site from the South China Sea were isolated using a sequential leaching
procedure and analyzed for Mo contents and isotopic compositions. Our data indicate that pyrite dominates the
Mo budget and the §°*Mo composition of seep carbonate rocks. The observed 8°*Mo values in leached fractions
are largely explained by the fact that Mo isotopes fractionate upon sequestration under sulfidic conditions and that
early diagenetic remobilization of both Fe-Mn oxides and organic matter release an isotopically light fraction of
Mo, which can be subsequently incorporated into authigenic pyrite. A striking result of our study is the obser-
vation that the degree of Mo isotope decoupling between the leached carbonate (8°*Mo,,;,) and organic
(8”*Mogy,) fractions exhibits an apparent correlation with geochemical markers of the intensity of microbial
sulfate reduction. Higher A®*Mo,.,.onm Values at sites typified by greater sulfate reduction rates suggest that
sulfate-reducing bacteria preferentially absorb isotopically light Mo, causing larger Mo isotope fractionation
(~1%o0). The suggested linkage between the degree of Mo isotope fractionation and the intensity of sulfate
reduction should be investigated further in future experimental work. Considering that euxinic conditions were
once widespread in ancient oceans at times where sulfidic conditions probably favored Mo burial, the new
A("gMocarb,OM proxy should be applied in future studies on ancient carbonate rocks to reconstruct the intensity of
bacterial sulfate reduction in marine sediments, serving as an independent proxy for tracing sulfur cycling and Mo
burial.
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