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Abstract:  13 

Precipitation of methane-derived authigenic carbonates (MDAC) is an integral part of marine 14 
methane production and consumption, but MDAC's relative significance to the global marine 15 
carbon cycle is not well understood. Here we provide a synthesis and perspective to highlight 16 
MDAC from a global marine carbon biogeochemistry viewpoint.  MDAC formation is a result and 17 
archive of carbon-sulfur (C-S) coupling in the shallow sulfatic zone and carbon-silicon (C-Si) 18 
coupling in deeper methanic sediments. MDAC constitute a carbon sequestration of 3.93 Tmol C 19 
yr−1 (range 2.34–5.8 Tmol C yr−1) in the modern ocean and are the third-largest carbon burial 20 
mechanism in marine sediments. This burial compares to 29% (11–57%) organic carbon and 10% 21 
(6–23%) skeletal carbonate carbon burial along continental margins. MDAC formation is also an 22 
important sink for benthic alkalinity and, thereby, a potential contributor to bottom water 23 
acidification. Our understanding of the impact of MDAC on global biogeochemical cycles has 24 
evolved over the past five decades from what was traditionally considered a passive carbon 25 
sequestration mechanism in a seep-oasis setting to what is now considered a dynamic carbonate 26 
factory expanding from deep sediments to bottom waters—a factory that has been operational 27 
since the Precambrian. We present a strong case for the need to improve regional scale 28 
quantification of MDAC accumulation rates and associated carbonate biogeochemical parameters, 29 
leading to their incorporation in present and paleo-carbon budgets in the next phase of MDAC 30 
exploration. 31 

 32 

 33 

 34 
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Introduction 35 

Carbon is primarily buried in marine sediments as carbonate and organic carbon, which removes 36 
carbon from the water column and the biological carbon cycle to the vast but slower geological 37 
carbon cycle within sediments (Falkowski et al., 2000). Marine sediments also host the largest 38 
reservoir of methane (CH4), a potent greenhouse gas largely produced by microbial and 39 
thermocatalytic degradation of buried organic carbon, with an estimated carbon pool size that is 40 
similar to or significantly higher than the conventional oil and gas reservoir (Ciais et al., 2013; 41 
Bohrmann and Torres, 2014). Continental margins are characterized by the transfer of methane 42 
(and other hydrocarbons) in dissolved and gaseous forms via diffusion and advection from 43 
subsurface reservoirs to the seafloor, which reconnects the methane-carbon buried in deeper 44 
sediments back to faster carbon cycling in shallow sediments, water column, and atmosphere 45 
(Talukder, 2012). While the direct role of sedimentary methane fluxes on paleoclimate 46 
perturbations remains largely unresolved (Dickens, 2011; Ruppel and Kessler, 2017), methane 47 
production, transport, oxidation, and assimilation of methane-derived carbon by biota generate a 48 
highly interactive geobiological setting that can sustain some of the richest deep-sea ecosystems 49 
and impact the sedimentary as well as water column biogeochemistry at regional to global scales 50 
(Judd and Hovland, 2007; Levin et al., 2016; Akam et al., 2020) (Fig. 1).  51 

Formation of methane-derived authigenic carbonates (MDAC) is a major part of the methane-52 
driven carbon cycling in marine sediments (Peckmann and Thiel, 2004; Naehr et al., 2007) (Fig. 53 
1). We define MDAC as authigenic carbonate minerals precipitated in situ within marine 54 
sediments, seafloor, or bottom water with dissolved inorganic carbon (DIC) derived primarily from 55 
(i) anaerobic oxidation of methane (Eqns. 1 and 4) and (ii) methane production, the latter linked 56 
to marine silicate weathering in methanic sediments (Eqns. 2-4). In the equations below, we do 57 
not differentiate the different speciation of aqueous carbonate ions but concern only the mass 58 
balance of bulk DIC. These equations, thus, cannot be used to assess the associated alkalinity 59 
changes. Such a decision is a result of the poorly constrained DIC-to-alkalinity ratios when 60 
equations 1-4 are collectively considered (refer to section 5).  61 

 62 
CH4 + SO42− → HCO3− + HS−  + H2O.           (1)     63 

2CH!O
"!#!$%⎯⎯⎯' 	2CO! 	+ 4H!

%!#!$%⎯⎯⎯'	CO! 	+ CH&							(2)  64 

 65 
Cation − rich	silicate	 +	CO! + H" → Cation − depleted	silicates	 +	HCO'% + 	Cations	        66 
(3) 67 

2HCO'% +	Ca!" + dissolved	cations → Ca(Fe,Mg,Mn, Ba)	CO' +	H!O	 +	CO!	     (4)      68 
 69 

MDAC have been recognized since the 1960s and remain an active research frontier (Hathaway 70 
and Degens, 1969; Claypool and Kaplan, 1974; Suess, 2014; Hong et al., 2022). Research on 71 
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seep and other methane-derived carbonates, their isotopic and trace element signatures, 72 
molecular and bodyfossil records, and petrographic signatures has helped in characterizing 73 
seepage and its geologic record (Peckmann and Thiel, 2004; Campbell, 2006; Roberts and Feng, 74 
2013; Suess, 2014; Smrzka et al., 2021). MDAC can be commonly distinguished from skeletal 75 
carbonate through their negative carbon stable isotopic signatures (δ13Ccarbonate) inherited from 76 
methane—where methane production and oxidation are characterized by 13C enrichment and 77 
depletion, respectively (Naehr et al., 2007; Meister and Reyes, 2019). Here we provide a 78 
perspective and synthesis that evaluates the role of MDAC dynamics in global marine carbon 79 
burial quantitatively. Formation of MDAC is not only an important carbon sequestration 80 
mechanism and a geologic recorder of methane seepage but also a dynamic carbonate factory 81 
that has been operational through much of geological history with a spatial sphere of influence 82 
expanding from deeply buried sediments to bottom water columns. 83 

 84 

 85 

Figure 1: A simplified representation of methane as an intermediate in marine carbon cycling 86 
and the role of methane-derived carbonates in these processes. 87 
 88 

1. A case for C-S and C-Si coupling in marine sediments archived in the rock record 89 

MDAC in shallow sulfatic sediments beneath the modern ocean are primarily a result of 90 
microbial sulfate-dependent anaerobic oxidation of methane (SD-AOM; Eqn. 1) occurring in the 91 
sulfate-methane transition zone (SMTZ, Fig. 2), the diagenetic front where the upward migration 92 
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of methane encounters the downward diffusive sulfate flux (Reeburgh, 1976; Borowski et al., 93 
1996). SD-AOM is the dominant form of AOM since sulfate (28 mM) is the most abundant 94 
electron acceptor for anaerobic oxidation of methane in the modern ocean (Jørgensen and Kasten, 95 
2006; Egger et al., 2018). SD-AOM results in carbonate precipitation with characteristic 13C 96 
depletion (Naehr et al., 2007; Meister and Reyes, 2019). Recent compilations on global methane 97 
diffusive transport suggest that methane-charged sediments are predominantly located in shelf 98 
and slope setting with water depth <2000 m, constituting >90% of methane and sulfate fluxes, 99 
with a shallow average SMTZ depth ≤ 13 meters below seafloor (Egger et al., 2018). Hence SD-100 
AOM-induced MDAC represent an archive for carbon-sulfur (C-S) coupling in shallow marine 101 
sediments impacted by subsurface methane transport (Eqns 1, 4). Authigenic carbonates in 102 
sulfatic sediments can also be formed from C-S cycling via microbial organoclastic sulfate 103 
reduction (OSR; 2CH2O + SO42− → H2S + 2HCO3-) and via sulfate reduction coupled to non-104 
methane hydrocarbons including crude oil components (Smrzka et al., 2019; Akam et al., 2021). 105 
A global account of authigenic carbonate formation via OSR in non-methane-laden sediments 106 
and oxidation of non-methane hydrocarbons compounds is poorly constrained and not considered 107 
here. We focus on diffusion-controlled methane-laden sediments where comparative analyses of 108 
authigenic carbonate formation in global marine sediments via SD-AOM vs. OSR suggest 109 
methane consumption is a key driver of carbonate alkalinity in the sulfatic zone and hence MDAC 110 
formed through SD-AOM is the dominant form of authigenic carbonate formation via C-S 111 
coupling (Meister et al., 2013; Bradbury and Turchyn, 2019; Akam et al., 2020; Zhang, 2020; 112 
Turchyn et al., 2021; Loyd and Smirnoff, 2022). 113 

In methanic sediments (below the SMTZ), MDAC are also an archive of C-Si coupling in deeper 114 
sediments (Fig. 2): Eqn. 2 considers both acetoclastic and autotrophic methanogenesis where net 115 
organic matter fermentation and carbon dioxide (CO2) reduction are balanced with equivalent 116 
amounts of CO2 and CH4 produced per mole of organic matter degraded at steady-state (Eqns. 117 
5–9) (Solomon et al., 2014; Meister et al., 2019).  118 

 2CH2O + 2H2O → 2CO2 + 4H2 (Carbohydrate Fermentation) (5) 119 

 2CH2O → CH3COO- + H+ (Carbohydrate Fermentation)       (6) 120 

 CO2 + 4H2 → CH4 + 2H2O (CO2 Reduction)     (7) 121 

 CH3COO- + H+  → CH4 + CO2 (Acetate Fermentation)          (8) 122 

 123 

 2CH2O → CH4 + CO2 (Net Reaction)                                     (9) 124 

 125 

The CO2 produced with CH4 in the methanogenic zone lowers the pH and favors 126 
dissolution/weathering of silicate minerals by carbonic acid (Aloisi et al., 2004).  The combined 127 
effect of fermentation and marine silicate weathering (MSiW; Eqn. 3) in methanic sediments 128 
results in a favorable condition for carbonate precipitation along with an upward DIC and cation 129 
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flux toward the sulfatic zone (Solomon et al., 2014; Torres et al., 2020) (Eqns. 2–4 Fig. 2). Such 130 
DIC contribution from methanogenesis is evident by 13C enrichment of authigenic carbonates, a 131 
characteristic by-product of methanogenesis where methane preferentially incorporates 12C, 132 
leaving behind 13C-enriched DIC (Boehme et al., 1996; Meister and Reyes, 2019). Taken 133 
together, MDAC in the sediment column represents C-S coupling in the shallow sulfatic zone 134 
and C-Si coupling in deeper methanic sediments (Fig. 2). Further, these two processes, MDAC 135 
formation in the sulfatic and methanogenic zones, are highly interconnected since the C-Si 136 
coupling through MSiW has a strong control on the amount of DIC and alkalinity entering the 137 
shallow sediments for MDAC formation via C-S coupling. The extent of DIC mixing from the 138 
sulfatic and methanogenic zones would also have a strong control on the δ13C values of shallow 139 
MDAC and their identification using isotopic signals (E.g., Hong et al., 2014). 140 
 141 

 142 

Figure 2: A simplified representation of MDAC formation by carbon-sulfur (C-S) cycling in 143 
methane-charged shallow sulfatic zone via anaerobic oxidation of methane (AOM) and via 144 
carbon-silica (C-Si) coupling in deeper methanic sediments via methanogenesis coupled with 145 
marine silicate weathering (MSiW). SMTZ represents sulfate-methane transition zone. Note that 146 
MDAC form throughout sediment affected by anaerobic methanotrophy and methanogenesis; 147 
organoclastic sulfate reduction also induces carbonate formation in shallow sediments but is not 148 
shown in the figure in order to focus on the methane-driven processes. 149 
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2. Global MDAC reservoir in the modern ocean 150 

Globally, carbonate authigenesis has been proposed as the third major marine carbon sink after 151 
organic carbon and skeletal carbonate burial (Schrag et al., 2013). MDAC formation is the 152 
dominant process of carbonate precipitation in marine sediments (Loyd and Smirnoff, 2022). 153 
However, there is only a handful of attempts to quantify MDAC carbon burial in the modern 154 
oceans (e.g., Wallmann et al., 2008; Sun and Turchyn, 2014; Bradbury and Turchyn, 2019; Akam 155 
et al., 2020). The most recent estimate of the global MDAC reservoir size in the sulfatic zone 156 
(Akam et al., 2020) derived from the assumption of the quantitative oxidation of the estimated 157 
global diffusive CH4 flux of 2.8–3.8 Tmol CH4 yr−1 (Egger et al., 2018), suggested a MDAC 158 
induced carbon sequestration of 1.7 Tmol DIC yr−1  with a range from 0.6–3.6 Tmol DIC yr−1 159 
(following Eqns. 1 and 4). 160 

In a more recent compilation of porewater data of 242 sites from the South China Sea combined 161 
with existing global extrapolation techniques, an updated quantification of global diffusive CH4 162 
flux ranges from 5.0 to 6.5 Tmol CH4 yr−1  (Hu et al., 2022; Hu et al., 2023).  This higher estimate 163 
is attributed to previously unaccounted 2.18–2.65 Tmol CH4 yr−1 deep-sourced (non-steady state) 164 
diffusive methane flux in continental slope and rise settings. This estimate of deep-sourced CH4 165 
based on sulfate reduction rates also agrees with a previous independent estimate based on a 166 
mismatch between the amounts of CH4 generated and consumed in continental slope sediments 167 
(Boetius and Wenzhöfer, 2013). Plugging the updated CH4 and SO42- flux values into the carbon 168 
flux model of Akam et al. (2020) yields a DIC sequestration of 2.28 (range: 1.34–5.37) Tmol C 169 
yr−1 via MDAC in sulfatic sediments (Supp. section 1). How much of this DIC will eventually 170 
be sequestrated as MDAC is not fully resolved because of existing uncertainties regarding the 171 
effect of different biogeochemical processes in methane-charged sediment settings towards 172 
carbonate alkalinity and speciation of aqueous carbonate ions. While AOM plays a crucial role 173 
in increasing the TA/DIC ratio necessary for carbonate precipitation (Meister, 2013), carbonate 174 
precipitation can be limited by multiple factors, including dissolution, changes in methane flux 175 
velocity, sedimentation rates, bioturbation, etc. (Luff et al., 2004; Bayon et al., 2007). Notably, 176 
according to Eq. 4, Two moles of bicarbonate ion form one mole of carbonate mineral and one 177 
mole of CO2. The CO2 releases, or in the form of carbonic acid, will acidify porewater and makes 178 
carbonate minerals more difficult to form. These factors are considered in the recent methane-179 
carbon flux budget by Akam et al. (2020), which adopted a conservative estimate of 20% (10–180 
35%) of total DIC through the SMTZ is being sequestered as MDAC (Supp. Table 1), while 181 
reported regional values indicate a DIC sequestration up to 66% (Smith and Coffin, 2014; 182 
Chuang et al., 2019). Further, even with the conservative estimate, if we assume the 2:1 183 
stoichiometry of DIC to CaCO3 in equation 4, the MDAC pool in sulfatic sediments shaped by 184 
AOM accounts to for 1.14 (0.67–2.69) Tmol CaCO3 yr−1.  185 

While the above estimates target MDAC formation via C-S coupling in shallow sulfatic 186 
sediments at and above the SMTZ, quantification of the total MDAC accumulation is only 187 
complete if one considers MDAC formation in the methanogenic zone via C-Si coupling (Eqn. 188 
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2-4, Fig. 2).  Based on the stoichiometry from Eqn. 2 and a global methanogenesis rate of 2.8–189 
3.8 Tmol CH4 yr−1 (Egger et al., 2018), an equal amount of CO2 (i.e. 2.8–3.8 Tmol CO2  yr1 is 190 
generated in the methanogenic zone. Following the extensive literature survey based assumption 191 
pointing to about 50% (1.4–1.9 Tmol C yr−1) of this CO2 being converted to carbonate alkalinity 192 
that induces precipitation of carbonate in the deep methanic sediments and the remainder diffuses 193 
up to the shallow sediments (Akam et al., 2020), MDAC formation in deeper methanic sediments 194 
(below the SMTZ) accounts for an additional 1.4–1.9 Tmol C yr−1 DIC sequestration and a 195 
carbonate pool of 0.70–0.95 Tmol CaCO3 yr−1  (Eqn. 4). Since there are no global constraints 196 
available for deep-DIC flux associated with deep-sourced methane in non-steady state setting, 197 
we have only considered the steady-state methanogenic DIC (2.8–3.8 Tmol C yr−1) in the MDAC 198 
estimates in methanic sediments, hence it is a conservative estimate. The deeper-MDAC formed 199 
in methanic sediments may appear to be unconnected to the shallow system; however, since the 200 
amount of MDAC formation at depth controls the deeper flux of DIC, alkalinity, and cations to 201 
the shallow sediments and the seafloor (Berg et al., 2019; Akam et al., 2020; Torres et al., 2020) 202 
(Fig.2), it is coupled with the oceanic DIC cycle. Overall, the total DIC sequestration due to 203 
MDAC formation in marine sediments across shallow sulfatic and deeper methanic sediments is 204 
3.93 (3.67–4.18; extended range: 2.34–5.80) Tmol C yr−1 (2.28 Tmol C yr−1 sequestered at 205 
sulfatic sediments explained in the previous paragraph and 1.4–1.9 Tmol C yr−1 sequestered at 206 
methanic sediments below SMTZ; Supp info) – this value quantitatively affirms MDAC as the 207 
third major carbon sink in modern marine sediments. 208 

The 2:1 stoichiometry of DIC to CaCO3 in equation 4 would yield an average carbonate 209 
accumulation rate of 1.97 CaCO3 yr−1  – a twofold increase in authigenic carbonate burial than 210 
the currently most cited estimate on authigenic carbonate formation (1 Tmol C yr−1 ) (Sun and 211 
Turchyn, 2014). We attribute this disparity to two key factors; (i) consideration of deep-DIC flux 212 
of alkalinity and cations to the sulfatic zone need to consider Mg2+ and other cation fluxes along 213 
with Ca2+ flux contributing to carbonate [Ca (Fe, Mg, Mn, Ba) CO3] precipitation,  and (ii) the 214 
greater availability of porewater data for the upper 1.5 m of sediments considered in this study 215 
(primarily from Egger et al., 2018), often ignored in previous ODP/DSDP/ IODP based estimates. 216 
Interestingly, our estimates are close to the average value of the range of MDAC accumulation 217 
estimates of Torres et al. (2020; 1–4 Tmol C yr−1), which also considered MDAC formation in 218 
the methanogenic zone. Figure 3 shows the MDAC distribution pattern in continental margin 219 
sediments derived from an interpolation at 0.1 x 0.1° resolution based on published data of 220 
diffusive fluxes of methane and sulfate from 542 global sites. We expect future development of 221 
such global patterns will provide a baseline for more precise ground truthing and refinement of 222 
regional MDAC budgets. Our MDAC quantification here is still a conservative estimate since 223 
the flux of non-steady state diffusive and advective CH4 transport from deeper hydrate-bearing 224 
sediments as well as in the abyssal ocean is largely unconstrained (Boetius and Wenzhöfer, 2013; 225 
Marlow et al., 2022). Furthermore, a recent work by Xu et al. (Xu et al., 2022) suggested that the 226 
DIC production from depth-integrated AOM could be as high as 8.9 Tmol C yr−1 —which could 227 
increase the MDAC accumulation rates to higher values than what is considered here. 228 
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Our estimate of MDAC accumulation rates equates to 29% (11–57%), 5% (1–15%), and 27% 229 
(9–55%) of organic carbon burial in continental margins, abyss, and global marine sediments, 230 
respectively. MDAC accumulation rates are comparable to 10% (6–23%), 0.3% (0.2–0.4%), and 231 
7% (4–13%) of the burial of skeletal carbonate along continental margins, abyssal plains, and 232 
global marine sediments, respectively (Table 1 and Supp info). Depending on the global sulfate 233 
reduction estimate of 75 Tmol SO42- yr−1 (Jørgensen and Kasten, 2006) or 11.3 Tmol SO42- yr−1 234 
(Bowles et al., 2014), MDAC accumulation in sulfatic sediments will account for the 235 
sequestration of 3–24% of the total DIC produced in shallow marine sediments due to sulfate 236 
reduction. In addition, MDAC accumulation corresponds to 63% (38–94%) of 3.1 Tmol CaCO3 237 
yr−1  detrital carbonate minerals discharged to oceans (Müller et al., 2022), five times higher 238 
(312%–773%) than the 0.5–1 Tmol C yr−1  alkalinity sink via reverse weathering (Isson and 239 
Planavsky, 2018), and 131% (78–193%) of the 1.5–2.4 Tmol CaCO3 yr−1  accumulation in the 240 
oceanic crust (Alt and Teagle, 1999; Supp. Table 4). 241 

While not considered in the reservoir calculations above, it is also noteworthy that MDAC forms 242 
as cap rocks in deep hydrocarbon systems (Caesar et al., 2019). The suggested volume for 243 
onshore salt domes only in the Gulf of Mexico basin is 6.75 Gt C (sequestering 9 Gt CH4; Caesar 244 
et al., 2019). Similar systems exist in other cap rocks (e.g., Labrado et al., 2019, and references 245 
therein). MDAC formation would have been much greater during anoxic events than at present 246 
(Higgins et al., 2009; Yao et al., 2022), but is still significant for the modern ocean. Despite their 247 
volumetric and biogeochemical significance from a bottom-up carbon flow perspective, MDAC 248 
is not well-recognized as a major carbonate factory (Andersson, 2014; Michel et al., 2019). 249 

Organic carbon analysis suggests that shallow MDAC are also an effective sequesterer of organic 250 
matter sourced from seep biota (Peckmann and Thiel, 2004) and autoendolithic activities 251 
(Marlow et al., 2021). A recent study by Feng et al. (2021) evaluated the total organic carbon 252 
(TOC) content of MDAC from the Gulf of Mexico and the South China Sea and observed 253 
consistently high TOC contents (average 1.22 wt%). Interestingly, only 20% of this TOC showed 254 
modern 14C age, and the remaining 80% TOC with 0% modern carbon also showed 13C depletion, 255 
pointing to sizable organic carbon incorporation onto MDAC from methane-cycling biota. 256 
Considering an average 1.14 (0.67–2.69) Tmol CaCO3 yr–1 shallow MDAC accumulation, such 257 
organic carbon preservation trend implies an approximate 1×10-2 (6×10–3 – 3×10–2) Tmol organic 258 
carbon is being sequestered in shallow MDAC annually. 259 

 260 
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 261 

Figure 3: MDAC accumulation rates in mol CaCO3 m–2 yr−1  on continental margins derived from 262 
an interpolation at 0.1 x 0.1° resolution based on published data of diffusive methane and sulfate 263 
flux (Egger et al., 2018) from 542 global sites with water depth <4000m. 264 

Table 1: Major carbon burial mechanisms in marine sediments compared with MDAC 265 
accumulation. Organic carbon burial and DIC sequestration via MDAC values are in Tmol C 266 
yr−1. Carbonate burial values are in Tmol CaCO3 yr−1. The carbonate and organic carbon burial 267 
volumes are summarized from a range of published global estimates. Refer to Supp. Information 268 
for details.  269 

 270 

 271 

 272 

 273 

 %OC Burial  %Carb Burial# %Total Burial
Margins (<3500) 13.20 18.50 31.70 2.25 1.61 3.86 29% 10% 12%
Abysall (>3500) 1.30 11.10 12.40 0.03 0.04 0.07 5% 0.3% 0.6%

Total 14.50 29.60 44.10 2.28 1.65 3.93 27% 7% 9%
#2 moles of DIC consumed to form 1 

mole of CaCO3

OC Burial
Region                

(water depth in m)
Carbonate Burial Total Burial Shallow MDAC Deep MDAC Total MDAC

Total MDAC compared to
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3. Methane-derived carbon sequestration and a connection to ocean acidification 274 

The influence of benthic DIC fluxes on ocean carbon chemistry and ocean acidification has 275 
gained significant scientific attention recently (e.g., Thomas et al., 2008; Hu and Cai, 2011; 276 
Krumins et al., 2013; Brenner et al., 2016; Middelburg et al., 2020; Santos et al., 2021). While 277 
numerous factors (e.g., submarine groundwater discharge, organic matter degradation, carbonate, 278 
iron sulfide burial, etc.) have been suggested as controlling factor for the benthic alkalinity flux, 279 
MDAC are probably another strong control. Notably, Hu and Cai (2011) mentioned in their 280 
synthesis of global benthic alkalinity flux that the lack of global MDAC precipitation rates limits 281 
their inclusion in existing benthic alkalinity models and any assessment of the role of MDAC in 282 
ocean acidification. A similar case, where the potential of seep-induced carbonate chemistry 283 
could be a major unquantified driver of ocean acidification, was highlighted in a recent review 284 
of ocean acidification dynamics in the Gulf of Mexico (Osborne et al., 2022). The development 285 
of global MDAC estimates is a positive step in that direction. While often highlighted as a carbon 286 
sequestration mechanism that prevents a portion of the methane flux from directly interacting 287 
with the water column and the atmosphere, MDAC formation can also influence bottom water 288 
carbonate chemistry and thereby ocean acidification. This is largely because subsurface methane 289 
transport is associated with a significant amount of benthic DIC flux to the water column (Zhang 290 
et al., 2019; Akam et al., 2020; Fig. 4). The average global DIC outflux from marine sediments 291 
toward the water column due to diffusive methane transport is 6.5 Tmol C yr−1 (range: 3.2–9.2 292 
Tmol C yr−1), corresponding to 20% of the global riverine DIC flux to the oceans (Akam et al., 293 
2020). While AOM is a source of this benthic DIC flux, MDAC formation acts as a DIC sink. 294 
Further, authigenic carbonate formation consumes 2 moles of alkalinity for every mole of CaCO3 295 
formation and hence lowers the total alkalinity (TA) to DIC ratio (TA/DIC) of benthic DIC 296 
outflux to the water column. The deeper MDAC forming in the methanogenic zone results in 297 
CO2 production and, thus, acidification of pore fluids. Such an effect may pose a positive 298 
feedback for MSiW, which is nonetheless poorly constrained by a limited number of studies on 299 
MSiW (Aloisi et al., 2004; Wallmann et al., 2008; Solomon et al., 2014; Torres et al., 2020; 300 
Meister et al., 2022). The formation of deep MDAC is also attenuating the alkalinity flux toward 301 
shallow sulfatic sediments – the higher the deep MDAC formation, the lower the alkalinity 302 
contribution to shallow sediments from below. Further, 97% (3.65 Tmol yr−1) of the total 3.8 303 
Tmol yr−1 MDAC is formed in shelf and slope settings (<2000 m water depth) with an average 304 
SMTZ depth of <13 mbsf (Egger et al., 2018). Recent studies have suggested that 305 
anthropogenically influenced higher organic carbon loading to coastal systems can enhance 306 
methanogenesis and shoaling of the SMTZ (Jilbert et al., 2021). A large amount of MDAC 307 
formation at sites with shallow SMTZ depth implies a potentially stronger impact on bottom 308 
water chemistry and contemporaneous carbon cycling. 309 

MDAC dissolution, on the other hand, contributes alkalinity to the water column. Initial estimates 310 
of shallow MDAC dissolution via sulfide oxidation is 0.06 ± 1 Tmol yr−1 (Leprich et al., 2021). 311 
However, the key processes driving MDAC dissolution—aerobic methane oxidation (CH4 + 2O2 312 
→ CO2 + 2H2O) and aerobic sulfide oxidation (H2S + 2O2 à SO42- + 2H+)—contribute to ocean 313 
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acidity (e.g., Cordova-Gonzalez et al., 2023). In addition, shallow MDACs precipitate not only 314 
interstitially within the sediment but also in the pore space of rocks by methanotrophic 315 
autoendoliths (Marlow et al., 2021). Considering the widespread accumulation of MDAC in 316 
shallow sediments impacted by subsurface methane fluxes across continental margins (Naehr et 317 
al., 2007; Suess, 2014), it is reasonable to assume a reduction in methane-driven benthic 318 
alkalinity flux due to MDAC precipitation that is not well characterized at present. Hence, there 319 
is a need to quantify the contribution of biogeochemical processes occurring in methane-bearing 320 
sediments to the TA/DIC ratio and constrain the role of these processes to bottom water carbonate 321 
chemistry. 322 

 323 

  324 

 325 
Figure 4: Benthic flux of dissolved inorganic carbon (DIC) to the water column from methane-326 
charged sediments. The dashed box highlights the role of MDAC in controlling the TA:DIC ratio 327 
of this DIC outflux. MDAC formation will consume alkalinity and reduce TA:DIC of this benthic 328 
DIC flux. MDAC dissolution will increase TA:DIC. Widespread MDAC accumulation in ocean 329 
margins indicate the lowering of TA/DIC dominates in modern oceans and future studies need to 330 
constrain these TA:DIC dynamics at subsurface methane transport settings. Figure adapted from 331 
Akam et al.. 332 

 333 
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4. Paleo-perspective 334 

The steadily increasing number of paleo-seep studies points to MDAC as the dominant mode of 335 
authigenic carbonate formation in the geological past (Campbell, 2006; Peckmann et al., 2011; 336 
Haig et al., 2022). The methane reservoir is considered to have been a major marine carbon 337 
reservoir since the Archean (Kharecha et al., 2005; Haqq-Misra et al., 2008), and methane-related 338 
carbon cycling and MDAC formation is also likely to have been a relevant component of marine 339 
carbon chemistry for most of Earth’s history. There is growing evidence that MDAC formation 340 
was affected by glacial-interglacial transitions (Chen et al., 2019; Oppo et al., 2020). A recent 341 
global compilation across 150 million years by Oppo et al. (2020) provides support for sea-level 342 
forcing and rates of organic carbon burial as the main factors controlling overall methane transport 343 
and MDAC formation. There is also growing evidence for methane flux control and MDAC 344 
formation owing to hydrological and tidal plumbing, bottom water warming, glacio-isostatic 345 
loading, as well as seismic, tectonic, and stratigraphic variability (Roberts and Carney, 1997; 346 
Maslin et al., 1998; Suess, 2014; Portnov et al., 2016; Wallmann et al., 2018; Chen et al., 2019; 347 
Prouty et al., 2020). While the individual processes at play causing these flux variations are beyond 348 
the scope of this discussion, flux variations will directly impact the methane-carbon cycling and 349 
the size of the MDAC pool. The cause-effect relationship of such processes over different 350 
spatiotemporal scales and their associated impact on bottom-up carbon dynamics via methane-DIC 351 
and MDAC is largely overlooked and presents as an emerging paleoceanographic challenge. 352 

The record of 13C-depleted MDAC is continuous in the geological record from 360 Ma onward 353 
(Campbell, 2006), a time frame that also matches the secular variation of global marine sulfate 354 
concentration becoming high enough to sustain SD-AOM (Bristow and Grotzinger, 2013). The 355 
traditional MDAC search strategy is based on examples from modern, Cenozoic, and Mesozoic 356 
seep deposits characterized by high seawater sulfate and DIC concentrations permitting rapid 357 
MDAC precipitation driven by SD-AOM with 13C depletion and distinctive fabrics (Peckmann 358 
and Thiel, 2004; Bristow and Grotzinger, 2013). The specific role of MDAC during low oxygen 359 
and/or low sulfate states of Earth is less understood. Currently, there are only limited examples of 360 
such 13C-depleted seep carbonate signatures in deep time, notably from south China – the 361 
Neoproterozoic examples of basal Ediacaran cap dolostone (Jiang et al., 2003; Peng et al., 2022), 362 
upper Ediacaran carbonates from the Doushantuo formation (Cui et al., 2017), and dolomites from 363 
a lower Cambrian organic-rich succession (Zhou et al., 2022). Some Neoproterozoic and 364 
Paleozoic seep carbonates lack diagnostic δ13Ccarbonate depletion, but their seep setting has been 365 
verified via evidence from geological context, fabrics, and fossil assemblages (e.g., Peckmann 366 
et al., 2007; Kennedy et al., 2008; Jakubowicz et al., 2017). Evidence for AOM-related MDAC 367 
from Precambrian through early Paleozoic could have ambiguous δ13Ccarbonate values due to lower 368 
sulfate and DIC concentrations and carbon cycle perturbations that led to positive carbon isotope 369 
anomalies (Bristow and Grotzinger, 2013). Further, the mixing of different DIC pools commonly 370 
masks the δ13C signals of methane-derived DIC (Peckmann and Thiel, 2004). Hence MDAC 371 
formation, their geochemical fingerprinting, and the impact on δ13Ccarbonates and carbon cycling 372 
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throughout geological history, especially the Precambrian and early Paleozoic, remains largely 373 
unexplored (Saitoh et al., 2015). 374 

Recent developments provide insight into what could have been at play with regards to MDAC 375 
in Precambrian oceans. Authigenic carbonates have been postulated as a globally relevant carbon 376 
pool during ocean anoxia of the Archean and Proterozoic (Higgins et al., 2009; Schrag et al., 377 
2013). MDAC could have precipitated in the anoxic water column and sediments through 378 
multiple pathways in redox-stratified early oceans. A low sulfate ocean favoring enhanced 379 
methanogenesis combined with methane seepage reaching the atmosphere to a higher degree 380 
and/or high ocean alkalinity events, resulting in 13C-enriched MDAC accumulation at regional 381 
or global scale, has been suggested as a cause for Paleoproterozoic positive carbon isotope 382 
excursions (Hayes and Waldbauer, 2006; Birgel et al., 2015; Cadeau et al., 2020). Methanogenic 383 
DIC is invoked as a possible sourcing for the Proterozoic molar tooth structures, crenulated 384 
carbonate fabrics characterized by rapid calcitic microspar filling of cracks and voids within 385 
unconsolidated sediments (Frank and Lyons, 1998; Shen et al., 2016; Kriscautzky et al., 2022; 386 
Tang et al., 2023). Additionally, the enhanced burial of 13C-enriched MDAC driving a depletion 387 
of global oceanic 13CDIC and/or regionally enhanced formation of 13C-depleted MDAC affecting 388 
the 13CDIC of restricted basins have been proposed as potential causes for Neoproterozoic negative 389 
carbon isotope excursion (Schrag et al., 2013; Laakso and Schrag, 2020; Cui et al., 2022).  390 

Methanotrophy-derived MDAC could have formed through multiple pathways on an early Earth. 391 
Iron-driven AOM can produce MDAC in modern (Himmler et al., 2010; Sun et al., 2015; Peng 392 
et al., 2017) and potentially in the ancient oceans (Bekker et al., 2010). A case for manganese-393 
driven AOM producing MDAC has been made for the Jurassic Franciscan Complex in California 394 
(Hein and Koski, 1987) and for the Triassic Junggar Basin in northwestern China (Cai et al., 395 
2021). The Black Sea and Makran margins serve as examples for MDAC formation by AOM in 396 
anoxic bottom waters, occurring beneath chemoclines in stratified water bodies (Michaelis et al., 397 
2002; Himmler et al., 2016). Recent evidence from ferruginous (anoxic and iron-rich) lakes, 398 
representative of the Archean ocean as well as the deeper ocean in the Proterozoic (Swanner et 399 
al., 2020), finds that 13C-depleted manganese carbonates are being formed at the chemocline with 400 
aerobic methanotrophy sourcing the 13C-depleted DIC (Wittkop et al., 2020). While aerobic 401 
methanotrophy does not produce MDAC in the present ocean—instead, it causes dissolution 402 
(Matsumoto, 1990; Cordova-Gonzalez et al., 2023) —the ancient Earth would have had MDAC 403 
formation through aerobic methanotrophy at chemoclines (Wittkop et al., 2020). Some of the 404 
Precambrian carbonates [Ca (Fe, Mg, Mn) CO3] could thus be in fact MDAC (Schrag et al., 2013; 405 
Birgel et al., 2015; Lepot et al., 2019). For Phanerozoic, early Cretaceous, anoxia events, the role 406 
of methane-driven carbon cycling was deduced based on evidence from 13C depletion in 407 
carbonates along with increased Mn contents of carbonates (Renard et al., 2005). These findings 408 
call for revisiting Precambrian and Phanerozoic sedimentary manganese- and iron-rich 409 
carbonates, which may have formed from methane-derived DIC (Renard et al., 2005; Bekker et 410 
al., 2010; Wittkop et al., 2020; Cai et al., 2021). Paleo-records indicating enhanced 411 
methanogenesis, methane fluxes, and MDAC formation during oceanic anoxic events also 412 
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suggest that the ongoing decline of oxygen in the global ocean waters (Breitburg et al., 2018), as 413 
well as the projected expansion of oxygen minimum zones (Cavicchioli et al., 2019), will 414 
probably increase MDAC formation in the future (Oppo et al., 2020; Yao et al., 2022). Such 415 
evolving concept suggests that MDAC had been a significant part of global carbon 416 
biogeochemistry throughout Earth’s history and will likely be a significant component of future 417 
oceans as well. 418 

 419 
5. Future work 420 

Future work needs to constrain the contribution of methane-derived DIC being incorporated into  421 
MDAC in diverse methane-laden environments. Existing reservoir estimates consider an average 422 
20–33% of shallow DIC and 33–50% of methanogenic DIC being sequestered as MDAC, based 423 
on an available global compilation (Akam et al., 2020; Torres et al., 2020). Future refinement of 424 
DIC fluxes in diverse methane-flux settings will improve these estimates. Fluid flow velocity is 425 
also an important factor – it has been suggested that a narrow upward fluid flow velocity of 20–60 426 
cm yr–1 is required for MDAC formation in sulfatic sediments based on numerical modelling from 427 
Hydrate Ridge (Luff and Wallmann, 2003; Luff et al., 2004). Additional work focused on the 428 
methanogenic zone and globally distributed methane transport sites will benefit refinement of 429 
controlling factors for MDAC formation. There is also a critical need to constrain the TA/DIC 430 
dynamics of biogeochemical processes in methane-charged sediments, including their role in 431 
MDAC formation and dissolution. Refinement of TA vs DIC balance in methane-flux sites is 432 
necessary to verify and constrain the existing total MDAC accumulation rates. It has been well 433 
established that the SMTZ is not only a zone of AOM and MDAC formation but also a zone of 434 
interlinked biogeochemical processes involving OSR, sulfide burial, sulfide oxidation, carbonate 435 
dissolution, methanogenesis, trace metal cycling, etc. (Hong et al., 2013; Beulig et al., 2019; 436 
Smrzka et al., 2020). The overall effect of these processes on alkalinity consumption or production 437 
for carbonate precipitation and water column carbonate chemistry is not well constrained. For 438 
example, OSR under certain environmental conditions, aerobic methane oxidation, and aerobic 439 
sulfide oxidation can cause MDAC dissolution. In contrast, nitrate-driven sulfide oxidation, AOM, 440 
and deep alkalinity flux via MSiW can contribute to MDAC precipitation (Himmler et al., 2018; 441 
Loyd and Smirnoff, 2022). The relative balance of these processes in different flux settings needs 442 
to be determined to evaluate the role of MDAC formation and methane transport-induced 443 
biogeochemistry in ocean carbon chemistry. 444 

Another largely unconstrained aspect of MDAC and methane-DIC cycling is the role of MSiW 445 
and the broader C-Si coupling in modern and past carbon cycling. The long-term evolution of C-446 
Si coupling in the sediment column and its impact on carbon cycling is poorly constrained and 447 
methanogenic carbonates could offer an excellent archive to reconstruct such interactions. Recent 448 
studies have highlighted the strong tie of these processes in determining the upward cation and 449 
alkalinity flux on shallow sediment and bottom water biogeochemistry (Berg et al., 2019; Akam 450 
et al., 2020; Torres et al., 2020). Much of the studies so far emphasize how MSiW triggers 451 
formation of deep MDAC but essentially no study deals with how the acidity produced during 452 
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MDAC formation may further enhance MSiW and results in a positive feedback loop for MDAC 453 
accumulation. These initial results warrant a better quantitative understanding of C-Si coupling 454 
due to methanogenesis and MSiW, including their role in MDAC precipitation globally. Further, 455 
the extent of mixing of methanotrophic and methanogenic carbon sources determining δ13Ccarb 456 
of MDAC and is highly variable, potentially masking identification of MDAC in the sedimentary 457 
record. The need to expand the MDAC-search criteria from δ13C-centered to multi-proxy suites 458 
is also important as our current MDAC records are largely limited to geological conditions with 459 
sulfate and DIC concentration similar to modern levels producing 13C-depletion (Bristow and 460 
Grotzinger, 2013). There is an evolving list of trace elements, biomarkers, petrographic, and 461 
additional isotope-based proxies to aid and expand our existing paleo-seep and MDAC records  462 
(Peckmann and Thiel, 2004; Lin et al., 2017; Smrzka et al., 2020; Hong et al., 2022; Peng et 463 
al., 2022). Lastly, the knowledge of MDAC in marine settings has also shown promise in wider 464 
directions including astrobiology and industrial application. Morphologic, geochemical, and 465 
microbial signatures of MDAC have been suggested as important templates for exobiology 466 
search on other planets and icy moons (Shapiro, 2004; Carrizo et al., 2022). Ganendra (Ganendra, 467 
2015) suggested the potential of carbonate precipitation from methane oxidation as a more 468 
friendly approach towards bioconcrete solution to concrete cracks (Jain, 2021). Such prospects 469 
enhance the legacy of MDAC research to wider future directions. 470 

 471 
Summary 472 

We provided a synthesis on the biogeochemical importance of MDAC, authigenic carbonate 473 
minerals precipitating within anoxic marine environments with DIC and alkalinity derived 474 
primarily from methane oxidation and methane production. Incorporation of MDAC volume 475 
increases the marine carbonate burial budget in the continental margins by an average 10% (6–476 
23%), an affect that was even larger in the geological past during events with widespread anoxia. 477 
MDAC provides an archive of the biogeochemical processes induced by methane-transport and 478 
particularly for C-S coupling, (i) in shallow sediments owing to SD-AOM and (ii) in deeper 479 
sediments due to C-Si coupling involving methanogenesis and marine silicate weathering. While 480 
MDAC sequesters a part of methane-derived DIC, it is a potential contributor to ocean acidification 481 
by the consumption of alkalinity from the benthic DIC flux in methane-laden sediments. MDAC 482 
was relevant to marine carbon biogeochemistry through most of geological history. Future studies 483 
need to quantify the volume of MDAC and the TA:DIC dynamics of related biogeochemical 484 
processes at present and over the geological past to elucidate the role of this carbonate factory in 485 
ocean’s carbon biogeochemistry. Our concept on MDAC has evolved over the past five decades 486 
from a methane-derived carbon sequester in a seep-oasis setting to a dynamic carbonate factory 487 
with a spatial sphere of influence expanding from deep sediments to the water column and a 488 
temporal dimension from the Precambrian to present. 489 

 490 
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