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Abstract: 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 (  δ  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  δ  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  δ  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  δ  13  C-CaCO  3  within the SMTZ is
shifted from -1‰ 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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measured by ICP-OES (iCAP 6300 Duo, Thermo Fisher). The carbon isotopic 164 

compositions of bulk carbonates were analyzed on a Thermo Finnigan MAT 253 165 

isotope ratio mass spectrometer coupled to a Thermo Finnigan Gasbench II using 100 166 

μg powdered samples. The carbon isotopic ratios are reported in the standard δ notation 167 

with respect to the VPDB standard and with a precision of better than ±0.1% (1σ), as: 168 

𝛿13C − 𝐶= (
13𝐶/12𝐶

(13𝐶/12𝐶)𝑉𝑃𝐷𝐵
− 1) · 1000                     (6) 169 

Scanning electron microscopy (SEM) and energy dispersive X-ray microanalyses 170 

(EDX) were performed at Leibniz IOW on an FEI Quanta 400 microscope connected 171 

to an EDAX-Genesis system. 172 

2.3 Modeling approach 173 

2.3.1 Reactive-transport model 174 

The sampling data from sites SO-8, SO-23, SO-26, SO-45, and SO-50 were simulated 175 

with an RTM to quantify the processes controlling porewater SO4
2-, Ca2+, Mg2+, Sr2+, 176 

CH4 (=
12C-CH4 + 13C-CH4), DIC (=12C-DIC + 13C-DIC) and TA concentrations, and 177 

solid CaCO3 and δ13C-CaCO3 in the sediments. The geochemical reactions coupled in 178 

the RTM, symbol definitions, and rate of each reaction are listed in Tables 2-4, 179 

respectively. 180 

Because of the abundance of sulfate in seawater relative to other terminal electron 181 

acceptors (e.g., O2, NO3
-, Mn-(hydr)oxides, Fe-(hydr)oxides), microbial respiration 182 

coupled to organic matter degradation (OM) is primarily driven by organoclastic sulfate 183 

reduction (OSR) and methanogenesis (ME) (Böttcher et al., 1998; Froelich et al., 1979). 184 

Upwardly diffusing CH4 can be subsequently reoxidized within the sulfate-methane 185 
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organic matter degradation (ROM, wt.% yr-1) can be written as: 208 

𝑅OM(𝑡) = 𝐺(0) ∙
𝑣𝑅∙𝑎𝑣𝑅

(𝑎+𝑡)𝑣𝑅+1                                (10) 209 

where G(0) is the concentration of organic matter at the SWI, parameter vR is the shape 210 

parameter, and a represent the initial age of organic matter (Boudreau and Ruddick, 211 

1991). 212 

Considering the exponentially decreasing porosity, the time (t) in the Eq. (10) can be 213 

written as (Meister et al., 2019): 214 

𝑡(𝑥) = ∫ 𝜔−1𝑑𝑥 =
𝑥

𝜔𝑓

𝑥

0
+

(φ0−φ𝑓)

(1−φ𝑓)∙𝑎∙𝜔𝑓
∙ (𝑒−𝑎∙𝑥 − 1)               (11) 215 

The degradation rate of organic matter is stoichiometrically linked to sulfate reduction 216 

rate (RSR) and methanogenesis rate (RME), as: 217 

𝑅SR=𝑓C ⋅ 𝑓S ⋅ 𝑅OM                                 (12) 218 

𝑅ME=𝑓C ⋅ (1 − 𝑓S) ⋅ 𝑅OM                            (13) 219 

where fC is the factor that converts unit wt.% to mM: 220 

𝑓C =
ρS⋅(1−φ(𝑥))⋅104

𝑀𝐶⋅φ(𝑥)
                               (14) 221 

where ρS is the density of dry sediment, MC is the molecular weight of carbon. The fS is 222 

a rate-limiting term that determines whether organic matter degradation is attributed to 223 

sulfate reduction or methanogenesis, defined using error residual functions (Chuang et 224 

al., 2019; Dale et al., 2019): 225 

𝑓S = 0.5 ⋅ 𝑒𝑟𝑓𝑐 (
[𝑆𝑂4

2−]−𝐶𝑆
∗

𝑏
)                                (15) 226 

where [SO4
2-] is the concentration of sulfate, CS

* is the threshold sulfate concentration 227 

for methanogenesis (~1 mM), and b is a parameter controlling the steepness of fS (Table 228 

4). 229 
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𝑅13
𝑆𝑅 =

𝛿13C−TOC+1000

𝛿13C−TOC+1000+1000/(13𝐶/12𝐶)𝑉𝑃𝐷𝐵
· 𝑅𝑆𝑅               (25) 296 

where δ13C-TOC varies from -26‰ to -20‰ in the study area (Wu et al., 2018).  297 

The rate of DI13C produced by AOM (13RAOM) can be described as:  298 

𝑅13
AOM=

13𝐶𝐻4

αAOM⋅𝐶𝐻4+13𝐶𝐻4⋅(αAOM−1)
⋅ 𝑅AOM                  (26) 299 

where the fractionation factor of AOM, αAOM, is between 1.01 and 1.04 (Holler et al., 300 

2009).  301 

The autotrophic pathway is the main form of methanogenesis in sediments (Blair, 1998; 302 

Burdige et al., 2016; Whiticar et al., 1986). It is a two-step process in which organic 303 

matter is first fermented to CO2 and H2, without significant isotopic fractionation, and 304 

then followed by a methanogenesis process through CO2 reduction, which has a 305 

significant fractionation of carbon isotope (Jørgensen et al., 2010). The carbon isotope 306 

mass balance for organic matter fermentation (13Rferm) and CO2 reduction to CH4 (
13RME) 307 

can be written as:  308 

𝑅13
ferm=

𝛿13C−TOC+1000

𝛿13C−TOC+1000+1000/(13𝐶/12𝐶)𝑉𝑃𝐷𝐵
· 𝑅ME                (27) 309 

and 310 

𝑅13
ME=

1

2
∙

DI13C

αME⋅DIC+DI13C⋅(αME−1)
⋅ 𝑅ME                      (28) 311 

where the range of its fractionation factor (αME) was from 1.02 to 1.06 observed by 312 

incubation experiments (Whiticar et al., 1986). 313 

Several studies found the fractionation factor for carbonate precipitation (αAC) is close 314 

to 1 (Chuang et al., 2019; Teichert et al., 2005). The rate of 13C-DIC produced by 315 

authigenic carbonate formation (13RAC) can be written as: 316 

𝑅13
AC=

DI13C

αAC⋅DIC+DI13C⋅(αAC−1)
⋅ 𝑅AC                      (29) 317 
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total sediment carbonate are 1.1% at site SO-45 and 1.2% at site SO-50, which is 428 

obviously smaller than that at Group I. 429 

3.3 Validation of model based on porewater Sr2+ profiles 430 

The formation of authigenic carbonate is accompanied by the precipitation of porewater 431 

Sr2+ (Charlou et al., 2004; Sosdian et al., 2012). Comparing the ratio of porewater 432 

Sr2+/Ca2+ and calcium carbonate, the empirical partition coefficient of Sr2+ (KSr) can be 433 

estimated at different sites (Fantle and DePaolo, 2006; Fantle and DePaolo, 2007), 434 

which could be used to validate the model that we established.  435 

The equilibrium value of KSr can be calculated theoretically (Böttcher and Dietzel, 2010) 436 

or by an empirical formula Eq. (32) with a temperature range from 0 °C to 100 °C 437 

(Zhang and DePaolo, 2020). 438 

𝐾𝑆𝑟(𝑇) = 0.025 ∙ exp (
𝐺𝑟

𝑅
(

1

298.15
−

1

𝑇
))                   (32) 439 

where Gr is the Gibbs free energy change associated with the exchange reaction (~1.2 440 

Kcal/mol), R is the gas constant (~8.3 J mol-1 K-1), T is the temperature (K), and 441 

uncertainty is approximately ±20% (Zhang and DePaolo, 2020). As the average 442 

temperature in the bottom water of the Beibu Gulf is around 8 °C (Cai et al., 2012), the 443 

corresponding KSr value calculated by Eq. (32) is 0.025 (range: 0.02–0.03). The best-444 

fitting results of KSr in Group I and the Group II sites are close to the theoretical value 445 

(Table 7), validating the effectiveness of the model that we established. 446 

 447 

4. Discussion 448 

4.1 Types of authigenic carbonate formation 449 
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The Sr/Ca and Mg/Ca in solid sediment are commonly used to distinguish the type of 450 

authigenic carbonate (Fig. 5B) (Bayon et al., 2007; Stoll and Schrag, 2000). For 451 

example, higher Sr/Ca (~0.027) and lower Mg/Ca (~0.0005) in sediment indicate that 452 

more aragonite is formed in the sediments (Naehr et al., 2000). In this study, the lower 453 

Sr/Ca (~0.003) and higher Mg/Ca (~0.17) were observed within the SMTZ in Group I 454 

(sites SO-8, SO-23, and SO-26), which was consistent with the formation of high Mg-455 

calcite (Lear et al., 2002; Rickaby et al., 2002; Rosenthal et al., 1997). Compared to the 456 

Group I, higher solid Mg/Ca (~0.5) and similar Sr/Ca (~0.004) were found in the Group 457 

II (Fig. S1-S5 in the Supplementary Information), which indicates little dolomite was 458 

formed in the sediments (Bayon et al., 2007; Rodriguez et al., 2000). It should be 459 

emphasized that no chemical leaching from substantial clay minerals occurred in our 460 

study sites, which is confirmed by the ratios of Sr/Ca and Mg/Ca in sediment (Fig.5B), 461 

as well as solid Al profiles (Fig. S1-S5 in the Supplementary Information). 462 

In addition, variations in porewater Ca2+, Mg2+, and Sr2+ concentrations can also be 463 

utilized to identify the types of carbonate minerals formation in the sediments (Bayon 464 

et al., 2007; Fantle and DePaolo, 2006; Nöthen and Kasten, 2011). An increase of 465 

porewater Sr2+/Ca2+ ratio indicates the formation of a carbonate mineral phase is most 466 

likely high Mg-calcite with a low Sr2+/Ca2+ ratio. Similarly, an increase in the 467 

Mg2+/Ca2+ ratio in porewater reveals the precipitation of aragonite, a carbonate mineral 468 

phase with a low Mg2+/Ca2+ ratio (Bayon et al., 2007). Based on the stoichiometric 469 

relationship, two bold lines in Fig. 5A indicate the formation of aragonite and high Mg-470 

calcite. Using the method mentioned in Nöthen and Kasten (2011), we estimated that 471 
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aragonite in the authigenic carbonate formation in Group I accounted for 30% and high 472 

Mg-calcite for 70%. Among them, high Mg-calcite was mainly formed within the 473 

SMTZ (Fig. 5A), which was further evidenced by Elemental analysis of the selected 474 

minerals using an electron microscopy energy spectrometer (Fig. 5C). However, these 475 

methods can only be used to estimate the total amount of authigenic carbonate 476 

formation in the entire sediments and cannot be used to describe the distribution of 477 

aragonite and high Mg-calcite formation at different depths of the sediments. 478 

Based on the distribution characteristics that high Mg-calcite formation is favored in 479 

the SMTZ while aragonite is mainly formed in the surface sediments, we further 480 

simulated the effect of calcite and aragonite formation in sediments on the porewater 481 

Sr2+/Ca2+ and Mg2+/Ca2+ ratios by parametric sensitivity analysis of the formation ratio 482 

of high Mg-calcite and aragonite ((fcal(x) and fara(x) in the Eq. (19)). Our results indicate 483 

the occurrence of higher Sr2+/Ca2+ and Mg2+/Ca2+ ratios caused by the formation of 484 

calcite within the SMTZ. Specifically, when the formation of high Mg-calcite in the 485 

SMTZ accounts for 90%, the ratios of porewater Mg2+/Ca2+ and Sr2+/Ca2+ are 32 and 486 

0.03, respectively. Moreover, their ratios will drop sharply to 8 and 0.01 when the 487 

formation of high Mg-calcite in the SMTZ is reduced to 50%. During the formation of 488 

high Mg-calcite, almost all Ca2+ are removed from the porewater while the Mg2+ still 489 

remains ~40 mM in the SMTZ (Fig. 6A), resulting in a high Mg2+/Ca2+ in this 490 

sedimentary layer. On the contrary, when there is no AOM reaction in the sediment, the 491 

Ca2+ concentration (~5 mM), Mg2+ concentration (~50 mM), and a lower ratio 492 

Mg2+/Ca2+(~10) will appear in the bottom sediments. 493 
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By combining the formation rates of calcite (Rcal) and aragonite (Rara) in the sediments, 494 

we also calculated the ratio of the total amount of high Mg-calcite and aragonite in the 495 

sediments (Fig.4). Although aragonite is the dominant form of authigenic carbonate 496 

outside the SMTZ, the rate of authigenic carbonate formation within the SMTZ is much 497 

higher than in other layers. Based on parametric sensitivity analysis of the formation 498 

ratio of high Mg-calcite and aragonite, we conclude that 80% of the authigenic 499 

carbonates formation at site SO-23 is high-Mg calcite, and 90% of them is formed 500 

within the SMTZ. 501 

4.2 Authigenic carbonate formation under non-steady-state condition 502 

4.2.1 The relationship between AOM and authigenic carbonate formation 503 

The formation of non-steady-state conditions is caused by an increase of methane flux 504 

at the lower boundary, which not only leads to the upward shift of SMTZ towards the 505 

SWI (Fig. 7A and C) (Dale et al., 2008; Meister et al., 2013), but also significantly 506 

affects authigenic carbonates formation, as the synchronous peak of both rates of 507 

authigenic carbonates and the AOM (Fig.7C). In addition, the AOM reaction 508 

significantly intensified the formation of authigenic carbonates in the sediments. The 509 

authigenic carbonates formation rate increases dramatically with the increase of the 510 

bottom methane, especially at the initial stage of the bottom methane emerging. 511 

Specifically, the formation rate of authigenic carbonates in the sediments is only ~0.003 512 

mol m-2 yr-1 at the time of 1 year after the occurrence of methane diffusion, the rate, 513 

however, increases sharply to ~0.012 mol m-2 yr-1 and ~0.02 mol m-2 yr-1 at the time of 514 

20 years and 50 years, respectively, and finally reaches a constant level (~0.0354 mol 515 
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m-2 yr-1) at the time of 400 years after methane diffusion (Figs.7 and 8). By comparison, 516 

we further found that the non-steady-state has a greater impact on the AOM than 517 

authigenic carbonate formation, as evidenced by the larger gradient in AOM rate (Fig. 518 

8A) and the almost one order of magnitude higher rate of final AOM (~0.133 mol m-2 519 

yr-1) than that of the authigenic carbonate formation. In addition, up to 80% of the 520 

authigenic carbonate formation is attributed to AOM by combining the simulated data 521 

of carbonate formation rates with and without methane diffusing from the bottom 522 

sediments of site SO-23 (Fig. 8B). 523 

The rates of authigenic carbonate formation within the SMTZ in this study area are 524 

significantly higher than in other regions (Fig. 7C) (Blouet et al., 2021; Luff et al., 2005). 525 

Previous studies have revealed that AOM governs authigenic carbonates formation in 526 

the sediments of the marine continental shelf, where enrichment of organic carbon in 527 

sediments leads to a strong methanogenic process occurring at the bottom and even 528 

formation of methane hydrate (Blouet et al., 2021; Luff and Wallmann, 2003). Mitnick 529 

et al. (2018) observed high rates of authigenic carbonate formation by simulating 530 

porewater profiles data (e.g., Ca2+, SO4
2-, Sr2+) from sites in the International Ocean 531 

Discovery Program (IODP) databases under steady-state conditions and explained that 532 

it was caused by the strong sulfate reduction and high sedimentation rate. Based on 533 

existing relevant data from continental margin sites, we estimated their SMTZ depths 534 

and the associated CH4 fluxes into the SMTZ (Table 8). Assuming that AOM in the 535 

SMTZ is the main process of methane consumption, we obtained a well log-log linear 536 

regression relationship between AOM and authigenic carbonate formation after 537 
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replacing the depth-integrated AOM rate with the CH4 flux into the SMTZ under a 538 

steady-state and (Fig. 8B), which well reflected that the authigenic carbonate formation 539 

was substantially promoted by AOM. According to the confidence bounds of the linear 540 

regression (two red dashed curves in Fig. 8B), we further plotted their possible 541 

relationship on a larger scale. Comparing our study sites with the those listed in Table 542 

8, it can be inferred that the occurrence of shallower SMTZ depth and higher CH4 flux 543 

into the SMTZ are affected by the non-steady-state condition, resulting in higher rates 544 

of AOM and authigenic carbonate formation. Furthermore, the relationship between the 545 

rates of AOM and authigenic carbonate formation rapidly converged to the empirical 546 

formula with the upward of underlying methane, i.e., their rates at the time of ~50 years 547 

after the occurrence of methane diffusion were in the confidence bounds and quite close 548 

to the empirical formula when they eventually reached the steady-state condition (Fig. 549 

8B). Considering CH4 flux into the SMTZ decreases exponentially with depth, the ratio 550 

of authigenic carbonate formation and AOM rate under the non-steady-state is higher 551 

than that in a larger dataset with a wider range of the SMTZ depth (Fig. 8B). 552 

The influence of AOM on the authigenic carbonate formation within the SMTZ is 553 

mainly controlled by DIC and alkalinity generated by AOM (Berner, 2020; Luff and 554 

Wallmann, 2003; Sun and Turchyn, 2014; Wallmann et al., 2012). Since hydrogen 555 

sulfide (HS-) produced by AOM is a component of TA rather than DIC (Eq. (6)), the 556 

production rate of TA is higher than DIC, which causes an increase in porewater pH 557 

and promotes the precipitation of carbonate (Zeebe and Wolf-Gladrow, 2001). Hence, 558 

the formation of authigenic carbonates in sediments is susceptible to the occurrence of 559 
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AOM (Blouet et al., 2021; Luff and Wallmann, 2003; Nöthen and Kasten, 2011). Our 560 

parametric sensitivity analysis of the underlying methane flux (Fig.9) indicates that the 561 

higher the CH4 flux into the SMTZ can lead to the shallower SMTZ occurring in the 562 

sediments. Since higher methane diffusion flux can increase the reaction rate of AOM, 563 

it thus becomes the other factor regulating the authigenic carbonate formation in the 564 

sediments (Dale et al., 2008; Meister et al., 2013). As shown in Fig. 9, our simulations 565 

further reveal that the rate of authigenic carbonate formation is sensitive to the change 566 

in methane diffusion flux-when methane diffusion flux increases by 40% (0.049 → 567 

0.069 mM m-2 d-1), the rate of authigenic carbonate formation increases by~18% 568 

(0.0403 → 0.0476 mM yr-1). 569 

 570 

4.2.2 The impact of authigenic carbonate formation on solid δ13C-CaCO3  571 

As discussed above, higher CH4 flux into the SMTZ induced by the non-steady-state 572 

condition can result in higher AOM and authigenic carbonate formation rate. The 573 

amount of authigenic carbonate formation caused by the non-steady-state process 574 

increased from ~0.1 wt.% in the initial time (1 yr) to ~0.45 wt.% in the final steady-575 

state (400 yr) (Fig. 7D). Meanwhile, the non-steady-state process also causes the change 576 

in distribution profiles of δ13C-DIC and δ13C of authigenic carbonate (δ13C-AC) in the 577 

sediments, and the positions of the minimum values of both δ13C (DIC and AC) vary 578 

synchronously with the upward shift of SMTZ (Fig. 7E). These tendencies of change 579 

can be explained by the fact that AOM produced lighter carbon isotopes of DIC and its 580 

resulting lighter carbon isotopes of precipitated authigenic carbonates. Since the δ13C-581 
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AC is obviously lighter than that of biogenic carbonate (δ13C-BC), the addition of 582 

authigenic carbonate to the sediments also makes the δ13C composition of total 583 

carbonate (δ13C-CaCO3) lighter in the sediments, especially within the SMTZ (Fig. 7F). 584 

Previous studies showed that the fraction of authigenic carbonate in total solid 585 

carbonate in continental margin sediments was relatively small. Only if the fraction of 586 

authigenic carbonate is greater than 10%, it will have a significant impact on the δ13C-587 

CaCO3 in sediments (e.g., Mitnick et al., 2018). Our sensitivity analysis shows that 588 

when the CH4 flux into the SMTZ is enhanced by 40% (0.049 → 0.069 mM m-2 d-1), 589 

the authigenic carbonate precipitation in the bottom sediment is increased by 14% (0.37 590 

→ 0.42 wt.%, fAC: ~5 → ~6%). Especially in the SMTZ, the fraction of authigenic 591 

carbonate in total solid carbonate increased from 3.1% to 5.4%, and the carbon isotope 592 

of total solid carbonate (δ13C-CaCO3) varied accordingly from -1‰ to -2‰ (Fig. 9G). 593 

Mitnick et al.(2018) assessed the fraction of authigenic carbonate in the sediment by 594 

the depth–integrated rate of authigenic carbonate formation and biogenic carbonate flux. 595 

By comparing the fractions of authigenic carbonates using the Mitnick et al.(2018)’s 596 

model and our established model (Eq. 31), similar results were obtained at sites SO-23, 597 

SO-26, SO-45, and SO-50 (Table 9). Considering the difference in the formation rate 598 

of authigenic carbonate in different layers, the authigenic carbonate content is 599 

obviously different from the surface to the bottom of the sediment, resulting in the 600 

uneven fraction of authigenic carbonate in the depth profile of the sediments. For 601 

example, the fraction of authigenic carbonate is ~0% on the surface and ~7% at the 602 

bottom layer for the site SO-23 (Fig. 9F). However, the method provided by Mitnick et 603 
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al. (2018) can not reflect the feature of uneven authigenic carbonate formation 604 

distribution. 605 

4.2.3 The role of porewater freshening on authigenic carbonate formation 606 

Below the depth of 400 cm in the sediments, a terrestrial sedimentary layer was 607 

identified from the lithological characteristics and geochemical profiles of the site SO-608 

8 (Wu et al., 2018), which probably formed in an estuarine or fluvial environment before 609 

the Holocene transgression occurred in 12–11.5 cal. ka BP (Li et al., 2010). Due to a 610 

deep supply of low-salinity freshwater to the overlying sediments of this site, porewater 611 

Cl- concentration decreased from 530 mM at 400 cm depth to 450 mM at 720 cm depth 612 

in the sediments (Fig. 10A). The carbonate content, correspondingly, changed 613 

dramatically within the terrestrial sedimentary layer (9 → 2 wt.%) (Fig. 10A). These 614 

features indicated that porewater freshening has a great influence on the formation of 615 

authigenic carbonate and solid carbonate isotopes. 616 

The salinity transition is commonly observed in shallow boreholes close to the trench 617 

at subduction zones (Bekins et al., 1995; Kastner et al., 1991; Saffer and Bekins, 1998; 618 

Saffer and McKiernan, 2009), and the porewater freshening will certainly increase the 619 

gradient of dissolved chemical species. In order to eliminate this effect, we used 620 

porewater Cl- concentrations for correction (C
corr 

i =Ci(x)/(Cl-(x)/Cl-(0)), where Cl-(0) is 621 

the Cl- concentration at the SWI) (Mitnick et al., 2018). Given the advection and 622 

diffusion are the main factors affecting the distribution of porewater Cl- in the sediments 623 

(Aloisi et al., 2015; Ni et al., 2020; Soulet et al., 2010), a two-end-member model was 624 

utilized to simulate Cl- profile at site SO-8, namely Cl- concentration was 450 mM 625 



This page contains no comments



29 

 

below 400 cm and 530 mM above 400 cm, respectively (Fig. 10A). The modeling 626 

results showed that the increase of salinity could promote the rate of authigenic 627 

carbonates formation in sediments because of lager Ca2+ fluxes as supplied by salty 628 

seawater (Fig. 10C). Although the rate of authigenic carbonates formation in the 629 

terrestrial sediment layer is low (0.0089 → 0.0051 mol m-2 yr-1), it still has a profound 630 

effect on the carbonate isotope composition especially in the bottom sediments, up to 631 

14.5% (Fig. 10D), and this value is significantly higher than that of marine sediments 632 

at other sites (Table 9). 633 

In addition, the authigenic carbonate fraction at site SO-8 calculated by the method of 634 

Mitnick et al. (2018) was ~1.9%, and the value of δ13C-CaCO3 is ~-5‰. On the basis 635 

of isotopic mass balance, if δ13C-BC is around 0‰, the value of δ13C-AC will reach an 636 

incredible value of ~-260‰. On the contrary, our modeling results showed that the total 637 

fraction of authigenic carbonate in sediment was about 8.9% (Fig. 10). Such higher 638 

fraction of authigenic carbonate in the bottom of site SO-8 is caused by the porewater 639 

freshening, resulting in a smaller content of carbonate in the terrestrial layer than in the 640 

marine layer. Moreover, if we assume carbonate content is relatively constant with a 641 

value of ~9 wt.% above the terrestrial‐ marine transition and ~2 wt.% below this 642 

transition at the site SO-8, similar results of the authigenic carbonate fraction could be 643 

obtained using both methods of Mitnick et al. (2018) and our model. The above 644 

comparisons demonstrate that our modeling approach is suitable for calculating the 645 

fraction of authigenic carbonate under a complex depositional environment, while the 646 

method provided by Mitnick et al. (2018) can only be applied to steady-state conditions 647 
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sediments can still significantly impact sediment carbonate isotopes, highlighting that 670 

the influence of authigenic carbonates should be fully considered when using carbon 671 

isotopes of carbonate to trace paleoceanography in geological history (Bradbury and 672 

Turchyn, 2019; Schrag et al., 2013). 673 

5. Conclusion 674 

Porewater and solid sediment geochemical profiles in the Beibu Gulf, South China Sea 675 

have been utilized to investigate the role of AOM on the authigenic carbonate formation 676 

and its carbon isotopic composition under a non-steady-state by a reactive-transport 677 

modeling approach. Authigenic carbonate formation rate is ~0.035 mmol m-2 yr-1 in 678 

Group I (SO-8, SO-23, and SO-26), an order of magnitude higher than that in Group II 679 

(~0.0026 mmol m-2 yr-1). Meanwhile, the synchronous peaks of both rates of authigenic 680 

carbonates and the AOM occur within the SMTZ, revealing that the AOM can 681 

significantly promote authigenic carbonate formation. The lower Sr/Ca (~0.003) and 682 

higher Mg/Ca (~0.17) are shown within the SMTZ at Group I, which was consistent 683 

with the removal of almost porewater Ca2+ and formation of high Mg-calcite. By 684 

combining the formation rates of calcite (Rcal) and aragonite (Rara) in the sediments, 685 

we calculated the ratio of the total amount of high Mg-calcite and aragonite in the 686 

sediments. 687 

The non-steady-state caused by an increased methane flux in the bottom sediments not 688 

only results in the upward shift of the SMTZ but also intensifies AOM and authigenic 689 

carbonates formation, particularly in the early stage of methane occurrence. Since AOM 690 

produces lighter carbon isotopes of DIC and the associated authigenic carbonates, the 691 
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burial of authigenic carbonate significantly impacts carbonate isotopes, with even a 14% 692 

increase in authigenic carbonate accumulated in sediments resulting in a shift in 693 

sediment carbonate isotopes from -1‰ to -2‰. Moreover, the terrestrial‐ marine 694 

transition was found at site SO-8, and our modeling revealed that porewater freshening 695 

strongly impacts the formation of authigenic carbonate and carbonate isotopes. 696 

Based on our obtained relationship between the rates of AOM and authigenic carbonate 697 

formation, we estimated ~0.49 Tmol yr-1 of methane-derived authigenic carbonates 698 

burial in global marine sediments. In the future, more relevant geochemical data from 699 

the global marine sediments should be collected and compiled to establish a more 700 

accurate relationship between the rates of authigenic carbonate formation and AOM 701 

and to further explore the contribution of authigenic carbonate formation in marine 702 

sediments to the global carbon cycle. 703 
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Appendix A. Supplementary Material 714 

Five figures and one data table are included in the Supplementary Materials: Figs. S1-715 

S5, solid Ca, Mg, Sr, Al profiles at our study sites. Table S1, solid Ca, Mg, Sr, Al data. 716 
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 1021 

Table 7 1022 

KSr values determined at the ODP sites and at our study sites.  1023 

Site Temperature (℃) 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 8 0.025 this study 

SO-23 8 0.027 this study 

SO-26 8 0.028 this study 

SO-45 8 0.021 this study 

SO-50 8 0.021 this study 

 1024 

 1025 

 1026 

 1027 

 1028 

 1029 

Table 8 1030 

SMTZ depth, sulfate and methane fluxes diffusion into SMTZ in Type I sites. 1031 

Leg a Site a Water depth  SMTZ  JMethane
b TRAC

c Description 

  (m) (mbsf) (mM m-2 d-1)  (mol m-2 yr-1)  

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 

a Mark the cruise and core number of ocean drilling initiatives to which this drilling core belongs. 1032 

b Fluxes of CH4 into the SMTZ (JMethane) were calculated using their respective porewater 1033 

concentration gradients above and below the SMTZ (Egger et al., 2018).  1034 

c The depth-integrated authigenic carbonate formation rate (RAC) were collected from (Mitnick et 1035 

al., 2018). 1036 

 1037 

 1038 

 1039 

 1040 

 1041 

 1042 
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Figure Captions 1070 

Fig. 1. Locations of the sampling sites. Sites SO-8, SO-23, and SO-26 are defined as Group I, where 1071 

bottom SO4
2- was fully consumed. Sites SO-45 and SO-50 were defined as Group II, where SO4

2- in 1072 

the porewater were not completely consumed (Mitnick et al., 2018; Wu et al., 2018). 1073 

 1074 

Fig. 2. Modeled results (curves) and measured data (symbols) at the Group I site. A: OM profile. B: 1075 

SO4
2- and CH4 profiles. C: DIC, TA, and pH profiles. D: Ca2+ profiles. Black, pink, and blue dotted 1076 

lines denote Ω=1, aragonite saturation, and calcite saturation with below the x-axis, respectively. E: 1077 

Sr2+ and Mg2+ profiles. F: Solid carbonate and produced solid authigenic carbonate (AC) profiles. 1078 

G: δ13C-DIC and δ13C-CH4 profiles. H: δ13C-CaCO3 and δ13C-AC profiles. 1079 

 1080 

Fig. 3. Measured and modeled geochemical profiles of OM, SO4
2-, CH4, DIC, TA, pH, Ca2+, Sr2+, 1081 

Mg2+, solid carbonate, produced AC, δ13C-DIC, δ13C-CH4, δ13C-AC and δ13C-CaCO3 at the Group 1082 

II site. The markers in this figure are the same as in Fig. 2. 1083 

 1084 

Fig. 4. Rate of AOM and authigenic carbonates formation in sites SO-8, SO-23, SO-26, SO-45, and 1085 

SO-50. The red curves denote the AOM rate with the upper x-axis and the blue curves represent 1086 

authigenic carbonate formation below the x-axis, respectively. 1087 

 1088 

Fig. 5. A. Plot of Sr2+/Ca2+ versus Mg2+/Ca2+ in the porewater. The two black straight lines indicate 1089 

the trend of Sr2+/Ca2+ versus Mg2+/Ca2+ in porewater during the formation of aragonite or high Mg-1090 

calcite (Bayon et al., 2007; Nöthen and Kasten, 2001). B. Relationship between solid Sr/Ca and 1091 

Mg/Ca in sediments. The pentagrams and black circle denote the range end-member ratios of detrital 1092 

fraction (terrigenous clay-rich material, e.g., Al, Si, K, incorporated in the carbonate matrix during 1093 

authigenic carbonate formation), aragonite, biogenic calcite, and high Mg-calcite, respectively 1094 

(Bayon et al., 2007). The different symbols in A and B represent the same site. C. High Mg-calcite 1095 

was observed by electron microscopy within SMTZ at SO-23. 1096 

 1097 

Fig. 6. Sensitivity analysis of high Mg-calcite and aragonite formation in the sediments based on 1098 

the measured date at site SO-23. A: Depth-profile of Sr2+, Ca2+ and Mg2+ B: Depth-profiles of high 1099 

Mg-calcite formation ratio, fcal(x), and the fraction of aragonite can be calculated as: fara(x)=1- fcal(x). 1100 

C: Total ratio of high Mg-calcite and aragonite formed in the sediment (Bi at the center of the circle 1101 

corresponds to Bi in Fig. B). D: Plot of Sr2+/Ca2+versus Mg2+/Ca2+ (top inset: magnification of D in 1102 

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 1103 

ignored, and the solid, dotted, and dashed lines denote the ratio of high Mg-calcite in the SMTZ of 1104 

90%, 70%, and 50%, respectively.  1105 

 1106 

Fig. 7. Impact of non-steady-state for AOM and authigenic carbonate formation based on the 1107 

measured date at SO-23. A: profiles of SO4
2- (red) and CH4 (blue). B: profiles of Ca2+. Profiles of 1108 

AOM rate (red) and authigenic carbonate formation rate (blue). D: profiles of solid-produced 1109 

authigenic carbonate (AC). E: profiles of δ13C-DIC. F: profiles of δ13C-CaCO3. All the pink solid 1110 

lines in the figure denote t=0 yr that the time point CH4 starts to seep. The t=100 yr, 200 yr, and 400 1111 

yr denote the 100, 200, and 400 years after t=0 yr with dotted lines, solid lines, and dashed, 1112 

respectively. The black arrows in the figure indicate the trend of each profile during the non-steady 1113 
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process. 1114 

 1115 

Fig. 8. Depth-integrated AOM rate (TRAOM) and authigenic carbonate formation rate (TRAC) under 1116 

non-steady-state. A: AOM rate (red) and authigenic carbonate formation rate (blue) versus time (t). 1117 

The different markers represent different time points shown in the figure and t denotes time after 1118 

t=0 yr defined in Fig. 7. B: the relationship between AOM rate and authigenic carbonate formation 1119 

rate (pink: total authigenic carbonate formation (TRAC), blue: AOM-related authigenic carbonate 1120 

formation (TRAOM_AC)) at different time points under non-steady-state, and log-log plot of depth-1121 

integrated AOM rate (TRAOM) and authigenic carbonate formation rate (TRAC) (red circles), where 1122 

TRAOM were replaced by CH4 flux into the SMTZ (Table 8) under steady-state. Bottom inset in B: 1123 

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 1124 

90% confidence bounds of the linear regression meaning the probability of the TRAOM and TRAC 1125 

being within this range is 90%. The red, blue, and pink arrows in A and B indicate the trend of AOM 1126 

and authigenic carbonate formation rate during the non-steady process.  1127 

 1128 

Fig. 9. Model sensitivity analysis of CH4 flux into SMTZ (JCH) based on the measured data at site 1129 

SO-23. The baseline values are represented by solid curves and the measured data are denoted by 1130 

red symbols. A: SO4
2- (red) and CH4 (blue). B: Ca2+. C: AOM rate (red) and authigenic carbonate 1131 

formation rate (blue). D: δ13C-CH4 (blue) and δ13C-DIC (red). E: produced solid authigenic 1132 

carbonate isotope (δ13C-AC, blue) and produced solid authigenic carbonate content (AC, black). F: 1133 

authigenic carbonate fraction (fAC). G: carbonate isotope (δ13C-CaCO3). All the pink solid lines in 1134 

the figure denote without CH4 flux in the bottom sediment, and dotted lines, solid lines and dashed 1135 

lines denoted different CH4 flux into the SMTZ shown in the figure. 1136 

 1137 

Fig. 10. The impact of terrestrial‐ marine transition on authigenic carbonate formation at site SO-1138 

8. A: profile of solid CaCO3 and Cl-1. B: SO4
2- and CH4. C: Ca2+ and produced solid authigenic 1139 

carbonates. D: fraction of produced solid authigenic carbonates and carbonate isotope (δ13C-CaCO3). 1140 

The red circles and black triangles in B and C denote measured date and corrected data by Cl-1 1141 

profile, respectively. The pink dotted and solid lines denote the input Cl-1 concentrations of 450 mM 1142 

and 530 mM, respectively. The input SO4
2- and Ca2+ concentrations were proportional to Cl-1 1143 

concentration. The dotted red lines denote the simulation of measured data and solid lines denote 1144 

the best-fit results of corrected data. The black and red arrows in B indicate the change of SO4
2- 1145 

profile with increasing Cl-1 and methane seep occurred in the bottom sediment. 1146 

 1147 

 1148 

 1149 

 1150 

 1151 

 1152 

 1153 

 1154 

 1155 

 1156 

 1157 
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