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Introduction: Recent work has proposed that the nitrogen isotopes in marine
sediments can be impacted by anaerobic oxidation of methane (AOM), since
nitrogen uptake by anaerobic methanotrophic archaea (ANME) modifies the
nitrogen isotope compositions of bulk sediment. Thus, unraveling the AOM-
driven nitrogen cycle in the sulfate-methane transition zone (SMTZ) becomes
significant. Additional study of the nitrogen cycle between sediment and
interstitial water in SMTZ is needed.

Methods: To better understand the nitrogen cycle in the SMTZ, we analyzed
NH4+ concentrations of interstitial water and nitrogen isotopes of sediment in
the core GC10 from the southwestern Taiwan Basin in the South China Sea.

Results: The defined SMTZ is located at 560-830 cmbsf, based on methane
and sulfate concentrations, as well as TS/TOC ratios, 813CTIC and 834S values.
In the SMTZ, the NH4+ concentration decreases, the 315NTN shows a negative
excursion, 815Ndecarb displays a positive excursion.

Discussions: NH4+ concentration decrease is interpreted by sulfate-reducing
ammonium oxidation (SRAQO). The 815NTN shows negative excursion, which is
most likely interpreted to N2 (815N=0%o.) released from SRAO that was fixed
into marine sediment via ANME nitrogen fixation. The 815Ndecarb shows a
negative correlation with NH4+ concentrations, indicating that it was
controlled by organic matter decomposition. In the SMTZ, the methane
competes with organic matter for becoming the substrate of sulfate
reduction bacteria, which possibly decreases the organic matter degradation
rate and causes 815Ndecarb relative positive excursion. Although 815Ndecarb is
controlled by organic matter degradation, 815NTN still reveals a negative
excursion in the SMTZ. This likely indicates that nitrogen uptake by ANME/
AOM microbial consortiums mainly modifies the nitrogen isotope of soluble
nitrogen in the SMTZ.
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Conclusions: This study indicates unique geochemistry processes in SMTZ will
modify nitrogen characteristics in sediment/interstitial water, and the latter can
serve as a proxy for AOM.

KEYWORDS

cold seep, anaerobic oxidation of methane (AOM), nitrogen isotopes, total organic
carbon (TOC), South China Sea

1 Introduction

Methane (CHy,) is a strong greenhouse gas, with 25 times more
greenhouse effects than carbon dioxide over 100 years (IPCC, 2007;
Ruppel, 2017). Methane is the main component of gas hydrate
deposits (Ruppel, 2017). Gas hydrates tend to form in a low-
temperature and high-pressure environment with sufficient
methane concentrations (Clennell et al., 1999). The continental
margin is highly conducive to gas hydrate formation and represents
the world’s largest gas hydrate reservoirs (Suess, 2010). The buried
gas hydrate is unstable, and would decompose due to various
processes, such as earthquakes and ocean current circulation (Suess,
2020). Gas hydrate decomposition would generate a methane flow
transported from deeper sediments towards the seafloor, which is
called methane leakage (Suess, 2020). Methane leakage adds about
0.02 Gt of carbon to the ocean each year (Boetius and Wenzhofer,
2013). Methane leakage is widely dispersed across the continental
margin and has had a major impact on marine carbon cycling and
climate over the last geological history (Dickens, 2003; Levin et al.,
2016; Ruppel, 2017; Egger et al.,, 2018; Zhang et al,, 2019; Akam
et al., 2020; Kim and Zhang, 2022). Most of the methane released is
consumed by anaerobic oxidation of methane (AOM) in the
shallow sediments and/or anoxic water column, primarily using
sulfate as an electron acceptor (Boetius et al., 2000; Reeburgh, 2007).
The AOM process will occur at the sulfate methane transition zone
(SMTZ), mediated by sulfate reducing bacteria (SRB) and anaerobic
methanotrophic archaea (ANME) (Boetius et al., 2000). During this
process, authigenic pyrite and carbonate are generated, significantly
changing the sediment’s geochemical characteristics (Boetius et al,,
2000; Peckmann and Thiel, 2004; Lin et al., 2016). At the SMTZ,
multiple elements (C, O, N, P, Fe, Mo etc.) undergo unique
geochemical turnover (Peckmann et al,, 1999; Boetius et al., 2000;
Antler et al, 2015; Feng et al., 2018a; Feng et al., 2018b),
understanding which is of great significance to tracing
methane leakage.

Nitrogen is a fundamental element for life (Jing et al., 2020).
Nitrogen is contained in all life (Jing et al,, 2020). In the SMTZ,
nitrogen experiences complex biogeochemical interactions, and the
nitrogen isotope composition of sediments can be modified by
ANME or AOM microbial consortiums (Dekas et al., 2009; Ettwig
et al, 2010; Dong et al, 2017; Hu et al,, 2020). Laboratory culture
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results have revealed that ANME can mediate nitrogen fixation and
ammonia assimilation (Dekas et al,, 2009). Recent studies suggest
that nitrogen uptake by ANME causes a negative excursion of
nitrogen stable isotopes in sediment (Feng et al., 2015; Hu et al,
2020), which can be applied as a proxy for AOM-impacted sediment
in settings with or without authigenic carbonates (Hu et al., 2020).
Previous studies mainly focused on nitrogen isotopic compositions
in sediments or cold-seep organisms (Feng et al., 2015 Hu et al,
2020), whereas similar studies on sediment-interstitial water are rare.

Although ANME could mediate nitrogen fixation and lead
to a negative excursion of biomass 8'°N, the 8'°N composition
in marine sediments could also be affected by both sedimentary
input and diagenesis processes (Wehrmann et al, 2011;
Robinson et al., 2012; Quan et al., 2013a; Quan et al.,, 2013b).
The §'°N compositions of marine sediments can be influenced
by different nitrogen inputs (Quan et al., 2013b; Quan et al,
2013a; Tesdal et al., 2013). Redox conditions could also influence
the 8'°N compositions of marine sediments (Quan et al., 2013b).
Nitrate utilization and denitrification can also result in large
nitrogen isotope fractionation (up to 30%o) (Freudenthal et al.,
2001; Lehmann et al.,, 2002; Lehmann et al., 2007; Robinson
et al., 2012). The diagenesis process would also have an impact
on 8N of marine sediment (Freudenthal et al., 2001; Lehmann
et al,, 2002; Robinson et al., 2012). Organic matter degradation
includes preferential degradation of amino acids rich in '°N
(Nakatsuka et al., 1997) and selective removal of proteins
(Macko and Estep, 1984), which could induce 8N of organic
matter decrease. Therefore, the nitrogen cycle between sediment
and interstitial water may be more complicated than previously
thought. It is necessary to combine interstitial water data and
sediment data to uncover the nitrogen cycle in SMTZ.

In this study, we analyzed the nitrogen concentrations,
nitrogen isotopic compositions of marine sediment as well as the
NH;} concentration in interstitial water. The object of this study is
to understand the mechanism of the nitrogen cycle in SMTZ.

2 Geological setting

The sampling site (core GC10) is located in the southwestern
Taiwan basin of the northeastern South China Sea (Figure 1).
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FIGURE 1

Map showing the sampling locations (red spot) (modified after Xu et al., 2021).

The basin has a 7 km-thick sediment succession with abundant
organic matter and a high geothermal gradient, favoring gas
hydrate formation (McDonnell et al., 2000). Moreover, bottom
simulating reflectors (BSR) are widely distributed in the basin,
indicating buried gas hydrates (McDonnell et al., 2000; Wu et al.,
2007). The Jiulong methane reef was discovered in the
southwestern Taiwan basin, and gas hydrates were successfully
drilled in 2013 (Tong et al., 2013; Lin et al., 2018b). The Jiulong
reef represents the world’s largest methane-derived authigenic
carbonate reef, indicating methane seepage used to be a common
process at this site (Zhang et al., 2015). The southwestern
Taiwan basin is considered a highly promising gas hydrate
exploration target in the South China Sea (Lin et al., 2021).

3 Material and methods

The piston core was collected at site GC10 (21°18.453'N,
119°11.819’E) in the southwestern Taiwan basin in the South
China Sea during the “Taiyang” cruise (No. SO177, June, 2004).
The water depth at GC10 is 3008 m, and the core is 9.37 m long.
The “porridge structure” is present at 9.10-9.20 m depth, likely
caused by gas hydrate dissociation (Wu et al., 2010). The
sediments are composed mainly of silt and fine-grained clay.
After the retrieval, the core was cut into ~10 cm intervals and
stored in a cold room (4°C). Samples were packed individually in
zip-lock plastic bags and freeze-dried. For elemental and isotopic
analyses, the samples were selected at 30 cm intervals, and
pulverized with an agate mortar to< 63 pum.

Total sulfur (TS) and total nitrogen (TN) content were
measured with a CNS-HO rapid element analyzer at the
Guangdong Provincial Key Laboratory of Marine Resources
and Coastal Engineering in March 2021. About 30 mg of the
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sample (mixed with ~30 mg V,0s) was transferred to a tin cup
(2 mm*8 mm), and then converted to SO, and N, at 1020°C
before being measured by the element analyzer.

Total organic carbon (TOC) and decarbonated nitrogen
(Ngecarb) contents were measured by an elemental analyzer.
About 0.2 g of sediment was added into a 15 mL centrifuge
tube and acidified by about 15 mL of 10% HCI (excess) for 12
hours, and then washed three times with deionized water. The
treated samples were freeze-dried for TOC and Ngecar, content
measurement, with analytical procedures similar to those for the
TS and TN measurements.

The TS, TN, TOC, and Ngecarp, isotopes were determined
with a continuous flow Thermo Fisher Scientific MAT 253 Plus
isotope ratio mass spectrometer at the School of Marine
Sciences, Sun Yat-Sen University, in March 2021. About 15
mg of the sample was converted to CO,, SO,, N, in the elemental
analyzer at 1020°C, and then the isotope compositions were
measured by the isotope ratio mass spectrometer. N, content
was calculated by subtracting Ngecarr from TN content. Nogher
isotope values were calculated by the simple binary model:

rlTN * f'TN = Liecm’h * £decarb + (luther * £ather

Where { represents the nitrogen isotope value; £ represents
the nitrogen content.

Total inorganic carbon (TIC) isotopes were measured by a
Thermo Fisher Scientific MAT 253 Plus isotope ratio mass
spectrometer coupled with the Gas Bench II. Bulk sediment (~800
ug) was placed into a clear glass centrifuge tube, and helium gas was
applied to flush out atmospheric gases from the tube. About 5 mL of
100% phosphoric acid was added to the tube at room temperature
(25°C). In the tube, carbonate in sediments reacted with phosphoric
acid for 24 hours, and then the released CO, was transported via Gas
Bench II to be analyzed by the mass spectrometer.
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The C, S, and N isotope values were reported with the
standard d notation relative to the Vienna Pee Dee Belemnite
(V-PDB), Vienna Canyon Diablo Troilite (V-CDT), and
atmospheric nitrogen, respectively. International reference
materials for the C, S, and N isotopic data calibration are
IAEA-S1 (™S = -0.30%o), NBS-18 (8'°C = —5.014%o, 8'°0 =
—-23.2%0) and TAEA-600 (8'°C = -27.771%0, 8'°N =
1.0%o), respectively.

We compiled NH}{, methane, and sulfate concentrations from
Wu et al. (2010) to reflect the nitrogen cycle and biochemical rate
(Wu et al,, 2010). Porewater was squeezed from marine sediment
after retrieval (Wu et al., 2010). The NHj concentration of
porewater was measured by a spectrophotometer on deck in
June 2004 (Wu et al., 2010). Methane and sulfate concentrations
were measured by ICP at the Guangzhou Marine Geological
Survey in July 2004 (Wu et al, 2010). The precision of
porewater is available for numerical simulation and analysis.

In this study, the organic matter degradation rate (Rpoc),
OSR rate, AOM rate, and methanogenesis rate under steady-
state were calculated using porewater data and TOC content
(Table S1-54; Figure 2). The geochemistry rate models used in
this study were the most well-known and commonly used in
AOM-impacted sediment cores (Lehmann et al, 2002;
Wehrmann et al., 2011; Meister et al., 2019; Zhang et al., 2019;
Akam et al., 2020; Zhang et al., 2021). The parameters used in
those models are as close to the study site as possible.

The organic matter degradation rate, Rpoc (g C g ™' yr'),
was calculated based on the most accepted method (Middelburg,
1989; Borowski et al., 1996; Beulig et al., 2017).

10.3389/fmars.2022.1101599

(1)

)

ag +—
Vs

RPOC = POCX- (016* (

Where a, is the initial age of organic matter (a, - 6030 yr BP;
Table S1); x (cm) represents the depth below seafloor; v; is the
porewater downward diftusion velocity, in this study, v, equal to
sedimentary rate (cm yr’l) (ve=25 cm yr’l); POC is the TOC
content of sediment.

The rate of AOM (Boetius et al., 2000), Raom ((mol cm™?
yr’l), was calculated based on the most accepted method
(Regnier et al., 2011):

Raom = kAOM*[SOAZJ *[CH,] (2)

Where Ko is the rate constant (kyonm=1, according to Luo
et al,, 2015); [SOF] and [CH,] are the concentrations of sulfate
and methane in porewater (Table S2).

Based on the previous studies (Middelburg, 1989; Beulig
et al, 2017), the rate of methanogenesis was determined as
follows:

psx-(l — @)*106 [SOAZ{}

Ry = 0.5
METTT T MW@ 0T ] + Koo

3)

*Rpoc

Where p, is the density of dry sediment (p, =2.5 g/cm?; according
to Luo et al,, 2015); @ is the porosity of sediment (@& =0.7; according
to Feng et al,, 2021); MW/ is the atomic weight of carbon (12 g/mol);
Koor- i the Michaelis—-Menten constant (Ksoz- = 0.1).

Age data were compiled to constrain the initial age of
organic matter and the sedimentary rate (Table SI1). The
parameters of models are listed in Table S2 (Table S2).
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FIGURE 2

Graph for geochemistry rates, NH4+ concentration, and Ndecarb isotope composition. (A) Methane and sulfate concentrations in GC10. (B)

AOM rate of GC10. AOM rate increases in the SMTZ. (C) Organic mat

ter degradation rate and methanogenesis rate of GC10. The organic matter

degradation rate decreases with depth due to the organic matter's decreased reactivity. The methanogenesis rate increases sharply in the SMTZ.

(D) NH4+ concentrations of GC10 (Wu et al., 2010). In 0-560 cmbsf,

NH4+ concentration increases with depth; in 560-830 cmbsf, NH4+

concentration display a distinct drop; below 830 cmbsf, NH4+ concentration sharply increases. (E) 815Ndecarb shows a negative correlation

with NH4+ concentration.
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4 Results

4.1 Carbon and sulfur
isotope compositions

The §Cric of sediment from site GC10 is presented in
Figure 3D. The §"*Cryc values vary widely, ranging from -20.89
to 1.03%o, averaging -2.37%o (n = 32). In 0-420 cmbsf, the
3Cricis relatively stable, averaging 0.19%o (n = 14). In 440-560
cmbsf, the 8" Cryc also shows relatively stable values, averaging

TABLE 1 C-N-S content of core GC10.

Depth (cmbsf) TOC content (wt%)

TN content (wt%)

10.3389/fmars.2022.1101599

-3.24%o (n = 5). Distinct negative 8"3Cryc excursions occur at
630 and 730 cmbsf, which reach -20.33%0 and -20.89%o,
respectively. Below 830 cmbsf, the 8"°Cric of sediment
displays relative stability, averaging -0.6%o (n = 3). The 8°*S of
sediment from site GC10 is presented in Figure 3E. Bulk
sediment §*S varies from -29.36 to 24.20%o, averaging 4.20%o
(n = 32). The §**S is stable in 0-100 cmbsf (from 9.27 to 9.69%o;
avg. 9.46%o; n = 3), decreases with depth in 100-400 cmbsf
(from 9.46 to -27.96%o), and increases with depth in 400-930
cmbsf (from -27.96 to 24.2%o) (Figures 3D, E; Tables 1, 2).

Ndecarb content (wt%) Nother content (wt%)

30-40 0.54 0.15 0.08 0.07

60-70 0.53 0.12 0.08 0.04

80-90 0.39 0.13 0.06 0.07
117-130 0.4 0.11 0.06 0.05
150-160 0.5 0.14 0.08 0.06
167-177 0.43 0.1 0.03 0.07
208-220 0.5 0.14 0.08 0.06
230-242 0.6 0.13 0.08 0.05
260-270 0.37 0.13 0.05 0.08
280-290 0.24 0.12 0.03 0.09
320-330 0.84 0.19 0.11 0.08
350-360 0.87 0.17 0.11 0.06
370-380 0.92 0.19 0.11 0.08
410-420 0.63 0.15 0.08 0.07
429-440 0.53 0.14 0.08 0.06
460-470 0.4 0.15 0.06 0.09
479-490 0.51 0.13 0.08 0.05
520-530 0.43 0.2 0.07 0.13
550-560 0.43 0.13 0.07 0.06
570-580 0.49 0.13 0.08 0.05
605-615 0.31 0.11 0.05 0.06
625-632 0.55 0.06 0.09 -
652-660 0.53 0.12 0.07 0.05
670-680 0.44 0.14 0.06 0.08
710-720 0.46 0.11 0.06 0.05
730-740 0.22 0.08 0.03 0.05
760-770 0.34 0.1 0.04 0.06
775-790 0.49 0.15 0.06 0.09
820-830 0.42 0.12 0.06 0.06

(Continued)
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TABLE 1 Continued

Depth (cmbsf)

TOC content (wt%) TN content (wt%) Ndecarb content (wt%) Nother content (wt%)

850-860 0.43 0.12 0.05 0.07
870-880 0.56 0.13 0.06 0.07
900-910 0.51 0.12 0.07 0.05

TABLE 2 C-N-S isotopes of core GC10.

Depth (cmbsf) 8'3Cyic (V-PDB) 84S (V-C 8"Nqy (Air N,) 8" Nyecarb (Air N,) TS/TOC
30-40 0.19 9.27 3.56 2.89 0.22
60-70 0.1 9.43 3.02 3.29 0.26
80-90 -0.25 9.69 2.2 2.99 0.2

117-130 1.03 -15.44 2.94 3.18 0.75
150-160 0.69 -9.68 3.06 3.35 0.61
167-177 0.77 -16.47 2.27 3.03 1.13
208-220 0.08 -13.9 2.41 3.06 0.63
230-242 0.07 -13.1 2.52 3.35 0.24
260-270 0.16 -20.05 2.5 2.77 0.52
280-290 0 -16.61 2.92 3.44 1.11
320-330 -0.08 -21.3 2.37 2.75 0.31
350-360 -0.23 -29.36 2.01 2.53 0.32
370-380 -0.37 -27.96 2.6 233 0.39
410-420 0.44 -18.43 3.38 2.03 0.66
429-440 -3.2 -7.68 247 1.32 0.67
460-470 -3.54 -5.64 2.14 1.34 0.64
479-490 -3.65 -3.62 2.01 1.11 0.41
520-530 -3.02 0.28 3.27 0.68 0.39
550-560 -2.79 -2.82 1.68 1.5 0.6
570-580 -7.11 -2.62 1.15 1.02 0.41
605-615 -2.78 -0.56 0.69 0.91 0.5
625-632 -20.33 -4.19 1.74 1.28 0.71
652-660 -2.1 -9.53 2.1 1.59 0.62
670-680 -1.9 -0.85 1.8 1.52 0.84
710-720 -2.82 7.01 1.6 2.23 1.19
730-740 -20.89 0.18 2.68 1.27 2.32
760-770 -0.22 0.16 0.79 3.59 1.06
775-790 -1.73 -1.19 1.71 32 0.65
820-830 -0.42 15.7 1.41 4.2 0.82
850-860 -0.66 14.25 1.3 33 0.55
870-880 -0.65 16.66 1.06 1.57 0.54
900-910 -0.49 242 1.93 3.15 0.09
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4.2 TOC, TN, Ngecarb and TS contents

The TN and Ngecar, content of sediment from site GC10 is
presented in Figure 4A. The samples have TOC = 0.22-0.92 wt%
(avg. 0.49 wt%; n = 32), TN = 0.08-0.2 wt% (avg. 0.13 wt%; n =
32), and Nyecarb = 0.03-0.11 wt% (avg. 0.07 wt%; n = 32). TOC,
TN, and Ngecarp content display similar trends and vary widely.
In 605-632 and 730-770 cmbsf, TOC, TN, and Ngecart, content
present distinct decreases (Figure 4A, Table 1). The samples have
TS = 0.04-0.79 wt% (avg. 0.29 wt%; n = 32). In 0-100 cmbsf, TS
content displays relatively low values. In 100-560cmbsf, TS
content is relatively high and varies widely. TS content shows
a significant increase in 560-830 cmbsf (Figure 3C). TS/TOC is
less than 0.36 in 0-100 cmbs and higher than 0.36 in 100-930
cmbsf (Figure 3B). TS/TOC displays a significant increase in
560-830 cmbst.

4.3 TN and Ngecarp isOtopes

The samples have §'°Npy = 0.69-3.56%0 (avg. 2.16%o;
n = 32). In 0-100 cmbsf, the 8"°Ni decreases with depth. In
100-560 cmbsf, the 8'°Nty of sediment is relatively stable. The
8"*Npy exhibits distinct negative excursions in 560-830 cmbsf.
8" N socary, Varies from 0.68 to 4.20%o (avg. 2.37%o; n = 32). In 0-
100 cmbsf, the 8"°N gecart, of sediment is relatively stable. In 100-
560 cmbsf, the 8'°Nyecarp decreases with depth. The 8"°Ngecars
shows positive excursion in 560-830 cmbsf (Figure 4, Table 2).

5 Discussion
5.1 Geological records for AOM

In order to reveal the nitrogen cycle in SMTZ, the SMTZ
position of core GC10 must first be constrained. The current
SMTZ of core GC10 has been constrained at ~800 cmbsf using
porewater methane and sulfate concentrations (Wu et al., 2010).
At ~800 cmbsf, methane concentrations rise sharply, whereas
sulfate concentrations drop sharply with depth, indicative of the
AOM occurrence there (Figures 2, 3). To trace the integral
methane seepage dynamics, TS/TOC and the TIC and TS
isotopes are also used here to trace the AOM geological record.

5.1.1 TS/TOC indicates AOM in sediment

In the marine sedimentary environment, sulfur comes
primarily from pyrite (FeS,), which is mainly sourced by sulfide
from sulfate reduction of organic matter (OSR) and Fe’* from
porewater (equations (5), (6), (7), and (8)), thus there is a
dependency between the TS and TOC contents (Berner, 1984;
Wang et al, 2018b). Because OSR would produce authigenic
pyrite, the TS/TOC ratio is less than 0.36 in an oxic setting and
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larger than 0.36 in an anaerobic environment (Berner, 1984; Li
et al,, 2016). In the SMTZ, AOM produces additional authigenic
pyrite (not dependent on TOC) (Berner, 1984; Li et al., 2016;
Wang et al.,, 2018b), which significantly increases the sediment TS
content and TS/TOC ratio (equations (4), (5), (6), (7), and (8)).
Therefore, a high TS/TOC ratio is widely used to trace AOM in
sediments (van Dongen et al.,, 2007; Li et al., 2018; Yang et al.,
2020; Miao et al.,, 2021).

CH, +SO2” — HS + HCO; + H,0 4)
2CH,0 + SO” — H,$ + 2HCO; (5)
Fe** + HS™ — FeS + H' (6)

FeS + H,S — FeS, + H, )
FeS+S* — FeS, + 827, (8)

In core GC10, the TS/TOC ratio is< 0.36 in 0-100 cmbsf,
which indicates that the horizon is oxidizing. Below 100 cmbsf,
TS/TOC is generally > 0.36, indicative of an anaerobic
environment. The sharp TS/TOC increase (reaching 2.32) in
560-830 cmbsf is most likely attributed to the presence of AOM-
generated additional authigenic pyrite, thus constraining the
SMTZ there (Figure 3B).

5.1.2 TIC isotopes trace authigenic carbonate
generated by AOM

The TIC of bulk marine sediment is a mixture of different
inorganic carbon sources (Yang et al., 2020). TIC is primarily
derived from calcareous nannofossils and authigenic carbonate
generated by the seawater dissolved inorganic carbon (DIC) pool
(8"C = 0 %o) (Suess, 2014; Consolaro et al., 2015). The carbon
isotope composition of calcareous nannofossils varies from -2 to
2%o in a marine sedimentary environment without methane
leakage (Berger, 1970; Panieri et al., 2017), thus the TIC carbon
isotope composition varies generally between -2 and 2%o (Wang
et al., 2018b; Feng et al, 2021b; Li et al.,, 2021). In methane
leakage regions, the TIC of bulk marine sediment is composed of
calcareous nannofossils and authigenic carbonate generated by
special DIC pools (Meister et al., 2019). The potential DIC pools
in the methane seepage region include AOM-derived DIC, OSR-
derived DIC, and deep-DIC flux (Akam et al.,, 2020). AOM-
derived DIC inherits the '*C depletion from methane (biogenic
methane §'°C less than -50%o) (Peckmann et al., 1999;
Peckmann et al.,, 2004; Peckmann et al., 2009). OSR-derived
DIC inherits the >C depletion from organic matter (§"°C of
marine organic matter varies from -19 to -22%o) (Berner, 1978;
Lim et al., 2011). Deep-DIC flux fluxes from methanogenic
depths with higher 8'3C values (5 to 24%o) (Meister et al,
2019; Akam et al., 2020). In SMTZ, high alkalinity will convert
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7-36% DIC pools into authigenic carbonate (Akam et al., 2020).
These DIC pools convert to authigenic carbonate minerals in the
sediments and/or overprint foraminiferal shells (Zhuang et al.,
2016; Panieri et al., 2017; Bergamin et al.,, 2019), which
significantly changes the TIC carbon isotope compositions of
bulk marine sediment, causing TIC *C depletion. AOM-derived
authigenic carbonate typically displays '>C depletion (<—30%o)
which mainly mirrors AOM-derived DIC. Because OSR-derived
DIC is limited by the reactive organic matter content of
sediment, OSR could only generate a small proportion of DIC
(Consolaro et al., 2015; Beulig et al., 2017; Feng et al., 2018b; Li
et al., 2018; Feng et al., 2021a; Li et al., 2021).

The 8"Crc values show clear negative excursions in 560-
830 cmbsf (reaching -20.89%o), which indicate a mixture of
calcareous nannofossils and authigenic carbonate generated by
the AOM-derived DIC pool (Figure 3D). AOM-induced
negative excursions of 8"Cric also been reported in many
AOM-impacted sediment cores (Li et al., 2016; Xie et al., 2019;
Hu et al,, 2020; Xiong et al., 2020; Yang et al., 2020; Li et al,,
2021). Therefore, the SMTZ was constrained at 560-830 cmbsf.

5.1.3 TS isotope reveals AOM impact on
core GC10

Organic sulfur, elemental sulfur, and pyrite are all
components of sulfur in marine sediment. Because organic
sulfur, elemental sulfur, and Fe-sulfides are all metastable
(Hofmann et al., 2009; Chen et al., 2016; Lin et al., 2016;
Zhang et al., 2018), they are easily converted to pyrite. Pyrite
is the most abundant sulfur component in bulk sediments
(Berner, 1984). In an anaerobic marine environment, sulfate
reduction bacteria preferentially use >*S to generate pyrite when
sulfate replenishment is sufficient (Hofmann et al., 2009; Chen
et al., 2016; Lin et al., 2016; Zhang et al., 2018). Thus, the pyrite
formed by organic matter sulfate reduction (OSR) is **S-
depleted (Borowski et al., 2013; Egger et al., 2015; Beulig et al.,
2017). In SMTZ, the consumption rate of sulfates in interstitial
water is much higher than the seawater sulfate replenishment
rate, resulting in a residual **S-rich sulfate pool, which
eventually precipitates into **S-rich pyrite via AOM (Borowski
et al,, 2013; Egger et al,, 2015; Lin et al., 2016; Lin et al., 2018a).
This will generate **S-rich pyrite in marine sediment (Hofmann
et al., 2009; Chen et al., 2016; Lin et al., 2016; Zhang et al., 2018).
5**S1g displays a similar tendency as 8°*Scgg, as pyrite is the
major sulfur source in bulk sediment (Li et al., 2018; Liu et al.,
2020; Feng et al., 2021b). 834ST5 can also indicate the sulfur
isotope characteristic of pyrite (Wang et al., 2018b; Yang et al.,
2020; Feng et al., 2021b).

In 0-100 cmbsf, 8**Sg is stable (from 9.27 to 9.69%o; avg.
9.46%0) and TS/TOC is< 0.36 (oxic zone), which were
interpreted by disproportionation and reoxidation.
Disproportionation and reoxidation of sulfide is most-likely
attributed to heavy **S enrichment of pyrite in surface marine
sediment (Lin et al., 2016; Lin et al., 2017). During very early
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diagenesis, there was an increased availability of easily
degradable organic materials, which led to high cellular sulfate
reduction rates and declining isotope discrimination (Lin et al.,
2016; Lin et al, 2017). This is reflected in the high §°*S values
and low pyrite content (Lin et al., 2016; Lin et al., 2017). Such
sulfide disproportionation and reoxidation (a high &**S value
and a low pyrite content in shallow surface sediments) have been
widely reported in surface sediment from continental margins
and cold-seep regions (Borowski et al., 2013; Lin et al., 2017; Lin
et al.,, 2018b). In 100-400 cmbsf, 8%*S decreases with depth and
TS/TOC is high (> 0.36), which is most likely caused by the
addition of OSR-driven **S-depleted pyrite. In 100-400 cmbsf,
OSR is occurring due to the anoxic environment (TS/TOC >
0.36). The rate of OSR is slow enough not to contribute to a
sulfate gradient, but strong enough to produce enough
isotopically light sulfide in here. It is indicated by the &S
decrease with depth in 100-400 cmbsf but sulfate
concentration is relatively stable. The negative 8°*S value of
pyrite generated by OSR is also reported in most marine
sediments (Berner, 1978; Robinson et al., 2012; Borowski et al.,
2013; Li et al., 2016; Lin et al., 2016; Antler et al., 2017; Lin et al.,
2018a; Lin et al., 2018b; Lin et al., 2021; Lin et al., 2021). In 400-
830 cmbsf, 8>*S increases with depth (Figure 3D), which is most
likely due to AOM-generated **S-rich pyrite. The positive
excursion of 8°*S below the SMTZ (below 830 cmbsf) is most
likely caused by the sulfate reduction rate faster than the sulfate
replenish rate (Liu et al., 2020). This phenomenon was also
observed in many sediment cores in the Bornholm Basin (Liu
et al.,, 2020).

In a word, the SMTZ of GC10 are restricted at 560-830
cmbsf, based on a significantly increased TS/TOC ratio, 8Cric
negative excursions, 5%s positive excursions, and methane/
sulfate concentration.

5.2 Nitrogen geochemistry and its
constraints for nitrogen cycle in SMTZ

5.2.1 Nitrogen geochemistry in
interstitial water

We compiled NHj, methane, and sulfate concentrations
from Wu et al. (2010) to reflect the nitrogen cycle and
biochemical rate (Wu et al., 2010). In the core of GC10, NH}
concentration rises with depth and then falls sharply to the
current SMTZ, below which it rises sharply again (Figure 2D).
NH} is a major nitrogen component in interstitial water that is
mostly released by organic matter degradation (Laima, 1992;
Yang et al., 2010). NHj, as an indicator of organic matter
degradation, has been utilized in many continental margin
porewater investigations (Nakatsuka et al., 1997; Holmes et al.,
1999; Freudenthal et al., 2001; Wehrmann et al., 2011; Robinson
et al, 2012; Schrum et al., 2015; Komada et al.,, 2016). The
concentration of NHJ in pore water normally increases with
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depth in a marine environment without methane seepage, which
has been interpreted as organic matter degradation releasing

NHj accumulation in interstitial water (Lehmann et al., 2007;
Wehrmann et al., 2011; Robinson et al., 2012; Quan et al., 2013a;
Tesdal et al., 2013; Schrum et al., 2015; Akam et al., 2020; Zhang
et al, 2021). The laboratory incubation found that organic
matter decomposition releases NH}, and NHj concentration
increases with incubation time (Holmes et al., 1999; Freudenthal
et al., 2001; Lehmann et al., 2002; Wehrmann et al., 2011). The
age of organic matter in marine sediment increases with depth,
thus NH} concentration increases with depth in normal marine
environment (Nakatsuka et al., 1997; Holmes et al., 1999;
Freudenthal et al., 2001; Wehrmann et al.,, 2011; Robinson
et al., 2012; Schrum et al., 2015; Komada et al., 2016).

In the methane seepage region, the NHj concentration
increases from low values near the seafloor to an interval
where the concentration gradients are minimal, followed by a
pronounced increase very close to the depth where sulfate values
approach zero (Wehrmann et al., 2011; Schrum et al,, 2015). In
fact, the zone where sulfate values approach zero coincides with
the SMTZ lower boundary. Therefore, in the methane seepage
region, the NHj concentration increases with depth, and the
concentration gradients are minor in the SMTZ but significantly
higher below the SMTZ. The concentration gradients are
minimal in the SMTZ, which is interpreted by sulfate-reducing
ammonium oxidation and ammonia assimilation into biomass
(Wehrmann et al,, 2011; Schrum et al., 2015). Sulfate-reducing
ammonium oxidation (SRAO) could be illustrated as equation
(10) (Schrum et al, 2015). According to computed Gibbs
energies, sulfate-reducing ammonium oxidation is energy
yielding and metabolically practical (Schrum et al., 2015). The
rapid increase in NHj concentration below SMTZ is interpreted
by the upward NHj flow carried by methane leakage
(Wehrmann et al., 2011; Schrum et al., 2015).

4NH] + 4802 + 5(CH,0),— 5CO, + 2N, + 11H,0 + 4HS™ (10)

The whole down-core profile of NH; concentration for
GCI10 is similar to most AOM-impacted sediment cores from
the Bering Sea Slope, Bay of Bengal and Greenwich Bay
(Wehrmann et al., 2011; Schrum et al., 2015). In the
oxidation zone of 0-100 cmbsf (TS/TOC< 0.36), the NHj}
concentration was stabilized at a low value (average 46.1
umol/L) most likely due to the release of NHj from organic
matter degradation under oxidative conditions. Organic matter
could be degraded by O,, N, Fe, Mn, and SO37; it depends on
the Gibbs energy difference (O, <Mn < N < Fe < SO}")
(Froelich et al., 1979; Thullner et al., 2007; LaRowe and Van
Cappellen, 2011). The lower the Gibbs energy, the more likely
the reaction is to happen (Froelich et al., 1979; Thullner et al.,
2007; LaRowe and Van Cappellen, 2011). In 0-100 cmbsf, TS/
TOC is less than 0.36, indicating an oxidation condition.
Because the Gibbs energy of organic matter degradation by
0, is lower than that of SO ", most organic matter is degraded
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by O, in 0-100 cmbsf. The concentration of NHj increases with
depth in the range of 100-560 cmbsf, which is most likely
owing to organic matter age increasing with depth and
interstitial water accumulating NHj produced by organic
matter decomposition. In 100-560 cmbsf, TS/TOC is higher
than 0.36, indicating an anaerobic condition. Thus, in 100-560
cmbsf, most organic matter is degraded by SO; . The SMTZ
(560-830 cmbsf) has a lower NH}} concentration, which is most
likely due to NH} consumption by the SRAO. Below the SMTZ
(830-930 cmbsf), NH concentration increases sharply (reach
to 367.9 umol/L), accounting for deep NHj flux upward with
methane leakage.

Based on above mentioned, NH} concentration decreases in
the SMTZ which most likely indicate sulfate-reducing
ammonium oxidation occurrence there.

5.2.2 Nitrogen geochemistry in
marine sediment

In marine sediment, the potential nitrogen sources include
nitrogen from particulate organic matter, nitrogen from
dissolved organic matter, NOj, exchangeable NHj, and NH}
fixed into clay mineral structures (Macko and Estep, 1984; Karl
et al., 1997; Holmes et al., 1999; Lehmann et al., 2007; Martens-
Habbena and Qin, 2022). The most abundant nitrogen source in
marine sediment is nitrogen from organic matter (Karl et al,
1997; Hong et al., 2013; Tesdal et al., 2013; Komada et al., 2016;
Kuypers et al., 2018). Exchangeable NHj makes up only a
modest percentage of nitrogen (<1%) in open ocean sediments
with little TOC, but its content will rise in anaerobic
environments as interstitial water NHj concentrations rise and
the significant capacity of the clays to absorb NHj (Freudenthal
et al,, 2001; Lehmann et al., 2007; Robinson et al., 2012; Hong
et al., 2013; Schrum et al.,, 2015; Martens-Habbena and Qin,
2022). NHj fixed into clay mineral structures would be a
substantial nitrogen pool in marine sediment with low organic
matter content, but in environments with high organic matter
content, the main nitrogen pool is nitrogen from organic matter
(Alshameri et al., 2018).

TN, Nyecarb» and Nogper contents are illustrated in Figure 4A.
Interesting, TN, Ngecarb» and Noger content display distinct drops
in 625-632 and 730-740 cmbsf, which are most likely due to AOM-
generating carbonate diluting nitrogen content in sediment.
Because 8'°Cryc displays negative excursions in 625-632 and
730-740 cmbsf, indicating that AOM generates a substantial
amount of carbonate there. In 625-632 cmbsf, Nyecar, content
even higher than TN content, which also consistent with that
carbonate dilute nitrogen content in sediment there. Thus, TN,
Niecarb and Nope, contents could be influenced by carbonate
dilution and could not reflect nitrogen accumulation.

TN is made up of Nyecarts a0d Noher in this study. The
nitrogen sources of marine sediment associated with different
nitrogen types are depicted in Figure 5. PON, DON, E-AM, NO3
, and CFN are all possible nitrogen types for TN. The probable
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FIGURE 3

Geological records of SMTZ in core GC10. (A) Interstitial water data for GC10 (Wu et al., 2010). Methane concentrations rise, and sulfate drops
sharply at 560-830 cmbsf, indicating the SMTZ location there. (B) TS/TOC of sediments from GC10. TS/TOC enhances at 560-830 cmbsf. (C)
Total sulfur content for GC10. Total surfur content increases at 560-830 cmbsf, indicating additional pyrite generated by AOM. (D) Total
inorganic carbon 813C for sediments, showing negative §13CTIC excursions at 560-830 cmbsf (reaching -20.89%.), and indicating AOM
occurrence here. (E) Bulk-sediment 834S for GC10. §34S values are positive in 0-100 cmbsf, decrease in 100-400 cmbsf, and variably increase

in 400-937 cmbsf.

nitrogen types of Ngecar, include PON and CFEN, while DON,
NOj; and E-AM are all potential types for Noer. E-AM and CEN
may not be the majority nitrogen types at site GC10, because site
GC10 is a typical methane seep location with substantial organic
matter (average TOC content = 0.49 wt%). The majority of
nitrogen in GCI10 is related to organic matter, since TOC vs TN
and TOC vs Ngecarb in GC10 show a clear positive correlation
(Figure 6). This implies that TN and Ngecarp 0of sediment in site
GC10 are mostly derived from organic matter.

The 3"°N of organic matter is controlled by sedimentary
input and early diagenesis (Lehmann et al., 2002; Komada et al.,
2016; Chuang et al., 2019; Zhang et al., 2020). a) Sedimentary
input. Nitrogen isotopes from various organic matter sources
would have varying §'°N values (Nakatsuka et al, 1997;
Freudenthal et al.,, 2001; Lehmann et al., 2007; Reeburgh, 2007;
Robinson et al., 2012). Organic matter 8'°N would vary with
different sedimentary inputs. Organic matter would have little
8'°N offset in an area with steady sedimentary input (relatively
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FIGURE 4
Element and isotope compositions of different nitrogen species for GC10. §15NTN and 815Nother shows negative excursions in the SMTZ. (A)
TN, Ndecarb and Nother content;(B) TN isotope; (C) Ndecarb isotope; (D) Nother isotope.
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FIGURE 5
Nitrogen composition of marine sediment. Total nitrogen (TN) includes Ngecarb aNd Nother: Ngecarb includes nitrogen of particulate organic

matter (PON) and amminia fixed into clay minerals structure (CFN); Ngwer includes nitrogen of dissolve organic matter (DON) and exchangeable

ammonia, and negligeble nitrate.

stable organic matter source and relatively stable sedimentation
rate). b) Early diagenesis. In early diagenesis, a variety of aerobic
and anaerobic microbial processes could modify the §'°N of
organic matter (nitrate utilization, denitrification, nitrification,
N,-fixation, organic matter degradation, and sulfate-reducing
ammonium oxidation) (Macko and Estep, 1984; Robinson et al.,
2012; Komada et al., 2016; Wang et al., 2018a; Akam et al., 2020).

Nitrate utilization, denitrification, and nitrification are all
associated with nitrate. Although nitrate utilization and
denitrification can result in large nitrogen isotope fractionation
(up to 30%o), nitrate is exhausted by denitrification within a few
centimeters (Lehmann et al., 2007). Below the seafloor, in
anaerobic environment, low nitrate concentration in deep
sediment can lead to under-expression of this isotope effect,
both at the organism and sediment scales (Lehmann et al., 2007).
Thus, the 8N of organic matter in deep sediment is less
impacted by nitrate utilization, denitrification, and
nitrification. N,-fixation may also result in a negative
excursion of sediment 8'°N (Karl et al, 1997), as N, has a
relatively low nitrogen isotope (8N = 0%0) (Robinson et al.,
2012). ANME is a type of N,-fixation diazotrophic bacteria
(Dekas et al., 2009), which could result in the depletion of '*N in
sediment (Hu et al., 2020). Organic matter degradation could
also modify the nitrogen isotope of sediment (Nakatsuka et al.,
1997; Holmes et al., 1999; Freudenthal et al., 2001; Lehmann
et al,, 2002; Lehmann et al, 2007). Selective loss of specific
fractions from total organic matter during degradation could
alter the 8"°N of organic matter (Libes and Deuser, 1988; Karl
et al., 1997; Nakatsuka et al., 1997; Komada et al., 2016; Meister
et al, 2019). Carbohydrates, proteins, and lipids make up
organic matter in marine sediment, and degradation of
organic matter can change the relative abundance of
carbohydrates, proteins, and lipids (Karl et al., 1997; Robinson
et al,, 2012). This could also change the nitrogen isotope
component of organic matter (Karl et al, 1997; Robinson
et al, 2012). Organic matter degradation preferential
degradation of amino acids (**N-rich) (Nakatsuka et al., 1997)
and selective removal of proteins (with relative **N rich) (Macko
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and Estep, 1984) which could induce 8N of organic matter
negative excursion.

The 8Ny of sediment displays a relatively high value in 0-
100 cmbsf, shows relatively stable values (offset 2%o) in 100-530
cmbsf, and displays a negative excursion in the SMTZ. In 0-100
cmbsf, the 8'°Npy of sediment displays a relatively high value,
which is most likely due to denitrification. In an oxic condition,
denitrification would make surface marine sediment '°N enriched
(Lehmann et al., 2007). In 0-100 cmbsf, TS/TOC<0.36 indicates an
oxic environment here, which favors denitrification and sediment
>N enrichment. In 100-530 cmbsf, the §'°Npy between the fluff
layers is relatively steady (Figure 4B), which reflects relatively stable
sedimentary input in site GC10. In addition, the nitrogen isotope of
sediment from northern South China Sea (site MD3433, that study
site is close to our study area) is relatively stable (< 1%o) since 50 ka
(Figure 1) (Wang et al., 2018a), which consistent with site GC10
has relatively stable sedimentary input. In the SMTZ (560-830
cmbsf), the 8Ny of sediment displays a negative excursion,
which is most likely due to nitrogen uptake by ANME or AOM
microbial consortiums. The 8"°Npy of sediment cores displaying
negative excursions in AOM-impacted zones has been observed in
many methane seepage regions (Hu et al., 2020). This
phenomenon is interpreted by the nitrogen uptake of ANME or
AOM microbial consortiums (Hu et al, 2020). However, the
nitrogen source in SMTZ is not well understood. Combining
with SRAO would consume NHj and produce N, (equation 10)
in the SMTZ, the negative excursion of 8'’Nry in the SMTZ likely
due to that N, generated by SRAO was fixed into marine sediment.
There are further studies needed to confirm it.

Interestingly, " Nyecarh displays a different tendency from
8"°Niin.The 8" Nyecars of sediment decreases with depth in 0-530
cmbsf and displays a positive excursion in the SMTZ. In 0-530
cmbsf, the 8" Ngecan, of sediment decreases with depth, which is
most likely due to organic matter degradation. Organic matter
degradation would consume organic matter and release NHj
(Nakatsuka et al, 1997). Organic matter degradation involves
preferential degradation of amino acids and selective removal of
proteins (with relative 5N rich) (Macko and Estep, 1984), which
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would induce the §'°N of particular organic matter decrease. In 0-
530 cmbsf, the §"°Nyecor, decrease with depth, and NHZ
concentration increase with depth, which are consistent with
organic matter degradation releasing NHj and inducing
8""Necarv decrease. The plot of §'°Nyecars vs NHJ displays a
negative correlation (Figure 6B), which is also consistent with it.
In the SMTZ, the 8" Nyecur, of sediment displays a positive
excursion, which is likely due to the organic matter degradation
rate decreasing in the SMTZ. In SMTZ, methane competes with
organic matter for becoming the substrate of Sulfate Reduction
Bacteria (Jorgensen et al., 2019), which would decrease the organic
matter degradation rate. The AOM rate, methanogenesis rate, and
POC (particulate organic carbon) degradation rate are estimated,
based on interstitial water via numerical simulation calculation. In
GCI10, the low POC degradation rate in the SMTZ is consistent
with 8" Nyecarp poOsitive excursion that is possible due to the
organic matter degradation rate decrease in the SMTZ.

TN is a mixture of Ngecarb and Ngher. TN is derived from
both particulate organic matter and soluble organic matter.
Ngecarb Only comes from particulate organic matter. The
8" N gecars, 0f sediment is mainly controlled by organic matter
degradation, but the §"’Nipy of sediment reflects the nitrogen
fixation and ammonia assimilation influence of ANME/AOM
microbial consortiums. This indicates that the nitrogen fixation
process and ammonia assimilation of ANME may mainly
control the soluble organic nitrogen isotope composition. The
calculated §'°Nyper shows negative excursions in the SMTZ,
which further supports our opinion (Figure 4A). In addition, N,-
fixation induced negative excursion of soluble organic matter
8'°N has been reported in many studies (Karl et al, 1997;
Robinson et al., 2012).

5.2.3 Nitrogen cycle model in the SMTZ
Based on 8'°Npy, 8"°Nyecarh, TOC content, and NHj
concentration of core GC10, we present a nitrogen cycle
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model in SMTZ, which is depicted in Figure 7. When SMTZ is
positioned in the sediment column, as an anaerobic
environment, nitrate will be quickly consumed by
denitrification at the sediment surface, and nitrate is absent
from the nitrogen cycle in SMTZ. The nitrogen cycle in SMTZ
will only be associated with NHj in interstitial water, nitrogen in
sediment, and N,.

Sulfate-reducing ammonium oxidation (SRAO) would
consume NHj and release N, in SMTZ (Schrum et al, 2015).
This would induce a decrease in NH;| concentration and an increase
in N, concentration. In SMTZ, as abundant ANME could mediate
N,-fixation (Boetius et al., 2000; Boetius and Wenzhofer, 2013;
Suess, 2014; Feng et al,, 2015; Feng et al., 2018b; Suess, 2020), N,-
fixation rate clearly increased. Diazotrophic bacteria (ANME is one
of them) mediating N,-fixation would cause a decrease in the
soluble nitrogen isotope (Karl et al., 1997; Robinson et al., 2012).
N, released from SRAO would be fixed into sediment via soluble
organic matter due to ANME N,-fixation. Because N, has a
relatively lighter nitrogen isotope (8'°N=0 %o), the 8Ny of
sediment would exhibit negative excursion in SMTZ. As to the
8" Nyecar, Of sediment, it is controlled by organic matter
degradation. In SMTZ, methane competes with organic matter,
which induce organic matter degradation rate decrease and the
8" Nyecart, Of sediment displays a positive excursion. This nitrogen
cycle model could be modified in the future as more research on the
nitrogen cycle in SMTZ is conducted. This study shows that the
unique geochemistry processes in SMTZ would modify the nitrogen
geochemistry characteristics.

6 Conclusions

(1) Based on the TIC and TS isotopes, TS/TOC, methane
and sulfate concentrations of the sediment core GC10
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Scatter plot for nitrogen contents and isotopes of GC10. TN and Ngecarb CONtents increase with TOC content, indicating that nitrogen in
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Schematic diagram for the nitrogen cycle in SMTZ. The nitrogen cycle in SMTZ is connected with nitrogen in sediment, NH} in porewater, and
Ny in air. As sulfate-reducing ammonium oxidation (SRAO) would consume NH}, NH} concentration will decrease in SMTZ. Because ANME is
most abundant in SMTZ, the rate of N,-fixation (mediated by ANME) rises. The dissolve organic nitrogen isotope will decrease as a result of N,-
fixation (ANME mediate), and the 8"°Ny of sediment display negative excursion in SMTZ.

from the southwestern Taiwan basin (South China
Sea), the current SMTZ is delineated at 560-830
cmbsf.

(2) In the SMTZ, NH} concentration decreases due to
sulfate-reducing ammonium oxidation. Below the
current SMTZ, NHj concentration increases sharply
due to the upward deep- NH} flux.

(3) The 8" Ngecarp, variation in core GC10 is most likely due
to organic matter degradation. The §"’Nrpy displays
distinct negative excursions in the SMTZ, which are
interpreted as ANME N,-fixation modifying the soluble
nitrogen isotope.

(4) The nitrogen isotope of sediment would experience a
negative excursion in SMTZ is most likely due to the
release of N, caused by sulfate-reducing ammonium
oxidation and the regulation of N, fixing there by
abundant ANME.
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