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The formation and burial of authigenic carbonate in marine sediment is a crucial global
carbon sink and significantly affects the carbon isotopic composition of sedimentary
rocks in geological time. Anaerobic oxidation of methane (AOM) is the primary driver of
authigenic carbonate formation within the sulfate methane transition zone (SMTZ).
Quantitative estimations of the role of AOM on the authigenic carbonate formation and
its carbon isotope ( & 13 C-CaCO 3 ) under a non-steady-state, however, are still
limited. In this study, we use geochemical data from porewater (e.g., the concentration
of sulfate, calcium, magnesium, strontium, dissolved inorganic carbon, total alkalinity)
and solid sediment (e.g., organic matter content, carbonate content, and & 13 C-
CaCO 3 ) in different depositional environments of the subtropical Beibu Gulf, South
China Sea, combined with a diagenetic reactive-transport modeling approach, to
determine the types of authigenic carbonate, the relationship between AOM rate and
authigenic carbonate formation rate, and the impact of AOM rate on & 13 C-CaCO 3
buried in sediments. The results show that high-Mg calcite is the main type of
authigenic carbonate (~80%) precipitated in the methane-bearing sediments, leading to
high porewater Sr 2+ /Ca 2+ (>0.02) and Mg 2+ /Ca 2+ (>20) within the SMTZ.
Our modeling analysis highlights that the non-steady-state induced by an increase of
methane flux from the underlying sediments can significantly accelerate the formation
of authigenic carbonates at the sulfate-methane transition zone (SMTZ). Using
parametric sensitivity analysis, we observed that when the authigenic carbonate
formation rate in sediments is increased by 14%, the fraction of authigenic carbonate in
the total carbonates increases by 1%, and & 13 C-CaCO 3 within the SMTZ is
shifted from -1%o to -2%.. Noteworthily, the terrestrial-to-marine transition zone was
identified by the sediment geochemical profile of the site SO-8, where porewater
freshening substantially impacts the authigenic carbonate formation rate. Combining
global methane flux into the SMTZ, we estimate the budget of methane-derived
authigenic carbonates in global marine sediments to be ~0.49 Tmol yr -1 , with about
67% occurring in continental shelf sediments (<200m water depth).
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Abstract

The formation and burial of authigenic carbonate in marine sediment is a cr n-g global

carbon sink and significantly affects the carbon isotopic composition of sedimentary
rocks in geological time. Anaerobic oxidation of methane (AOM) is the primary driver
of authigenic carbonate formation within the sulfate methane transition zone (SMTZ).
Quantitative estimations of the role of AOM on the authigenic carbonate formation and
its carbon isotope (6'*C-CaCOs) under a non-steady-state, however, are still limited. In
this study, we use geochemical data from porewater (e.g., the concentration of sulfate,
calcium, magnesium, strontium, dissolved inorganic carbon, total alkalinity) and solid
sediment (e.g., organic matter content, carbonate content, and 6'*C-CaCO3) in different
depositional environments of the subtropical Beibu Gulf, South China Sea, combined

;
with a diagenetic reactive-transport modeling approach, to determine the VeSO

authigenic_carbonate, the relationship between AOM rate and authigenic carbonate
2]

formation rate, and the impact of AOM rate on §">C-CaCO3 buried in sediments. The
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results show that high-Mg calcite is the main type of authigenic carbonate (~80%)
precipitated in the methane-bearing sediments, leading to high porewater Sr>*/Ca*
(>0.02) and Mg?*/Ca®* (>20) within the SMTZ. Our modeling analysis highlights that
the non-steady-state induced by an increase of methane flux from the underlying
sediments can significantly accelerate the formation of authigenic carbonates at the
sulfate-methane transition zone (SMTZ). Using parametric sensitivity analysis, we
observed that when the authigenic carbonate formation rate in sediments is increased
by 14%, the fraction of authigenic carbonate in the total carbonates increases by 1%_

12
and 6'3C-CaCOs3 within the SMTZ is shifted from -1%o to -2%o. Noteworthily, the

F
ten‘estrial-to-nllﬂarine ransition zone was identified by the sediment geochemical profile

of the site SO-8, where porewater freshening substantially impacts the authigenic
carbonate formation rate. Combining global methane flux into the SMTZ, we estimate
the budget of methane-derived authigenic carbonates in global marine sediments to be
~0.49 Tmol yr!, with about 67% occurring in continental shelf sediments (<200m water
depth).

Keywords: Authigenic carbonate; Anaerobic oxidation of methane; Carbon
isotopes; Reactive-transport modeling; Non-steady-state diagenesis.
1.Introduction

Authigenic carbonate, the third Eaior sedimentary sink fof carbon (Schrag et al., 2013),

1s widely distributed in marine sediments, particularly in continental shelf regions
(Bradbury and Turchyn, 2019; Sun and Turchyn, 2014). Due to the average carbon

1isotopic value of authigenic carbonate is about —20.5 £ 3.5 %o, which is far less than

2
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#
that of biological carbonate (0-1 %o) (Bradbury and Turchyn, 2019; Mitnick et al., 2018),
the formation and burial of authigenic carbonate obviously impact the carbon isotope

composition of carbonates (6'>C-CaCOs) in marine sediments. Therefore, authigenic

carbonate formation in marine sediments plays a vitalle in the global carbon cycle
| i
and its isotope mass balance over Earth’s history (Lippmann, 1973; Mitnick et al., 2018;

Morse and Mackenzie, 1990; Schrag et al., 2013; Turchyn et al., 2021; Ussler III and

Paull, 2008).

The chemical 1‘eacti authigenic carbonate formation in marine sediments is !% Eli

through the precim'_tﬁ-‘;o of porewater C aJ ;( gq. (1)). An estimated 1x10'?> mol yr‘1 net

calcium flux in marine sediments is used for auigenic carbonate, accounting for at
11

least 10% of global carbonate accumulation (Sun and Turchyn, 2014).

Ca?* + 2HCO3 < CaCO5 + CO, + H,0 (1)
From the chemical viewpoint, the formation of authigenic carbonate is closely related
to the acid-base equilibrium system of porewater (Soetaert et al., 2007; Zeebe and Wolf-
Gladrow, 2001). Higher pH triggers the formation of authigenic carbonate in sediments,
releasing carbon dioxide and lowering pH (Luff et al., 2001). Carbonate (COs*), along
with bicarbonate (HCOs3") and carbon dioxide (CO3), is a crucial chemical parameter in
maintaining the porewater acid-base balance. Consequently, the dissolved inorganic
carbon (DIC, Eq. (2)) and total alkalinity (TA, Eq. (3)) are significant for the formation
of authigenic carbonate in marine sediment (Zeebe and Wolf-Gladrow, 2001).

According to the porewater carbonate equilibrium system, knowing two of TA, DIC,

and pH can calculate the other one (Brand and Veizer, 1980; Middelburg et al., 2020;
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Millero, 1979; Millero, 1995; Zeebe and Wolf-Gladrow, 2001).

[DIC] = [CO,] + [HCO3] + [CO37] 2
[TA] = [HCO3] + 2 - [COZ7] + [HS™] — [H*] + minor 3)

where minor included borate, phosphate, silicate, etc., and their concentration in the

porewater is far ..Lg n the bicarbonate and carbonate (Middelburg et al., 2020),

erepdicate concentration

The major factors affecting the porewater pH, DIC, and TA are biogeochemical
processes occurring in marine sediments, 1.e., organoclastic sulfate reduction (OSR,
Eq. (4)), methanogenesis (ME) and anaerobic oxidation of methane (AOM, Eq. (5
These processes consume or produce carbonate, bicarbonate, and carbon dioxide,
resulting in variations in porewater pH (Soetaert et al., 2007).

ZCP%E S0%~ — 2HCO3 + H,S (@)

CH, + SOf~ — HCO3 + HS™ + H,0 (5)
SeveralS=dies on authigenic carbonate formation in global marine sediments have
been conducted. Sun et al. (24T24) estimated the contribution of authigenic carbonate to
marine carbon burial on a global scale by simulating porewater Ca®* concentrations at
672 sites using linear regression and simple polyline fitting methods without
considering biogeochemical reactions and porewater diffusion and advection processes.
Mitnick et al. (2018) calculated the rate of authigenic carbonate formation within
different depositional environments using an advection-diffusion equation based on the

porewater data (e.g., concentrations of Ca>*, Mg?*, SO4>" and other variables) collected

from 37 sites under steady-state, where biogeochemical reactions were still ignored.
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Additionally, the reactive-transport modeling (RTM) with a fitting function that
minimizes the difference between the measured and simulated concentrations was used
to estimate the formation rate of authigenic carbonate (Chuang et al., 2019; Wallmann
et al., 2006). The numerical model CANDI (Calcite, Carbon And Nutrient Diagenesis)
was also used to estimate the fonnatimthigenic carbonate in the Cascadia Margin
and the Arabian Sea by simulating the pH distribution in the porewater (Boudreau, 1996;
g
Luff et al., 2005; Luff and Wallmann, 2003; Luff et al., 2000). Kecently, Blouet et al.
(2021) estimated the formation of authigenic carbonate by an RTM that describes the
contribution of biogeochemical reactions to the change in porewater pH and the
saturation state of calcium carbonate minerals. Although the modeling studies
mentioned above confirmed that AOM is conducive to promoting the formation of
authigenic carbonate, these studies all assumed ﬂﬁu@dsrsteady-state conditions and
obviously cannot well reflect the actual sedimentary condition in marine sediments. For

example, hydrates are typically buried in continental shelf regions ater depths

'g

greater than 200 m (Buffett and Archer, 2004; Kvenvolden, 1993). The complex

6|
depositional environment in these regions may induce hydrate destabilizati.g.,

changes in temperature and pressure in the underlying sediments), resulting in an
increase in methane concentration in the underlying overlying porewater (Phrampus
and Hornbach, 2012; Suess et al., 199gmtering the AOM process in the sediments
and further affecting the formation of authigenic carbonates in the sediments. Until now,
limited attempts have been made to evaluate the authigenic carbonate formation and its
impact on §'*C-CaCOj3 under a non-steady-state depositional environment%ﬁ

5
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In this study, we use the measured geochemical composition of porewater (e.g., sulfate,

calcium, magnesium, strontium, DIC, and TA) and solid sediments (e.g., organic carbon,

carbonate content, and 6*C-CaCOs), |to simulate the rates of AOM and the authigenil?—l

carbonate formation by RTM in Beibu Gulf, South China Sea.Fl'he Beibu Gulf is a

typical subtropical region characterized by a highly complex depositional system ‘

shallow shelf sea with active coastal mangrove systems (Li et al., 2010; Tang et al.,
2008; Wu et al., 2018). Organic matter transported by inland rivers (e.g., Red River,
é)ingjiang River, and the Nanliu River) provides sufficient substrates for
methanogenesis in deep sediments (Trung, 2012; Wang et al., 2018; Yang et al., 2015;

Zhang et al., 2015). Previous geochemical and modeling studies have proved that the

study area is in a non-steady-state” system (Wu et al.,, 2018). The study aims to

/

quantitatively evaluate the impact of AOM on authigenic carbonate and its carbon

Gulf, South China Sea, and estimate the budget of methane-derived authigenic
carbonates formation in global marine sediments based on the relationship between

AOM and authigenic carbonate.

2.Materials and methods

2.1 Study area

The Beibu Gulf, located in the northwest of the South China Sea, is a typical subtropical
gulf (Bauer et al., 2013; Wu et al., 2018) and is a shallow shelf sea region with an

average depth of around 45 meters and a maximum depth of about 100 meters (Tanabe




Page: 7

DNumber: 1

|—]Number: 2

Subject: Rectangle Date: 16/07/2022 16:05:35

Subject: Rectangle Date: 16/07/2022 16:05:37

/Number: 3

/Number: 4

Subject: Arrow Date: 16/07/2022 16:05:57

Number: 5

Subject: Arrow Date: 16/07/2022 16:06:22

Subject: Sticky Note Date: 16/07/2022 16:10:31

keep those information for the §Study Area, and be more brief here. Or explain why subtropical region are

interesting for your question.

Why select this site rather than an other one ?

—|Number: 6

repetition

. Number: 7

Subject: Text Box  Date: 16/07/2022 16:06:19

Subject: Sticky Note Date: 16/07/2022 16:08:55

OK. you also answer to one of my question above: seep vs. non-seep site !
Make clear what is a seep and a non-seep site earlyer in the introduction.
For exemple; check the introductio of the paper below and cite it:

Blouet, Jean-Philippe, Patrice Imbert, Anneleen Foubert, Sutieng Ho, and Gerard Dupont. "From seep carbonates
down to petroleum systems: An outcrop study from the southeastern France Basin." AAPG bulletin 105, no. 5

(2021): 1033-1064.

DNumber: 8

|—]Number: 9

Subject: Rectangle Date: 16/07/2022 16:05:43

DNumber: 10

Subject: Rectangle Date: 16/07/2022 16:05:45

Subject: Rectangle Date: 16/07/2022 16:05:47




et ( 4 g.1 and Table cording to the mineral analysis, the Red River provides

most of the sediments in the western area, and the depositional process is greatly
affected by coastal erosion along the shore. By contrast, vast sediments in the southern
area are carried by ocean currents (Chen and Zhang, 1986). Thus, the central region of
the Beibu Gulf consists of fine-grained sediments that are gradually replaced by sandy
sediments closer to the coast. The grain size, contents of marine organisms, and

sedimentary structures, as well as porewater and sediment geochemistry in the Beibu

Gulf and its coastal area, e-beenrTe S prevaous literatures (Bauer et al., 2013;
Kaiser et al., 2015; Leipe et al., 2011; Wu et al., 2018).

2.2 Sampling and analytical methods

During the joint German-Chinese expedition SONNE219 (December 2011), five
sediment cores (SO-8, SO-23, SO-26, SO-45, and SO-50) were collected using a
Gravity core sampler in the study area. All sampling techniques and analytical methods,
along with porewater solute concentrations (CI", SO4>", Ca>*, Mg?*, DIC, TA, §'3C-DIC),
solid of total organic matter (TOC), and calcium carbonate (CaCO3) were taken from
Wu et al. (2018). Porewater Sr’>* concentration was measured by ICP-OES (iCAP 6300
Duo, Thermo Fisher) using 25-fold dilutions (Dellwig et al., 2007). For the
determination of extractable Ca, Mg, and Sr of carbonate in the sediment, the freeze-
dried samples were leached with 0.5 m HCI at room temperature under continuous
agitation for ca. 1 h (Kowalski et al., 2012). Total extraction of the sediment was filtered

through 0.45 mm SFCA (Surfactant-Free Cellulose Acetate) syringe filters and was
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measured by ICP-OES (iCAP 6300 Duo, Thermo Fisher). The carbon isotopic
compositions of bulk carbonates were analyzed on a Thermo Finnigan MAT 253
isotope ratio mass spectrometer coupled to a Thermo Finnigan Gasbench Il using 100
g powdered samples. The carbon isotopic ratios are reported in the standard ¢ notation

with respect to the VPDB standard and with a precision of better than £0.1% (10), as:

13c/12C
(*3¢/*2C)yppB

§13¢ — c=(

—1)-1000 (6)
Scanning electron microscopy (SEM) and energy dispersive X-ray microanalyses
(EDX) were performed at Leibniz IOW on an FEI Quanta 400 microscope connected
to an EDAX-Genesis system.

2.3 Modeling approach

2.3.1 Reactive-transport model

The sampling data from sites SO-8, SO-23, SO-26, SO-45, and SO-50 were simulated
with an RTM to quantify the processes controlling porewater SO4*, Ca®", Mg?*, Sr#,
CH4 (=*2C-CHg4 + 3C-CH4), DIC (='2C-DIC + *C-DIC) and TA concentrations, and
solid CaCOs and 6'*C-CaCOs in the sediments. The geochemical reactions coupled in
the RTM, symbol definitions, and rate of each reaction are listed in Tables 2-4,
respectively.

Because of the abundance of sulfate in seawater relative to other terminal electron
acceptors (e.g., Oz, NOz", Mn-(hydr)oxides, Fe-(hydr)oxides), microbial respiration
coupled to organic matter degradation (OM) is primarily driven by organoclastic sulfate
reduction (OSR) and methanogenesis (ME) (Bottcher et al., 1998; Froelich et al., 1979).

Upwardly diffusing CH4 can be subsequently reoxidized within the sulfate-methane
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transition zone (SMTZ), where sulfate reduction is coupled to AOM. The AOM and
OSR processes facilitate the conversion of organic carbon to DIC and subsequent
precipitation of carbonate. Based on these biogeochemical processes mentioned above,
depth profiles of the dissolved species and solids were simulated by numerically solving

1l
eeTvation equation (Berne?, 2020; Boudreau, 1997),

D;(x) aci(x,t)

—==5)  a(e@)v()-Ci(xL)
—— . +9(x)- LR (7)

dax x

( 1—¢ (x)) ) acia(zc,t) _ a((l—‘P(x));:(x)-Ci(x,t)) + (1 _ (p(x)) ‘Y R(x,t) (8)

where x (m) is the depth below seafloor, 7 (yr) is time, ¢ is porosity, D; (m? yr!) is the
molecular diffusion coefficient of the dissolved species i, 7° is tortuosity calculated as
=1-In(¢?), v (cm yr!) is the burial velocity of the dissolved species in the porewater,
w (cm yr!) is the burial velocity of the solid species, C; (mM) is the concentration of
the dissolved species (mM) or solid content of TOC and CaCO3 (dry weight percent,
wt.%) and Y R is the sum of biogeochemical reaction rates affecting each dissolved
species.ple exponential function was used to describe porosity in sediments:
() = @p + (o — @f) e ©

where ¢f and @o are the values of porosity at larger depth and at the sediment-water

mterface (SWI), respectively, and /{% attenuation coefficient. Considering sediment

compaction, the burial velocities of aqueous (v(x)) and the solid phase (w(x)) follow the
conservation law: v(x)= wrode(x) and w(x)= wr(1-po)/(1-p(x)), where wy 1s the
compacted burial velocity of sediment at depth.

A reaction continuum model based on Gamma distribution (-RCM) was chosen to

describe the degradation of organic matter (Boudreau and Ruddick, 1991). The rate of
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organic matter degradation (Rowm, Wt.% yr™) can be written as:

vg-a’R
(a+t)vR+1

Rom(t) = G(0) - (10)
where G(0) is the concentration of organic matter at the SWI, parameter vr is the shape
parameter, and a represent the initial age of organic matter (Boudreau and Ruddick,
1991).
Considering the exponentially decreasing porosity, the time (t) in the Eqg. (10) can be
written as (Meister et al., 2019):

t(x) = fox w ldx = wif + %- (e7¥* —1) (11)
The degradation rate of organic matter is stoichiometrically linked to sulfate reduction
rate (Rsr) and methanogenesis rate (Rve), as:

Rsr=fc  fs - Rom
Ryg=fc - (1 = fs) - Rom

where fc is the factor that converts unit wt.% to mM:

_ ps-(1—@(x))-10*
fC - Mc-@(x) (14)

where ps is the density of dry sediment, Mc is the molecular weight of carbon. The fs is
a rate-limiting term that determines whether organic matter degradation is attributed to
sulfate reduction or methanogenesis, defined using error residual functions (Chuang et

al., 2019; Dale et al., 2019):

fs =05 erfc ([sog;%cg) (15)

where [SO4%] is the concentration of sulfate, Cs” is the threshold sulfate concentration
for methanogenesis (~1 mM), and b is a parameter controlling the steepness of fs (Table

4).
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The rate of AOM (Raom) was expressed by bimolecular kinetic function ((Regnier et
al., 2011):

Raom=kaom - [CHy] - [5‘0‘%_]
where kaom 1s the rate constant for AOM, [CHy

2.3.2 Authigenic carbonate precipitation

The precipitation rate of authigenic carbonate (Rac) 1s related to the sﬁn‘ation state of E

sedimentary calcium’ions (Q2, Eq. (17)) and can be calculated by a linear approximation
6

(Eq. (18)) (Luff et al., 2001).

2+]. 2—
Q: [Ca ][CO3 ] (17)

*
Ksp

Rac=kea- (1) (18)

where kcgﬂle first kinetic rate for authigenic carbonate formation, X o is the

stoichiometric solubility constant of solid carbonate, [CW
calciluWomte. Aragonite and calcite are

two main forms of authigenic carbonate minerals (Bayon et al., 2007). The saturation
of these two forms of authigenic carbonates is reflected by their stoichiometric
solubility constant (Ks), which is closely related to the temperature. The temperature
in the Beibu Gulf sediment is about 8°C (Cai et al., 2012) and the K¢, for aragonite and
calcite are about 0.74 mmol® kg? and 0.43 mmol® kg at 8°C, respectively (Mucci,
1983; Zeebe and Wolf-Gladrow, 2001). The rate of authigenic carbonate formation can
be calculated by combining the formation rates of calcite (Rca) and aragonite (Rar) In
the sediments (Berner, 2020; Morse et al., 1997; Mucci, 1983; Schott et al., 2009):
Rac = fear(¥) * Rear + fara (%) * Rara (19)

11
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Reat =kca* Qcar — 1),  Rara = kea* Qarg — 1) (20)
where fea(x) and fia(x) are the fractions of calcite and aragonite in the authigenic
carbonate, Qa1 and Qar, are their saturation in the porewater. High sulfate concentrations
(>20 mM) in surface sediment have previously been considered to prevent the
formation of calcite and promote aragonite formation (Aloisi et al., 2002; Mazzini et
al., 2006; Peckmann et al., 2001). Calcite, especially high-Mg calcite, is assumed to be
easily formed within the SMTZ (N6then and Kasten, 2011). Based on the rate of calcite
and aragonite formation within different layers in the sediments, we calculated calcite
fraction (fcai(x)) as follow:

fear() = a - 22D 1)
where RA0M Maximum 15 the maximum value of AOM rate, and a (0<a<1) is the fraction
of calcite at the depth of RaoMMaximum- The fraction of aragonite can be calculated as
Jara(X)=1- fear(x).

The production/consumptis of DIC and TA in the OSR, AOM, methanogenesis,
and authigenic carbonate are shown in Tables 2 and 3. It should be noted that the HS
produced during the AOM 1is one component of T not DIC (Middelburg et al.,
2020; Zeebe and Wolf-Gladrow, 2001). Based on the porewater profiles of DIC and TA

m the study sites, we used CO2SYS (v3.0) to calculate the porewater pH and

concentration of carbonate species (Humphreys et al., 2020; Sharp et al., 2020). When

carbonate 1s under saturation state (Q< dissolution of the authigenic carbonate

will occur (Luff et al., 2001). In this study, the carbonate dissolution process could be

1gnored since carbonate saturation is supersaturated (Wu et al., 2018). The Rred[ﬁ iation

12
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rate of porewate,lz;. strontium (Sr*%) is correlated with Ca2* precipitation (Fantle and
12

DePaolo, 2006; Fantle and DePaolo, 2007; Zhang and DePaolo, 2020), and the
precipitation rate of Mg?* is correlated with the high Mg-calcite formation (Bayon et
al., 2007). Thus, the precipitation rate of Sr>* and Mg?* can be written as:
Rs; = Ks, LS Rac » Rmg=Knuy L2 Rac (22)
Cca Cca
where Cs;, Cmg, and Cc, are the concentration of the porewater Sr**, Mg?*, and Ca®*,
Rac 1s the formation rate of authigenic calcium carbonate (Eq. 19), Ks, is the
equilibrium partition coefficient of Sr**, K is the equilibrium partition coefficient of
Mg?* in high Mg-calcite, and Rea is the formation rate of calcite. Accordingly, the rate
of solid authigenic carbonate formation (Rac s) can be calculated as:
Racs = Rac/fca (23)

where fca 1s the factor of the unit conversion from mM to wt.%, and Mc, 1s the molecular

weight of carbon carbonate.

£ esliet) 0t
ca Mcq-@(x)

2.3.3 Stable carbon isotope

The carbon isotope model is based on mass balance equations for *C-DIC and ?C-DIC.
Porewater 6'>C-DIC was expressed as the Vienna Peedee Belemnite standard (VPDB)
according to Eq. (6) (Brand and Coplen, 2012). The fractionation of carbon isotopes
during the sulfate reduction is negligible, with an experimentally determined
fractionation factor of about 1 (Londry and Des Marais, 2003; Meister et al., 2019). The
rate of DI'*C produced by sulfate reduction (*Rsr) can be written as (Chuang et al.,

2019; Dale et al., 2019):
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813C-TOC+1000

13p ‘R
SR ™ §13C—TOC+1000+1000/(13C/2C)yppp R

where 6*C-TOC varies from -26%o to -20%o in the study area (Wu et al., 2018).

The rate of DI*3C produced by AOM (**Raom) can be described as:

opom CHy+13CH,-(atpom—1)

Y Raom= Raom (26)
where the fractionation factor of AOM, aaowm, is between 1.01 and 1.04 (Holler et al.,
2009).

The autotrophic pathway is the main form of methanogenesis in sediments (Blair, 1998;
Burdige et al., 2016; Whiticar et al., 1986). It is a two-step process in which organic
matter is first fermented to CO2 and Hy, without significant isotopic fractionation, and
then followed by a methanogenesis process through CO> reduction, which has a
significant fractionation of carbon isotope (Jgrgensen et al., 2010). The carbon isotope

mass balance for organic matter fermentation (**Rrerm) and CO reduction to CHa (**Rwi)

can be written as:

13R _ §13C-TOC+1000 R
ferm™ §13¢_T0C+1000+1000/(*3C/12C)yppg = ME

DIt3C
. 13(C. — " Rume
g -DIC+DISC-(ayg—1)

13 _1
Rve=7

(28)
where the range of its fractionation factor (amve) was from 1.02 to 1.06 observed by
incubation experiments (Whiticar et al., 1986).
Several studies found the fractionation factor for carbonate precipitation (a,c) is close
to 1 (Chuang et al., 2019; Teichert et al., 2005). The rate of *C-DIC produced by
authigenic carbonate formation (**Rac) can be written as:

13 DI3C

ACT - DICHDIBC (apc—1)  AC

14
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Marine sediment carbonate is mainly composed of biogenic carbonate (BC) and
authigenic carbonate (AC) (Mitnick et al., 2018). Based on the carbon isotope mass
balance of sediment carbonate, the carbon isotope of solid carbonate (6'*C-CaCOs3) can
be calculated as (Mitnick et al., 2018):

813C — CaC0; = fuc(x) - 813C — AC + fpc(x) - 83C — BC (30)
where fac(x) and fac(x) are the fractions of AC and BC, respectively. The §*C-BC was
~ 0%o(Bayon et al., 2007; Hu and Burdige, 2007). The fac(x) can be calculated as the

ratio between the contents of authigenic carbonate and the solid carbonate:

facC) = Csolid—c;:(;}(::iate (*) (1)
where Cac and Csolig-carbonate are the content of authigenic carbonate and the measured
solid-carbonate in the sediments, respectively.

2.3.4 Boundary conditions, non-steady-state setting, and numerical solution
The values of the upper boundary for SO4>", DIC, TA, Ca**, Mg**, Sr**, 6"*C-DIC, and

0B C-CaCOs were determined according to the porewater profiles of sampling sites. The

upper boundary of CHs4 and the lower boundary of SO4>, DIC, TA, Mg?*, Sr**, Ca**,

and 6'3C-DIC were designated as the Neumann boundary, where the gradients of their
concentrations could be assumed to be zero.

Based on the porewater SO4>" and Ca?* profiles, the sedimentary condition with non-
steady-state was observed at sites SO-8, SO-23, and SO-26, which is mainly caused by g!}

an increase of underlying methane concentration (Wu et al., 2018). g st simulated

the steady-state conditions without methane-bearing fluids in the underlying sediments, gjﬂ

where the degradation of organic matter occurred only through sulfate reduction, and

15
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then simulated the dynamics of AOM and the authigenic carbonate formation in the
sediment with time when the underlying methane concentration increased. With the
extension of the simulation time, the methane in the sediment 1s sufficiently consumed
with sulfate, and the reaction system eventually reaches a steady-state ag ue to a
lack of measured bottom methane data, the lower boundary of methane concentration
under the non-steady-state was determined through the simulations of the profiles of
SO4*, DIC, TA, and 6'*C-DIC.

The set of coupled partial diff erential equations was solved by the finite difference
method (FDM) with implicit discretization (Gautschi, 1997). The nonlinear equations
were solved by the Newton-iterative method (Gautschi, 1997), and the code was written
by Matlab (R2021b). All parameters (e.g., Vr, a, kaom, Ksr, Kmg) were fitted by the
least-squares curve-fitting function Isqcurvefit in Matlab based on porewater and
sediment profiles. The best-fit parameters and boundary conditions obtained at each
site are present in Table 5. g
3.Results

The geochemical data at study sites SO-8, SO-23, SO-26, SO-45, and SO-50 containing
the depth profiles of porewater (e.g., SO4>, Ca®*, Mg?*, Sr>*, DIC, TA), solid sediments
(e.g., TOC, CaCOs, and 6'3*C-CaCOs), and their simulated results are shown in Fig.2

and Fig.3. The geochemical compositions of the porewater and the sediments were

6|
described in the previous stu u et al., 2018). Based on the porewater SOs>

concentration gradient in the depth profiles, we categorized site SO-8, SO-23, and SO-

16
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F
26 as Group 1, where _cgmi)l—efESO?—“fffTﬂi Tei@fer and much steeper

sulfate gradient were observed. The other two sites, SO-45 and SO-50 were classified

as Group II. In Group 11, porewater SO4”> concentrations initially decrease graduallygjZI
and then stay almost constant vertically with the depth increasing. a@
3.1 Group 1 sites

The y—RCused to simulate organic matter degradation in o

parameter a (a=1324 yr at SO-8, a=2831 yr at SO-26, and a=4315 at SO-23, Table 5)
that the smaller the value of a, the higher the organic matter reactivity (Amdt et al.,
2013). The difference in parameter a at the different sites indicates the complex
depositional environment in the Beibu Gulf. By integrating the rate per unit volume of
sediment over depth from the seafloor to a prescribed depth in the sediment profiles,
we obtained the depth-integrated rates of organic matter degradation that 0.29 mol m’
2 yr! at site SO-8, 0.14 mol m™? yr™! at site SO-23, and 0.24 mol m™? yr™! at site SO-26,
respectively.

The profiles of SO4>* show a concave-up trend in Group I, which is due to the upward
shift of the SMTZ caused by the higher underlying CH4 fluxes (Table 5) (Blouet et al.,
2021; Regnier et al., 2011). This can be further confirmed by the higher AOM rates
shown in Fig. 4. By calculating the depth—integrated rates of OSR and AOM in Group
I (Table 6), we found the proportions of total sulfate reduction via AOM are ~87% at
site SO-23, ~69% at site SO-26, 43% at site SO-8 (Table 6). According to the porewater
profiles of DIC and TA, we calculated the porewater pH on the basis of acid-base

17
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g

equilibrium systeu1. The calculation results display that pH decreases within the surface
layer (~8.1 to ~7.8), increases slightly within the SMTZ (~7.8 to ~8.0), and decreases
below the SMTZ (~8.0 to ~7.7) (Fig. 2C). As shown in Fig. 2D, Ca®" concentrations
show a decreasing trend in the depth profiles, which indicates the carbonate
precipitation occurring in Group 1. The location of the maximum rate of authigenic
carbonate formation is almust’consistent with the peak rate of AOM within SMTZ (Fig.
4). The maximum rate of AOM, the maximum rate of authigenic carbonate formation,
and the depth—integrated carbonate formation rate (7Rac) at sites SO-23 and SO-26 are

similar and approximately 0.15 mol m? yr!, 0.008 mol m™ yr'and 0.04 mol m? yr!,

respectively, significantly higher than those at site SO-8 with the maximum rate of

3
AOM (0.03 mol m™ yr!), the maximum rate of authigenic carbonate formation (0.0008

mol m? yr!), and the 7Rac (0.01 mol m? yr!). The solid authigenic carbonates
accumulated at the bottom of sediments at site SO-23 (~0.35 wt.%) and site SO-26
(~0.39 wt.%) are higher than those at site SO-8 (~0.21 wt.%). All the porewater profiles
of Sr?* and Mg?* concentrations show a decreasing trend with the increase of depth in
Group 1 site (Fig. 2), indicating their co-precipitation during the authigenic carbonate
formation.

The minimum simulated §"*C-DIC values within the SMTZ are around -22%o, -26%o,

and -24%o at site SO-8, SO-23, and SO-26, respectively. Below the SMTZ, the 6'*C-

DIC becomes heavier due to methanogenesis. The carbon source for authigenic
carbonate formation is derived from ambient porewater DIC, which results in the

variation trends of the 6'*C-AC and §'*C-DIC profiles (Fig. 2). By fitting the results of

18
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0BC-CaCOs (Fig. 2), the average percentages of authigenic carbonate in total solid
sediment carbonate were calculated as 8.9% (SO-8), 3.1% (SO-23), and 2.2% (SO-26),
respectively.

3.2 Group 11

Compared with Group an‘ation characteristics of the porewater sulfate profile

reveal that there is no obvious upward CHj4 flux from the lower boundary and AOM
process occurring in Group II. Thus, OSR and production of DIC and TA are controlled
directly by organic matter in Group II sediments. The higher organic matter reactivity
occurs at site SO-45 than at SO-50, which is confirmed by the value of parameter a
(a=2419 yr at site SO-45 and a=3410 yr at site SO-50). The depth—integrated rates of
organic matter degradation and OSR in Group II are TRom=0.29 mol m? yrl,
TRosz=0.14 mol m? yr! at SO-45, and TRom=0.12 mol m? yr!, TRosr=0.06 mol m™
yr'! at SO-50, respectively. The pH profile decreases from ~8.1 at the SWI to ~7.2 at
the bottom sediment (Fig. 3C). Similar to Group I, the saturation state of authigenic
carbonates is also supersaturated in Group II (Fig.3D). The depth—integrated rates of
authigenic carbonate formation (7Rac) in the Group II are TRac=0.0026 mol m? yr™! at
SO-45 and TRac=0.0022 mol m? yr'! in SO-50, respectively, significantly smaller than
that in the Group 1 by an order of magnitude (Table 6). The amount of solid authigenic
carbonates was calculated to be approximately 0.11 wt.% at SO-45, and 0.08 wt.% at
SO-50, and the values were smaller than those in Group 1. Both §**C-DIC and 6'*C-AC
decrease with depth and reach ~-14%o and ~-13%o at the bottom of the sediments (Fig.
3G and H). Due to no occurrence of AOM, the percentages of authigenic carbonate in
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total sediment carbonate are 1.1% at site SO-45 and 1.2% at site SO-50, which is
obviously smaller than that at Group 1.

3.3 Validation of model based on porewater Sr?* profiles

The formation of authigenic carbonate is accompanied by the precipitation of porewater
Sr?* (Charlou et al., 2004; Sosdian et al., 2012). Comparing the ratio of porewater
Sr?*/Ca* and calcium carbonate, the empirical partition coefficient of Sr2* (Ksr) can be
estimated at different sites (Fantle and DePaolo, 2006; Fantle and DePaolo, 2007),
which could be used to validate the model that we established.

The equilibrium value of Ksrcan be calculated theoretically (B6ttcher and Dietzel, 2010)
or by an empirical formula Eq. (32) with a temperature range from 0 °C to 100 °C

(Zhang and DePaolo, 2020).

Gr, 1 1
Ksr(T) = 0.025 - exp (£ (- — 1)) (32)

where Gy is the Gibbs free energy change associated with the exchange reaction (~1.2
Kcal/mol), R is the gas constant (~8.3 J mol* K1), T is the temperature (K), and
uncertainty is approximately £20% (Zhang and DePaolo, 2020). As the average
temperature in the bottom water of the Beibu Gulf is around 8 °C (Cai et al., 2012), the
corresponding Ksr value calculated by Eq. (32) is 0.025 (range: 0.02—0.03). The best-
fitting results of Ksr in Group | and the Group 11 sites are close to the theoretical value

(Table 7), validating the effectiveness of the model that we established.

4. Discussion
4.1 Types of authigenic carbonate formation
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The Sr/Ca and Mg/Ca in solid sediment are commonly used to distinguish the type of
authigenic carbonate (Fig. 5B) (Bayon et al., 2007; Stoll and Schrag, 2000). For
example, higher Sr/Ca (~0.027) and lower Mg/Ca (~0.0005) in sediment indicate that
more aragonite is formed in the sediments (Naehr et al., 2000). In this study, the lower
Sr/Ca (~0.003) and higher Mg/Ca (~0.17) were observed within the SMTZ in Group |
(sites SO-8, SO-23, and SO-26), which was consistent with the formation of high Mg-
calcite (Lear et al., 2002; Rickaby et al., 2002; Rosenthal et al., 1997). Compared to the
Group |, higher solid Mg/Ca (~0.5) and similar Sr/Ca (~0.004) were found in the Group
Il (Fig. S1-S5 in the Supplementary Information), which indicates little dolomite was
formed in the sediments (Bayon et al., 2007; Rodriguez et al., 2000). It should be
emphasized that no chemical leaching from substantial clay minerals occurred in our
study sites, which is confirmed by the ratios of Sr/Ca and Mg/Ca in sediment (Fig.5B),
as well as solid Al profiles (Fig. S1-S5 in the Supplementary Information).

In addition, variations in porewater Ca®*, Mg?*, and Sr?* concentrations can also be
utilized to identify the types of carbonate minerals formation in the sediments (Bayon
et al., 2007; Fantle and DePaolo, 2006; N6then and Kasten, 2011). An increase of
porewater Sr2*/Ca?"* ratio indicates the formation of a carbonate mineral phase is most
likely high Mg-calcite with a low Sr?*/Ca?* ratio. Similarly, an increase in the

Mg?*/Ca?" ratio in porewater reveals the precipitation of aragonite, a carbonate mineral

phase with a low Mg?*/Ca?* ratio (Bayon et al., 2007). Based on the stoichiometric

relationship, two bold lines in Fig. 5A indicate the formation of aragonite and high Mg-
calcite. Using the method mentioned in N6then and Kasten (2011), we estimated that
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aragonite in the authigenic carbonate formation in Group | accounted for 30% and high
Mg-calcite for 70%. Among them, high Mg-calcite was mainly formed within the
SMTZ (Fig. 5A), which was further evidenced by Elemental analysis of the selected
minerals using an electron microscopy energy spectrometer (Fig. 5C). However, these
methods can only be used to estimate the total amount of authigenic carbonate
formation in the entire sediments and cannot be used to describe the distribution of
aragonite and high Mg-calcite formation at different depths of the sediments.

Based on the distribution characteristics that high Mg-calcite formation is favored in
the SMTZ while aragonite is mainly formed in the surface sediments, we further
simulated the effect of calcite and aragonite formation in sediments on the porewater
Sr?*/Ca%" and Mg?*/Ca?* ratios by parametric sensitivity analysis of the formation ratio
of high Mg-calcite and aragonite ((fca(x) and fara(X) in the Eq. (19)). Our results indicate
the occurrence of higher Sr?*/Ca?* and Mg?*/Ca?" ratios caused by the formation of
calcite within the SMTZ. Specifically, when the formation of high Mg-calcite in the
SMTZ accounts for 90%, the ratios of porewater Mg?*/Ca?* and Sr?*/Ca?* are 32 and
0.03, respectively. Moreover, their ratios will drop sharply to 8 and 0.01 when the
formation of high Mg-calcite in the SMTZ is reduced to 50%. During the formation of
high Mg-calcite, almost all Ca?* are removed from the porewater while the Mg?* still
remains ~40 mM in the SMTZ (Fig. 6A), resulting in a high Mg?*/Ca?" in this

sedimentary layer. On the contrary, when there is no AOM reaction in the sediment, the

Ca?" concentration (~5 mM), Mg?* concentration (~50 mM), and a lower ratio

Mg?*/Ca?*(~10) will appear in the bottom sediments.
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By combining the formation rates of calcite (Rcal) and aragonite (Rara) in the sediments,
we also calculated the ratio of the total amount of high Mg-calcite and aragonite in the
sediments (Fig.4). Although aragonite is the dominant form of authigenic carbonate
outside the SMTZ, the rate of authigenic carbonate formation within the SMTZ is much
higher than in other layers. Based on parametric sensitivity analysis of the formation
ratio of high Mg-calcite and aragonite, we conclude that 80% of the authigenic
carbonates formation at site SO-23 is high-Mg calcite, and 90% of them is formed
within the SMTZ.

4.2 Authigenic carbonate formation under non-steady-state condition

4.2.1 The relationship between AOM and authigenic carbonate formation

The formation of non-steady-state conditions is caused by an increase of methane flux
at the lower boundary, which not only leads to the upward shift of SMTZ towards the
SWI (Fig. 7A and C) (Dale et al., 2008; Meister et al., 2013), but also significantly
affects authigenic carbonates formation, as the synchronous peak of both rates of
authigenic carbonates and the AOM (Fig.7C). In addition, the AOM reaction
significantly intensified the formation of authigenic carbonates in the sediments. The
authigenic carbonates formation rate increases dramatically with the increase of the
bottom methane, especially at the initial stage of the bottom methane emerging.

Specifically, the formation rate of authigenic carbonates in the sediments is only ~0.003

mol m2 yr? at the time of 1 year after the occurrence of methane diffusion, the rate,

however, increases sharply to ~0.012 mol m yr* and ~0.02 mol m yrat the time of
20 years and 50 years, respectively, and finally reaches a constant level (~0.0354 mol

23




This page contains no comments



m2 yr'!) at the time of 400 years after methane diffusion (Figs.7 and 8). By comparison,
we further found that the non-steady-state has a greater impact on the AOM than
authigenic carbonate formation, as evidenced by the larger gradient in AOM rate (Fig.

8A) and the almost one order of magnitude higher rate of final AOM (~0.133 mol m

yr1) than that of the authigenic carbonate formation. In addition, up to 80% of the

authigenic carbonate formation is attributed to AOM by combining the simulated data
of carbonate formation rates with and without methane diffusing from the bottom
sediments of site SO-23 (Fig. 8B).

The rates of authigenic carbonate formation within the SMTZ in this study area are
significantly higher than in other regions (Fig. 7C) (Blouet et al., 2021; Luff et al., 2005).
Previous studies have revealed that AOM governs authigenic carbonates formation in
the sediments of the marine continental shelf, where enrichment of organic carbon in
sediments leads to a strong methanogenic process occurring at the bottom and even
formation of methane hydrate (Blouet et al., 2021; Luff and Wallmann, 2003). Mitnick
et al. (2018) observed high rates of authigenic carbonate formation by simulating
porewater profiles data (e.g., Ca?*, SO+, Sr?*) from sites in the International Ocean
Discovery Program (IODP) databases under steady-state conditions and explained that
it was caused by the strong sulfate reduction and high sedimentation rate. Based on
existing relevant data from continental margin sites, we estimated their SMTZ depths
and the associated CHg fluxes into the SMTZ (Table 8). Assuming that AOM in the
SMTZ is the main process of methane consumption, we obtained a well log-log linear
regression relationship between AOM and authigenic carbonate formation after
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replacing the depth-integrated AOM rate with the CH4 flux into the SMTZ under a
steady-state and (Fig. 8B), which well reflected that the authigenic carbonate formation
was substantially promoted by AOM. According to the confidence bounds of the linear
regression (two red dashed curves in Fig. 8B), we further plotted their possible
relationship on a larger scale. Comparing our study sites with the those listed in Table
8, it can be inferred that the occurrence of shallower SMTZ depth and higher CHa flux
into the SMTZ are affected by the non-steady-state condition, resulting in higher rates
of AOM and authigenic carbonate formation. Furthermore, the relationship between the
rates of AOM and authigenic carbonate formation rapidly converged to the empirical
formula with the upward of underlying methane, i.e., their rates at the time of ~50 years
after the occurrence of methane diffusion were in the confidence bounds and quite close
to the empirical formula when they eventually reached the steady-state condition (Fig.
8B). Considering CH4 flux into the SMTZ decreases exponentially with depth, the ratio
of authigenic carbonate formation and AOM rate under the non-steady-state is higher
than that in a larger dataset with a wider range of the SMTZ depth (Fig. 8B).

The influence of AOM on the authigenic carbonate formation within the SMTZ is
mainly controlled by DIC and alkalinity generated by AOM (Berner, 2020; Luff and

Wallmann, 2003; Sun and Turchyn, 2014; Wallmann et al., 2012). Since hydrogen

sulfide (HS") produced by AOM is a component of TA rather than DIC (Eq. (6)), the

production rate of TA is higher than DIC, which causes an increase in porewater pH
and promotes the precipitation of carbonate (Zeebe and Wolf-Gladrow, 2001). Hence,

the formation of authigenic carbonates in sediments is susceptible to the occurrence of
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AOM (Blouet et al., 2021; Luff and Wallmann, 2003; N6then and Kasten, 2011). Our
parametric sensitivity analysis of the underlying methane flux (Fig.9) indicates that the
higher the CH4 flux into the SMTZ can lead to the shallower SMTZ occurring in the
sediments. Since higher methane diffusion flux can increase the reaction rate of AOM,
it thus becomes the other factor regulating the authigenic carbonate formation in the
sediments (Dale et al., 2008; Meister et al., 2013). As shown in Fig. 9, our simulations
further reveal that the rate of authigenic carbonate formation is sensitive to the change
in methane diffusion flux-when methane diffusion flux increases by 40% (0.049 —
0.069 mM m?2 d?), the rate of authigenic carbonate formation increases by~18%

(0.0403 — 0.0476 mM yr™).

4.2.2 The impact of authigenic carbonate formation on solid 6**C-CaCOs

As discussed above, higher CH4 flux into the SMTZ induced by the non-steady-state
condition can result in higher AOM and authigenic carbonate formation rate. The
amount of authigenic carbonate formation caused by the non-steady-state process
increased from ~0.1 wt.% in the initial time (1 yr) to ~0.45 wt.% in the final steady-
state (400 yr) (Fig. 7D). Meanwhile, the non-steady-state process also causes the change

in distribution profiles of 6*3C-DIC and ¢*3C of authigenic carbonate (6*3*C-AC) in the

sediments, and the positions of the minimum values of both 6'3C (DIC and AC) vary

synchronously with the upward shift of SMTZ (Fig. 7E). These tendencies of change
can be explained by the fact that AOM produced lighter carbon isotopes of DIC and its

resulting lighter carbon isotopes of precipitated authigenic carbonates. Since the 5*3C-
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AC is obviously lighter than that of biogenic carbonate (6**C-BC), the addition of
authigenic carbonate to the sediments also makes the J*3C composition of total
carbonate (6*3C-CaCOs) lighter in the sediments, especially within the SMTZ (Fig. 7F).
Previous studies showed that the fraction of authigenic carbonate in total solid
carbonate in continental margin sediments was relatively small. Only if the fraction of
authigenic carbonate is greater than 10%, it will have a significant impact on the 6*C-
CaCOz in sediments (e.g., Mitnick et al., 2018). Our sensitivity analysis shows that
when the CHys flux into the SMTZ is enhanced by 40% (0.049 — 0.069 mM m2 d?),
the authigenic carbonate precipitation in the bottom sediment is increased by 14% (0.37
— 0.42 wt.%, fac: ~5 — ~6%). Especially in the SMTZ, the fraction of authigenic

carbonate in total solid carbonate increased from 3.1% to 5.4%, and the carbon isotope

of total solid carbonate (6**C-CaCOs) varied accordingly from -1%o to -2%o (Fig. 9G).

Mitnick et al.(2018) assessed the fraction of authigenic carbonate in the sediment by
the depth—integrated rate of authigenic carbonate formation and biogenic carbonate flux.
By comparing the fractions of authigenic carbonates using the Mitnick et al.(2018)’s
model and our established model (Eq. 31), similar results were obtained at sites SO-23,
S0-26, SO-45, and SO-50 (Table 9). Considering the difference in the formation rate
of authigenic carbonate in different layers, the authigenic carbonate content is
obviously different from the surface to the bottom of the sediment, resulting in the
uneven fraction of authigenic carbonate in the depth profile of the sediments. For
example, the fraction of authigenic carbonate is ~0% on the surface and ~7% at the

bottom layer for the site SO-23 (Fig. 9F). However, the method provided by Mitnick et
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al. (2018) can not reflect the feature of uneven authigenic carbonate formation
distribution.

4.2.3 The role of porewater freshening on authigenic carbonate formation

Below the depth of 400 cm in the sediments, a terrestrial sedimentary layer was
identified from the lithological characteristics and geochemical profiles of the site SO-
8 (Wu et al., 2018), which probably formed in an estuarine or fluvial environment before
the Holocene transgression occurred in 12-11.5 cal. ka BP (Li et al., 2010). Due to a
deep supply of low-salinity freshwater to the overlying sediments of this site, porewater
CI" concentration decreased from 530 mM at 400 cm depth to 450 mM at 720 cm depth
in the sediments (Fig. 10A). The carbonate content, correspondingly, changed
dramatically within the terrestrial sedimentary layer (9 — 2 wt.%) (Fig. 10A). These
features indicated that porewater freshening has a great influence on the formation of
authigenic carbonate and solid carbonate isotopes.

The salinity transition is commonly observed in shallow boreholes close to the trench
at subduction zones (Bekins et al., 1995; Kastner et al., 1991; Saffer and Bekins, 1998;
Saffer and McKiernan, 2009), and the porewater freshening will certainly increase the
gradient of dissolved chemical species. In order to eliminate this effect, we used

porewater CI- concentrations for correction (C*" =Ci(x)/(CI"(x)/CI"(0)), where CI*(0) is

the CI" concentration at the SWI) (Mitnick et al., 2018). Given the advection and

diffusion are the main factors affecting the distribution of porewater CI" in the sediments
(Aloisi et al., 2015; Ni et al., 2020; Soulet et al., 2010), a two-end-member model was

utilized to simulate CI™ profile at site SO-8, namely CI concentration was 450 mM
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below 400 cm and 530 mM above 400 cm, respectively (Fig. 10A). The modeling
results showed that the increase of salinity could promote the rate of authigenic
carbonates formation in sediments because of lager Ca?* fluxes as supplied by salty

seawater (Fig. 10C). Although the rate of authigenic carbonates formation in the

terrestrial sediment layer is low (0.0089 — 0.0051 mol m2 yr?), it still has a profound

effect on the carbonate isotope composition especially in the bottom sediments, up to
14.5% (Fig. 10D), and this value is significantly higher than that of marine sediments
at other sites (Table 9).

In addition, the authigenic carbonate fraction at site SO-8 calculated by the method of
Mitnick et al. (2018) was ~1.9%, and the value of §*3C-CaCOs3 is ~-5%o. On the basis
of isotopic mass balance, if 5*3C-BC is around 0%o, the value of 6*3C-AC will reach an
incredible value of ~-260%o.. On the contrary, our modeling results showed that the total
fraction of authigenic carbonate in sediment was about 8.9% (Fig. 10). Such higher
fraction of authigenic carbonate in the bottom of site SO-8 is caused by the porewater
freshening, resulting in a smaller content of carbonate in the terrestrial layer than in the
marine layer. Moreover, if we assume carbonate content is relatively constant with a
value of ~9 wt.% above the terrestrial- marine transition and ~2 wt.% below this
transition at the site SO-8, similar results of the authigenic carbonate fraction could be
obtained using both methods of Mitnick et al. (2018) and our model. The above
comparisons demonstrate that our modeling approach is suitable for calculating the
fraction of authigenic carbonate under a complex depositional environment, while the

method provided by Mitnick et al. (2018) can only be applied to steady-state conditions

29




This page contains no comments



with slight variation in carbonate contents.

4.3 Global budget of authigenic carbonate formation.

Authigenic carbonates are considered the third major carbon pool in marine sediments
(Mitnick et al., 2018; Schrag et al., 2013). The global authigenic carbonate formation
budget in marine sediment ranges from 0.14 Tmol yr! to 3.6 Tmol yr! based on
different methods (Akam et al., 2020; Bradbury and Turchyn, 2019; Sun and Turchyn,
2014; Wallmann et al., 2008). For example, Akam et al. (2020) estimated the rate of
authigenic carbonate formation was ~1.7 Tmol yr'! on the basis of stoichiometric I
relationships of AOM, which was close to the estimation by Sun et al. (2014) (~1.0
Tmol yr') and Wallmann et al. (2008) (~1.5 Tmol yr!). Meanwhile, an estimated ~2.8

Tmol of CH4 was consumed annually within the SMTZ, with 80% occurring in

continental sediments (Egger et al., 2018). According to the global CHs flux provided

by Egger et al. (2018) and the established relationship between AOM and authigenic

g
carbonate formation (Fig. 8B), we further estimaté that ~0.49 Tmol yr! of authigenic
5

carbonates i1s formed in global marine sediments, with 67% of it occurring in

continental shelf sediments (Table 10). The total global carbonate burial is
approximately 32 Tmol yr! in marine sediments (Bradbury and Turchyn, 2019; Lerman
et al., 2007). Thus, our estimation of authigenic carbonate formation (~0.49 Tmol yr?)
accounts for only about 2% of the total global carbonate deposition, smaller than that
estimated by Sun et al. (2014) (~10%), which ignored the impact of biogeochemical
reactions and porewater diffusion and advection on authigenic carbonate formation.
Nevertheless, we found that slight variations in authigenic carbonate content in
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sediments can still significantly impact sediment carbonate isotopes, highlighting that
the influence of authigenic carbonates should be fully considered when using carbon
isotopes of carbonate to trace paleoceanography in geological history (Bradbury and
Turchyn, 2019; Schrag et al., 2013).

5. Conclusion

Porewater and solid sediment geochemical profiles in the Beibu Gulf, South China Sea
have been utilized to investigate the role of AOM on the authigenic carbonate formation
and its carbon isotopic composition under a non-steady-state by a reactive-transport
modeling approach. Authigenic carbonate formation rate is ~0.035 mmol m=2 yr? in

Group | (SO-8, SO-23, and SO-26), an order of magnitude higher than that in Group II

(~0.0026 mmol m2 yrt). Meanwhile, the synchronous peaks of both rates of authigenic

carbonates and the AOM occur within the SMTZ, revealing that the AOM can
significantly promote authigenic carbonate formation. The lower Sr/Ca (~0.003) and
higher Mg/Ca (~0.17) are shown within the SMTZ at Group |, which was consistent
with the removal of almost porewater Ca?* and formation of high Mg-calcite. By
combining the formation rates of calcite (Rca) and aragonite (Rara) in the sediments,
we calculated the ratio of the total amount of high Mg-calcite and aragonite in the
sediments.

The non-steady-state caused by an increased methane flux in the bottom sediments not
only results in the upward shift of the SMTZ but also intensifies AOM and authigenic
carbonates formation, particularly in the early stage of methane occurrence. Since AOM

produces lighter carbon isotopes of DIC and the associated authigenic carbonates, the
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burial of authigenic carbonate significantly impacts carbonate isotopes, with even a 14%
increase in authigenic carbonate accumulated in sediments resulting in a shift in
sediment carbonate isotopes from -1%o to -2%o. Moreover, the terrestrial- marine
transition was found at site SO-8, and our modeling revealed that porewater freshening
strongly impacts the formation of authigenic carbonate and carbonate isotopes.

Based on our obtained relationship between the rates of AOM and authigenic carbonate

formation, we estimated ~0.49 Tmol yr! of methane-derived authigenic carbonates

burial in global marine sediments. In the future, more relevant geochemical data from
the global marine sediments should be collected and compiled to establish a more
accurate relationship between the rates of authigenic carbonate formation and AOM
and to further explore the contribution of authigenic carbonate formation in marine

sediments to the global carbon cycle.
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Appendix A. Supplementary Material

Five figures and one data table are included in the Supplementary Materials: Figs. S1-

S5, solid Ca, Mg, Sr, Al profiles at our study sites. Table S1, solid Ca, Mg, Sr, Al data.
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975 Table 1
976  Sampling locations, water depths, core lengths.
Site/core Latitude (N) Longitude (E) Water depth (m) Core length (m)

SO-8 18°41.52' 107° 16.85' 63 8.1
S0-23 19°21.78' 108°17.89’ 41 7.8
SO-26 18°28.43' 107° 33.16' 58 6.0
SO-45 19° 55.31' 108° 53.37" 45 5.4
SO-50 20°25.57' 109° 00.49’ 37 5.8

Table 2
Biogeochemical reactions used in the RTM.

Reactions Reaction stoichiometry

Organoclastic sulfate reduction, Rosr SO4* + 2CH,O — HS + 2HCOs + H*

AOM, Raom CH4 + SO4% — HS + HCO3 + H,O R2
Methanogenesis, RMg® 2CH>0 — CH4 + CO> R3
Authigenic carbonate precipitation, Rac ~ Ca>* + 2HCO3— CaCO3 + CO>,+H,O R4

Ld
2 The net reaction for methanogenesis summarizes the fermentation process of the organic matter

and the reduction process of carbon dioxide:

2CH»0 + 2H»0 — 2CO; + 4H>

CO, +4H; — CH4 + 2HO

These two reactions are considered separately for simulating 63C-DIC.

Table 3
Rate expression applied in the biogeochemical reactions (3 R in the Eqs. (7) and (8)).
Variable Rates
TOC -Rom
S04 -0.5-Rsr-Raom
CHy4 0.5-Rme-Raom
DIC Rsr+tRaom+0.5-Rme-Rac
TA Rsr+2-Raom-2'Rac
Ca?* -Rac
Mg>* -Rmg
Sr2* -Rsr
SBC-DIC BRer+BR oM+ Rerm-BRME-BRAC
o13C-CH4 -BRaom +0.5-BRyE
o13C-AC BRac
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996 Table 4
997  List of the definition of symbols and parameters used in the paper.

Parameter Symbol Value 2 Unit Type® Source©

Parameters of physical conditions

Sediment temperature T 8 °C
Bottom water salinity S 35 -
Pressure at the SWI P 4

Dry sediment density ps 2.6
Sedimentation rate ; Var

Sediment porosity at'the SWI o 0.7

Sediment porosity at infinite depth 0.4

Depth attenuation coefficient of porosity g 1/150
Simulation length of sediment Var

Diffusion coefficient for SO4* 0.0214
Diffusion coefficient for CHs 0.0334
Diffusion coefficient for DIC 0.0232
Diffusion coefficient for TA 0.0212
Diffusion coefficient for Ca** 0.0133
Diffusion coefficient for Mg?* 0.0124
Diffusion coefficient for Sr** 0.0129
Parameters of biogeochemical reactions

y-RCM-parameter Var
y-RCM-parameter ) Var
The content of TOC at the SWI Var
Kinetic constant for AOM Var
Kinetic constant for Ca* precipitation Var
The equilibrium partition coefficient of Mg?* Var
The equilibrium partition coefficient of Sr** Var
Depth of the SMTZ Var
Unit conversion factor for organic matter Var
Unit conversion factor for carbonate Var

The molecular weight of carbo 12

The molecular weight of carbonate 100
Threshold sulfate concentration for ME 1

Parameter determining shape of the error function 0.001

EmeE~~EHEEEEEEHEHEE

The saturation state of calcite Qcal Var

The saturation state of aragonite Qan Var

VPDB standard RvrpB 0.01118

613C of DIC in sediments 63C-DIC Var

The fractionation factor for DIC by OSR OsSR 1

The fractionation factor for DIC by AOM 0AOM 1.02

The fractionation factor for DIC by ME OME 1.04

The fractionation factor for DIC by AC formation OAC 1 -

= = — I — T — = |

998  2Value: Var = the values of these parameters was determined by fitting data from different sites.
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® Type: I = typical value for marine sediments, II =model parameter imposed a priori, IlI= model

parameter constrained by the date of this study.
¢ Source: (1) Flury et al. (2016), (ii) Chuang et al. (2019), (iii) Boudreau. (1997), (iv) Dale et al.
(2019), (v) this study.

Table §

The best fit parameters at each site.
Variable SO-8 SO-23 SO-26
Simulation length of sample, L (m) 12 8 8
Sedimentation rate, w (cm yr') 0.03 0.03 0.03
TOC content at the SWI (wt.%) 1.0 0.81 1.1
y-RCM-parameter, a (yr) 1324 4315 2831
y-RCM-parameter, vr (-) 0.28 0.21 0.25
AOM kinetic constant, kaom (mM yrl) 0.01 0.03 0.03
Ca?* precipitation kinetic constant, kca (yr) 0.0007 0.0016 0.0023
Mg?* equilibrium partition coefficient, kmg (-) 0.009 0.007 0.008
Depth of the SMTZ, Zsmrz (m) 8.03 5.56 5.32
Upper boundary of SO4% (mM) 30 29.5 29.5
Upper boundary of Ca* (mM) 9.6 10.6 10.6
Upper boundary of Mg2* (mM) 54.1 56.8 57.9
Upper boundary of DIC (mM) 1.7 2.1 2.1
Upper boundary of TA (mM) 2.2 2.2 2.2
Lower boundary of CH4 (mM) 0—16 0—25 0—20

Table 6
Depth-integrated rates of OM degradation, OSR, AOM, AC and ME.
Rate or flux SO-8 SO-23 SO-26 SO-45
TRom. (mol m? yr?) 0.2922 0.1437 0.2418 0.2870
TRosr, (mol m2 yrl) 0.0514 0.0217 0.0543 0.1435
TRaowm, (mol m? yr!) 0.0394 0.1282 0.1164 -
TRac, (mol m? yr?) 0.0089 0.0347 0.0365 0.0026
TRume, (mol m2 yrl) 0.0132 0.0066 0.0124 -
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1021
1022  Table7
1023  Ksr values determined at the ODP sites and at our study sites.

Site Temperature (°C) Ksr Source
ODP Site 925 17.0 0.023 Zhang et al. (2020)
ODP Site 926 16.4 0.027 Zhang et al. (2020)
ODP Site 927 10.7 0.021 Zhang et al. (2020)
ODP Site 928 12.8 0.023 Zhang et al. (2020)
ODP Site 807 5.4 0.021 Zhang et al. (2020)
SO-8 0.025 this study
SO-23 0.027 this study
SO-26 0.028 this study
SO-45 0.021 this study
SO-50 0.021 this study

Table 8
SMTZ depth, sulfate and methane fluxes diffusion into SMTZ in Type I sites.
Leg?® Site? Waterdepth SMTZ JMethane” TRAc® Description
(m) (mbsf) (MM m2d?l) (mol m2yr?)
181 1119 393 14.7 0.0074 0.00135 Continental margin
308 1319 1450 13 0.0096 0.00182 Continental margin
204 1245 870 7.6 0.0208 0.00148 Continental margin
202 1232 4072 23.4 0.0175 0.002 Continental margin
175 1082 1279 20.4 0.0282 0.00243 Upwelling zone
175 1084 1992 5.6 0.0291 0.00186 Upwelling zone
112 688 3827 36.2 0.0066 0.000876 Continental margin
117 725 312 90 0.0111 0.000684 Continental margin
157 951 5437 54 0.0033 0.000262 Deep sea
@ Mark the cruise and core number of ocean drilling initiatives to which this drilling core belongs.
b Fluxes of CHs into the SMTZ (Jmetnane) Were calculated using their respective porewater
concentration gradients above and below the SMTZ (Egger et al., 2018).
¢ The depth-integrated authigenic carbonate formation rate (Rac) were collected from (Mitnick et
al., 2018).
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Table 9
The fraction of authigenic carbonate in the bulk carbonate.

w Xcarp? Fluxcamn Fluxac N/ ac?
(m yr) (Wt.%) (mM yrl)  (mM yrl) (%)
SO-8 0.0003 5.9 0.4781 0.0089 1.9
S0O-23 0.0003 7.0 0.5671 0.0347 6.1
SO-26 0.0003 8.3 0.6724 0.0365 54
SO-45 0.0004 44 0.2377 0.0026 1.1
SO-50 0.0008 33 0.3563 0.0022 0.6
2 Xcarb =kg carbonate/kg sediment averaged over sampling depth (Fig. 2F and Fig. 3F).
b Calculate by method from Mitnick et al., 2018.
¢ Results from our model.

Site

Table 10
Global budget of authigenic carbonate formation in different depth regions.
Region (water depth)  Seafloor area? SMTZ? Jcu? Rac
(m) (km?) (mbsf) (mM m2d?) (Tmol yrl)
Inner shelf (0-10) 2.59x108 0.5 (x0.7) 0.87 (£0.67) 0.1072
Inner shelf (10-50) 9.18x108 2.0 (x2.0) 0.27 (x0.26) 0.1267

Out shelf (50-200) 1.27x107 4.0 (£3.1) 0.13 (20.12) 0.0987
Slope (200-2000) 3.01x107 12.8 (%12.1) 0.051 (+0.048) 0.0742
Rise (2000-3500) 6.28x107 143.4 (¥222.0) 0.0066 (+0.0054) 0.0473
Abyss (>3500) 2.38x108 168.9 (x144.5) 0.0047 (+0.0037) 0.0409

2 the data were collected from Egger et al. (2018)
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Figure Captions

Fig. 1. Locations of the sampling sites. Sites SO-8, SO-23, and SO-26 are defined as Group I, where
bottom SO4? was fully consumed. Sites SO-45 and SO-50 were defined as Group 11, where SO4% in
the porewater were not completely consumed (Mitnick et al., 2018; Wu et al., 2018).

Fig. 2. Modeled results (curves) and measured data (symbols) at the Group I site. A: OM profile. B:
S04 and CHyprofiles. C: DIC, TA, and pH profiles. D: Ca?* profiles. Black, pink, and blue dotted
lines denote Q=1, aragonite saturation, and calcite saturation with below the x-axis, respectively. E:
Sr?* and Mg?* profiles. F: Solid carbonate and produced solid authigenic carbonate (AC) profiles.
G: 61°C-DIC and 6'3C-CHjy profiles. H: 6*3C-CaCO3 and 6'3C-AC profiles.

Fig. 3. Measured and modeled geochemical profiles of OM, SO4%, CHa, DIC, TA, pH, Ca?*, Sr?*,
Mg?*, solid carbonate, produced AC, §**C-DIC, §**C-CHa, 6**C-AC and 6'3C-CaCOjs at the Group
Il site. The markers in this figure are the same as in Fig. 2.

Fig. 4. Rate of AOM and authigenic carbonates formation in sites SO-8, SO-23, SO-26, SO-45, and
SO-50. The red curves denote the AOM rate with the upper x-axis and the blue curves represent
authigenic carbonate formation below the x-axis, respectively.

Fig. 5. A. Plot of Sr?*/Ca?* versus Mg?*/Ca?* in the porewater. The two black straight lines indicate
the trend of Sr2*/Ca?* versus Mg?*/Ca?* in porewater during the formation of aragonite or high Mg-
calcite (Bayon et al., 2007; Nothen and Kasten, 2001). B. Relationship between solid Sr/Ca and
Mg/Ca in sediments. The pentagrams and black circle denote the range end-member ratios of detrital
fraction (terrigenous clay-rich material, e.g., Al, Si, K, incorporated in the carbonate matrix during
authigenic carbonate formation), aragonite, biogenic calcite, and high Mg-calcite, respectively
(Bayon et al., 2007). The different symbols in A and B represent the same site. C. High Mg-calcite
was observed by electron microscopy within SMTZ at SO-23.

Fig. 6. Sensitivity analysis of high Mg-calcite and aragonite formation in the sediments based on
the measured date at site SO-23. A: Depth-profile of Sr?*, Ca?* and Mg?* B: Depth-profiles of high
Mg-calcite formation ratio, fca(X), and the fraction of aragonite can be calculated as: fara(X)=1- fca(X).
C: Total ratio of high Mg-calcite and aragonite formed in the sediment (B; at the center of the circle
corresponds to B; in Fig. B). D: Plot of Sr2*/Ca?*versus Mg?*/Ca?* (top inset: magnification of D in
x-axis 0 to 10 and y-axis 0.008-0.013). In A, B, and D, pink color denote that high Mg-calcite was
ignored, and the solid, dotted, and dashed lines denote the ratio of high Mg-calcite in the SMTZ of
90%, 70%, and 50%, respectively.

Fig. 7. Impact of non-steady-state for AOM and authigenic carbonate formation based on the
measured date at SO-23. A: profiles of SO4> (red) and CH4 (blue). B: profiles of Ca?*. Profiles of
AOM rate (red) and authigenic carbonate formation rate (blue). D: profiles of solid-produced
authigenic carbonate (AC). E: profiles of 6*C-DIC. F: profiles of 5*C-CaCOs. All the pink solid
lines in the figure denote t=0 yr that the time point CHj, starts to seep. The t=100 yr, 200 yr, and 400
yr denote the 100, 200, and 400 years after t=0 yr with dotted lines, solid lines, and dashed,
respectively. The black arrows in the figure indicate the trend of each profile during the non-steady
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process.

Fig. 8. Depth-integrated AOM rate (TRaom) and authigenic carbonate formation rate (TRac) under
non-steady-state. A: AOM rate (red) and authigenic carbonate formation rate (blue) versus time (t).
The different markers represent different time points shown in the figure and t denotes time after
t=0 yr defined in Fig. 7. B: the relationship between AOM rate and authigenic carbonate formation
rate (pink: total authigenic carbonate formation (TRac), blue: AOM-related authigenic carbonate
formation (TRaom_ac)) at different time points under non-steady-state, and log-log plot of depth-
integrated AOM rate (TRaom) and authigenic carbonate formation rate (TRac) (red circles), where
TRaom were replaced by CH, flux into the SMTZ (Table 8) under steady-state. Bottom inset in B:
magnification of B in x-axis 0.02 to 0.2 and y-axis 0.02-0.05. The red dashed lines in the B denoted
90% confidence bounds of the linear regression meaning the probability of the TRaom and TRac
being within this range is 90%. The red, blue, and pink arrows in A and B indicate the trend of AOM
and authigenic carbonate formation rate during the non-steady process.

Fig. 9. Model sensitivity analysis of CH4 flux into SMTZ (Jcw) based on the measured data at site
S0-23. The baseline values are represented by solid curves and the measured data are denoted by
red symbols. A: SO,> (red) and CH4 (blue). B: Ca?*. C: AOM rate (red) and authigenic carbonate
formation rate (blue). D: 6°C-CH4 (blue) and 5'3C-DIC (red). E: produced solid authigenic
carbonate isotope (6**C-AC, blue) and produced solid authigenic carbonate content (AC, black). F:
authigenic carbonate fraction (fac). G: carbonate isotope (6**C-CaCOs). All the pink solid lines in
the figure denote without CHa flux in the bottom sediment, and dotted lines, solid lines and dashed
lines denoted different CH4 flux into the SMTZ shown in the figure.

Fig. 10. The impact of terrestrial- marine transition on authigenic carbonate formation at site SO-
8. A: profile of solid CaCOs; and CI. B: SO+ and CHa. C: Ca?* and produced solid authigenic
carbonates. D: fraction of produced solid authigenic carbonates and carbonate isotope (5**C-CaCOs).
The red circles and black triangles in B and C denote measured date and corrected data by CI*
profile, respectively. The pink dotted and solid lines denote the input CI* concentrations of 450 mM
and 530 mM, respectively. The input SO4> and Ca?* concentrations were proportional to CI*
concentration. The dotted red lines denote the simulation of measured data and solid lines denote
the best-fit results of corrected data. The black and red arrows in B indicate the change of SO.*
profile with increasing CI-* and methane seep occurred in the bottom sediment.
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Fig. 1. Locations of the sampling sites. Sites SO-8, SO-23, and SO-26 are defined as Group Blere
bottom SO42 was fully consumed. Sites SO-45 and SO-50 were defined as Group II, wher 4 -in
the porewater were not completely consumed (Mitnick et al., 2018; Wu et al., 2018).
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Fig. 2. Modeled results (curves) and measured data (symbols) at the Group I site. A: OM profile. B:
SO4% and CHy profiles. C: DIC, TA, and pH profiles. D: Ca?* profiles. Black, pink, and blue dotte
lines denote ¢ agonite saturation, and calcite saturation with below the x-axis, respectively. E:

78 82
pH

Sr2* and Mg?*'profiles. F: Solid carbonate and produced solid authigenic carbonate (AC) profiles.
G: 6BC-DIC and 63C-CHa profiles. H: 61*C-CaCOs altigﬁ-AC profiles.
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Fig. 3. Measured and modeled geochemical profiles of OM, SO42, CHa, DIC, TA, pH, Ca?*, Sr%*,
Mg?*, solid carbonate, produced AC, 613C-DIC, 613C-CHy, 613C-AC and 6'3C-CaCOs at the Group

IT site. The markers in this figure are the same as in Fig. 2.
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Fig. 4. Rate of AOM and authigenic carbonates formation in sites SO-8, SO-23, SO-26, SO-45, and

SO-50. The red curves denote the AOM rate with the upper x-axis and the blue curves represent

authigenic carbonate formation below gi x-axi-c ectively.
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Fig. 5

Group 1:

W Site SO-8
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Fig. 5. A. Plot of Sr>*/Ca?* versus Mg?*/Ca?* in the porewater. The two black straight lines indicate
the trend of S12*/Ca?* versus Mg2*/Ca?* in porewater during the formation of aragonite or high Mg-
calcite (Bayon et al., 2007; Nothen and Kasten, 2001). B. Relationship between solid S1/Ca and
Mg/Ca in sediments. The pentagrams and black circle denote the range end-member ratios of detrital
fraction (terrigenous clay-rich material, e.g., Al, Si, K, incorporated in the carbonate matrix during
authigenic carbonate formation), aragonite, biogenic calcite, and high Mg-calcite, respectively
(Bayon et al., 2007). The different symbols in A and B represent the same site. C. High Mg-calcite
was observed by electron microscopy within SMTZ at SO-23.

“(mM)

AT

1

10 20
Mg?*/Ca®* (mMmA

Fig. 6. Sensitivity analysis of high Mg-calcite and aragonite formation in the sediments based on
the measured date at site SO-23. A: Depth-profile of Sr2*, Ca2* and Mg2* B: Depth-profiles of high
Mg-calcite formation ratio, fea1(x). and the fraction of aragonite can be calculated as: fara(x)=1- fea1(x).
C: Total ratio of high Mg-calcite and aragonite formed in the sediment (B; at the center of the circle
corresponds to B; in Fig. B). D: Plot of Sr?*/Ca**versus Mg2*/Ca?* (top inset: magnification of D in
x-axis 0 to 10 and y-axis 0.008-0.013). In A, B, and D, pink color denote that high Mg-calcite was
ignored, and the solid, dotted, and dashed lines denote the ratio of high Mg-calcite in the SMTZ of
90%, 70%, and 50%. respectively.
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Fig. 7
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Fig. 7. Impact of non-steady-state for AOM and authigenic carbonate formation based on the
measured date at SO-23. A: profiles of SO4> (red) and CHs (blue). B: profiles of Ca2*. Profiles of
AOM rate (red) and authigenic carbonate formation rate (blue). D: profiles of solid-produced
authigenic carbonate (AC). E: profiles of 6'3C-DIC. F: profiles of 613C-CaCOs. All the pink solid
lines in the figure denote /=0 yr that the time point CHj starts to seep. The /=100 yr, 200 yr, and 400
yr denote the 100, 200, and 400 years after =0 yr with dotted lines, solid lines, and dashed,
respectively. The black arrows in the figure indicate the trend of each profile during the non-steady
process.
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Fig. 8. Depth-integrated AOM rate (7Raom) and authigenic carbonate formation rate (7Rac) under
non-steady-state. A: AOM rate (red) and authigenic carbonate formation rate (blue) versus time (7).
The different markers represent different time points shown in the figure and 7 denotes time after
=0 yr defined in Fig. 7. B: the relationship between AOM rate and authigenic carbonate formation
rate (pink: total authigenic carbonate formation (7Rac). blue: AOM-related authigenic carbonate
formation (7Raom ac)) at different time points under non-steady-state, and log-log plot of depth-
integrated AOM rate (TRaom) and authigenic carbonate formation rate (7Rac) (red circles), where
TRaom were replaced by CHs flux into the SMTZ (Table 8) under steady-state. Bottom inset in B:
magnification of B in x-axis 0.02 to 0.2 and y-axis 0.02-0.05. The red dashed lines in the B denoted
90% confidence bounds of the linear regression meaning-thqsprobability of the TRaom and TRac

and authigenic carbonate formation rate during the non-steady process.
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Fig. 9
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® Measured data == Bageline model (J5~0.049 mM m? &, v=0.003 m yr, <k>=5.0x10" yrl)
e Jg=0.069 mMmid? = = J=0.029mMm?d! = Jo=0mMm?d’

Fig. 9. Model sensitivity analysis of CH4 flux into SMTZ (Jcr) based on the measured data at site
SO-23. The baseline values are represented by solid curves and the measured data are denoted by
red symbols. A: SO4% (red) and CHy4 (blue). B: Ca*. C: AOM rate (red) and authigenic carbonate
formation rate (blue). D: 6C-CHs (blue) and 6B3C-DIC (red). E: produced solid authigenic
carbonate isotope (613C-AC, blue) and produced solid authigenic carbonate content (AC, black). F:
authigenic carbonate fraction (fac). G: carbonate isotope (613C-CaCOs3). All the pink solid lines in
the figure denote without CH4 flux in the bottom sediment, and dotted lines, solid lines and dashed
lines denoted different CH4 flux into the SMTZ shown in the figure.
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Fig. 10. The impact of terrestrial- marine transition on authigenic carbonate formation at site SO-
8. A: profile of solid CaCOs3 and CI'l. B: SO4 and CHy4. C: Ca%* and produced solid authigenic
carbonates. D: fraction of produced solid authigenic carbonates and carbonate isotope (6'*C-CaCOs3).
The red circles and black triangles in B and C denote measured date and corrected data by CI!
profile, respectively. The pink dotted and solid lines denote the input CI! concentrations of 450 mM
and 530 mM, respectively. The input SO and Ca?* concentrations were proportional to CI!
concentration. The dotted red lines denote the simulation of measured data and solid lines denote
the best-fit results of corrected data. The black and red arrows in B indicate the change of SO4*
profile with increasing CI! and methane seep occurred in the bottom sediment.
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