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In this paper, we tackle the quantification of the CH4 flux - authigenic carbonate relationship 

in marine sediments by simulating the coupled sedimentary carbon – sulfur cycles in a reaction-
transport modelling framework. It results that the reaction of anaerobic oxidation of methane (AOM) 
is the main driver of carbonate precipitation, and that the CH4 flux almost linearly scales to the 
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can thus be used a quantitative indicators for CH4 migrating through sediments, establishing seep 
carbonates as proxies to reconstruct the activity of the ‘plumbing system’ of sedimentary basins. 
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Abstract 18 

Seep carbonates tell us where and when CH4-charged fluids escaped from the subsurface, thus 19 

providing qualitative information to reconstruct the activity of petroleum systems. The potential of 20 

seep carbonates as quantitative proxies for the amount of CH4 leaked, however, remains largely 21 

unexplored, which limit their applicability as exploration tools. This paper tackles the quantification 22 

of the CH4 flux - seep carbonate relationship by simulating the coupled sedimentary carbon (C) – 23 

sulfur (S) cycles in a reaction-transport modeling (RTM) framework. We first establish a theoretical 24 

basis demonstrating that the stoichiometry of diagenetic reactions and the ambient pH of pore 25 

waters are the main drivers of the rate of change in the saturation state of carbonate minerals (ΩCal), 26 

while the concentrations of total dissolved inorganic carbon and sulfide are only of secondary 27 

importance. It results that anaerobic oxidation of methane (AOM) is the main driver of carbonate 28 

precipitation, while organoclastic sulfate reduction (SR) has a minor impact. We further show that SR 29 

mostly drives carbonate dissolution, but can also contribute to precipitation when pH is low (<7-7.1). 30 

The RTM simulations reveal that an increase in upward fluid flow triggers an intensification of peak 31 

AOM rates, associated to a shallowing and thinning of the zone of carbonate precipitation. Such 32 

behavior leads to an almost linear relationship between the amount of carbonate precipitated and 33 
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flux of CH4 (nCH4 = 3.3-5.2 * nCaCO3), until, eventually, full cementation occurs. We thus define a 34 

“quantitative domain” at moderate fluid flow and a “threshold domain” at high fluid velocities, 35 

where full cementation solely provides a lower bound estimate of the amount of CH4 leaked. We also 36 

show that in contrast to a traditional view of seep carbonate formation mainly controlled by venting 37 

activity, sedimentation rate and water depth also play major roles, via their control on residence 38 

time and saturation concentration of CH4, respectively. The interpretation of vertical seep carbonate 39 

stacks should thus not solely focus on changes in fluid flow, but also consider changes in 40 

sedimentation rate and/or water depth. 41 

 42 

Keywords 43 

Seep carbonate; anaerobic oxidation of methane; early diagenesis; sulfate reduction; carbonate 44 

saturation; reaction transport modeling 45 

 46 

1. Introduction 47 

Seep carbonates are diagenetic features associated with the upward migration of hydrocarbons 48 

to the seabed at cold seeps, in particular methane (CH4) (Hecker, 1985; Juniper and Sibuet, 1987). 49 

They often precipitate in the shallow subsurface, within the sulfate CH4 transition zone (SMTZ), 50 

driven by the microbially mediated anaerobic oxidation of hydrocarbons coupled to the reduction of 51 

pore water sulfate, that produces DIC and alkalinity, raises the pH and increase the concentration of 52 

carbonate ions until the saturation state of porewaters with respect to calcium carbonate minerals 53 

(ΩCal) is reached, triggering precipitation. Seep carbonates are thus the most obvious indicators of the 54 

discrete phenomenon of oil, gas, and hydrocarbon charged aqueous fluids leakage in the marine 55 

deposits and have been used as qualitative proxies to reconstruct the ‘plumbing system’ of 56 

sedimentary basins (Talukder et al., 2012).  57 

For instance, observations of seep carbonate at the sea floor, complemented with acoustic (1-10 58 

kHz) and high-resolution seismic data (1 - 50 Hz) can be used to reconstruct fluid circulation in the 59 

shallow seabed and are predominantly used in geohazard prevention, i.e. in the study of seafloor 60 

instability (Riboulot et al., 2015). On a million-year timescale, the vertical succession of seep 61 

carbonate bodies observed in seismic data (50-80Hz) has been used to reconstruct the history of 62 

hydrocarbon leakage (Ho et al., 2012, 2016, 2018 a, b). When hydrocarbon seepage is linked to the 63 

activity of an underlying petroleum system (sensu Magoon and Dow, 1994), information about seep 64 

carbonates can be combined with knowledge about the tectono-sedimentary context of their host 65 

basin, to help track migration pathways down to hydrocarbon source rocks, potentially identifying 66 

reservoirs and accumulations (Agirrezabala, 2009, 2015; Blouet et al., 2017). On a muti-millenial 67 
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timescale, seep carbonates have also been used to estimate the temporal evolution of benthic CH4 68 

efflux in the aftermath of a glaciation and its feedback on climate (Crémière et al., 2016). Seep 69 

carbonates are thus a unique tool that tell us where, when and how hydrocarbon-charged fluids 70 

escape(d) from the sediment. However, until present their potential as a quantitative indicator of 71 

hydrocarbon flux remains largely unexplored and is the focus of this paper.  72 

Our ability to extract quantitative estimates of fluid flux from observed seep carbonates largely 73 

relies on the development of a quantitative framework such as reaction transport models (RTM). 74 

Since about three decades (e.g. Wang and Van Cappellen 1996, Soetaert 1996), integrated data-RTM 75 

approaches have been commonly used tool to disentangle and quantify the early diagenetic 76 

processes interplay. While modeling the complexity of anaerobic oxidation of oil compounds remains 77 

largely out of reach (e.g. Joye et al., 2004; Kleindienst et al., 2014), the reaction of anaerobic 78 

oxidation of CH4 (AOM), catalyzed by a consortium of archaea and bacteria has been extensively 79 

studied and is comparably well understood (Boetius et al., 2000). Building on a large body of 80 

published RTM studies, Regnier et al. (2011) highlighted the differences in CH4 and sulfate cycling 81 

between passive and active settings. Passive settings correspond to sea floor areas without 82 

significant advective CH4 flow, the vast majority of the sea floor surface, while seep sites with 83 

advection of dissolved or gaseous CH4 are typically found along continental margins. In passive 84 

settings, AOM is mostly fueled by in-situ biogenic CH4 production below the zone of organoclastic 85 

sulfate reduction, which diffuses upcore and is subsequently oxidized by sulfate in the SMTZ. Any 86 

authigenic carbonate precipitated is such a passive setting is not diagnostic of the activity of a 87 

petroleum system (e.g. Lash, 2018). In contrast, in active settings, upward fluid flow supplies large 88 

amount of previously formed biogenic and/or thermogenic hydrocarbons, including CH4, that migrate 89 

from deep geological reservoirs (Talukder, 2012). Regnier et al. (2011) showed that the depth-90 

integrated AOM rate and the depth of the SMTZ can be directly linked to fluid flow velocities. 91 

Similarly, RTM studies of CH4 seep sites in accretionary prisms offshore Oregon and offshore Costa 92 

Rica have highlighted that authigenic carbonate precipitation is largely controlled by fluid flow 93 

intensity and sedimentation rate (Luff and Wallman, 2003; Luff and al., 2004; Aloisi et al., 2004; Luff 94 

and al., 2005; Karaca et al., 2010, 2014). Those models successfully reproduced observed 95 

geochemical profiles and provided first quantitative insights into the link between authigenic 96 

carbonate precipitation and upward CH4 flow. However, such local, site-specific knowledge cannot 97 

easily be extrapolated to other seep sites. Indeed, the impact of the variability in water depth, 98 

sedimentation rate, AOM kinetic rate constant and/or the intensity of macrofauna activity (i.e. 99 

bioturbation and bioirrigation) over the wide range of values observed in marine settings 100 

(Middelburg et al., 1997) has not yet been systematically investigated.  In light of these knowledge 101 

gaps, this study aims at assessing the suitability of seep carbonates as quantitative proxies for 102 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

4 
 

upward CH4 fluxes. To do so, the full range of environmental controls on the coupled AOM-carbonate 103 

dynamics in active settings will be explored to answer the following specific research questions: 104 

*Can we develop a quantitative, interpretative framework relating upward CH4 flow, AOM 105 

rate and associated pH change, to carbonate precipitation? 106 

* What are the dominant environmental controls on the coupled AOM-carbonate dynamics 107 

in active settings? 108 

*  Under which conditions are seep carbonates suitable quantitative proxies for active CH4 109 

flow? 110 

The first part of this paper builds the theoretical framework that describes the contribution 111 

of individual biogeochemical reactions on the rate of change in pH and ΩCal. We then simulate a 112 

typical passive and a typical active setting to identify the main drivers of calcium carbonate 113 

precipitation in these contrasted environments. Depth-integrated reaction rates are compared with 114 

previously published values and help benchmark the model. The quantitative relationship between 115 

the flux of CH4 and the amount of carbonate precipitated is then explored systematically across the 116 

typical gradient of benthic habitats observed around fluid vents. Variations in the amount of 117 

carbonate precipitated as a function of water depth and sedimentation rate are quantitatively 118 

established, while uncertainties arising from the poorly constrained rate constant of AOM (kAOM), 119 

bioturbation and bioirrigation intensities are also assessed. The ability of the model to reproduce 120 

observations is discussed, highlighting current model limitations. Finally, the novel quantitative 121 

framework is applied to approximate the growth rate of seep carbonate concretions, and a 122 

representative example of seep carbonate body observed on seismic data is used as a case study to 123 

reconstruct CH4 seepage history over geological time.  124 

 125 

2. Methodology 126 

2.1. Modeling strategy 127 

Here, we use the Biogeochemical Reaction Network Simulator (BRNS, Regnier et al., 2002; 128 

Aguilera et al., 2005) to quantitatively explore the mechanisms and drivers of authigenic carbonate 129 

precipitation at steady state using sets of environmental conditions corresponding to a passive 130 

regime (i.e. no upward advective fluid flow) and active regimes (i.e. upward fluid flow) with a flux, q, 131 

of 5 cm/yr, 10 cm/yr, 20 cm/yr, and 100 cm/yr. The lower range of fluid flow values is typically 132 

obtained by parameter fitting to geochemical profiles measured in the sediment cores at seep sites 133 

(Regnier et al., 2011), while the upper range, and even values several orders of magnitude higher, is 134 

more often obtained by direct measurement of the fluid flow during punctual sea floor observations 135 

(Henry et al., 1992, 1996; O’Hara et al., 1995; Tryon et al., 1999, 2002; Tryon and Brown, 2004).  136 
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  In BRNS, the sea floor sediment is conceptualized as a one-dimensional (1D) system, with an 137 

upper boundary corresponding to the sea floor (z0), and the lower boundary at a given depth (zmax). 138 

The condition of conservation of mass through this 1D system is described by the general diagenetic 139 

equation of Berner (1980): 140 

 141 

𝜕𝜉𝑖𝐶𝑖

𝜕𝑡
=

𝜕2(𝐷𝑖+𝐷𝑏)𝐶𝑖

𝜕𝑧2 −
𝜕(𝜉𝑖𝜈𝐶𝑖)

𝜕𝑧
+ 𝛼(𝐶𝑖(0) − 𝐶𝑖) + 𝜉𝑖 ∑ 𝑠𝑖

𝑗
𝑅𝑗𝑗   (1) 142 

 143 

Where Ci is the concentration of specie i, t is time, z denotes the depth within the sediment, and ξi is 144 

the volume fraction in which the concentration of specie i is defined. The concentration of dissolved 145 

species is usually given in units of mass per unit volume of pore fluid, ξi = porosity (𝜑); likewise, for 146 

solid species, the concentration is usually expressed per unit volume of solid sediment, ξi = (1- 𝜑). Di 147 

is the effective molecular diffusion coefficient of specie i, Db is the bioturbation coefficient 𝜈 is the 148 

advection velocity, α is the bioirrigation coefficient, Ci(0) is the concentration at the sea floor, si
j is the 149 

stoichiometric coefficient of production/consumption of the specie i by the reaction j, and Rj is the 150 

rate of the reaction j. For solid species, Di and α are equal to 0 and ν(solids) is equal to the burial rate ω, 151 

that is, the sedimentation rate at the seafloor (ω0) corrected for compaction with depth into the 152 

sediment (equation 2). Db acts on both solid and solute species and control their mixing in the upper, 153 

bioturbated layer of the sediment. For dissolved species ν(solutes) corresponds to the velocity of fluid 154 

advected upward (q) and pore water expulsion by compaction, minus the downward burial 155 

component of the solid sediment frame (ω) (equation 3). Note that dissolved species can also be 156 

efficiently transported near the sediment surface through bioirrigation. 157 

 158 

ν(solids) = ω0
(1−𝜑0)

(1−𝜑𝑧)
   (2) 159 

ν(solutes) = ω0
(1−𝜑0)∗𝜑∞

(1−𝜑∞)∗𝜑𝑧
+ 𝑞   (3) 160 

The porosity depth law (equation 4) is applied to account for compaction: 161 

𝜑𝑧 = 𝜑∞ + (𝜑0 + 𝜑∞) ∗ 𝑒(−𝑧∗𝑎𝑡𝑡𝑝𝑜𝑟)  (4) 162 

where 𝜑0 is the porosity at the sea floor, 𝜑∞ is the porosity at great depth and attpor is an 163 

attenuation coefficient determining the rate at which the porosity decreases with depth.  164 

 165 

Resolution of equation 1 requires boundary conditions at the seafloor (z0) and bottom of the 166 

model domain (zmax), which are presented in section 3.2.2. Details about the numerical solution of 167 

the coupled system of equations (1) for all species i can be found in Regnier et al. (2002). The spatial 168 

discretization is performed along an irregular grid, and zmax is reduced as much as possible to 169 
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optimize the simulation time as long as the position of lower boundary conditions have no noticeable 170 

impact on the reaction rates in the SMTZ. For q spanning from 0 to 20 cm/yr, the grid is composed of 171 

202 nodes with a spacing increasing from 0.1 cm at the sea floor to 2.5 cm at a zmax of 300 cm. For 172 

q=100 cm/yr, the numerical solution of the very sharp concentration gradients imposes a grid 173 

spacing twice thinner, with 250 nodes covering a sediment layer with zmax equal to 100 cm. 174 

Simulations are carried until steady state is reached using a maximum time step of 0.005 yr for all 175 

runs.  176 

2.2. Set-up for the baseline Model 177 

The BRNS is applied to simulate the diagenetic dynamics in a shelf and slope setting subject 178 

to the seepage of a typical connate fluid equilibrated with a gas reservoir. This section describes the 179 

reaction network (Table 1 and 2), the model parameters and boundary conditions (Table 3 and 4) and 180 

the dependency of several key parameters to the fluid flow (Table 5). 181 

2.2.1. Reaction network 182 

The reaction network implemented in BRNS, with details on stoichiometries, kinetic and 183 

thermodynamic constants, is described in Table 1 and 2. Kinetic reactions include organoclastic 184 

sulfate reduction (SR, coupled to particulate organic carbon (POC) degradation), methanogenesis 185 

(Meth), anaerobic oxidation of CH4 (AOM, or sulfate-reduction coupled to CH4 oxidation), calcite 186 

precipitation and dissolution, which are the most influential diagenetic reactions in active settings 187 

(e.g. Dale et al., 2009). The model resolves the concentration of redox sensitive species as well as the 188 

concentration of each species contributing to the total dissolved inorganic carbon (Tc), sulfide (Ts), 189 

borate (Tb), alkalinity (Ta) and water systems independently. Acid-base equilibriums are assumed for 190 

the latter species and are thus controlled via thermodynamic constants corrected for pressure (P), 191 

temperature (T), and salinity (S) (Millero, 1995). 192 

The degradation of organic matter, simplified as CH2O(NH3)y where y=16/106, is described by 193 

the reactive continuum model (Boudreau and Ruddick, 1991), assuming a continuous distribution of 194 

organic matter compounds over a reactivity spectrum. The overall rate of organic matter 195 

degradation, RPOC, decreases according the burial time (age), and is thus controlled by the decrease in 196 

organic matter concentration, as well as the factors that control the age of the buried sediment 197 

layer, i.e. the sedimentation rate of burial, and bioturbation within the bioturbated layer. 198 

RPOC(z) = (nu/ (a + age (z))) * CH2O(NH3)y (z)   (5) 199 

where a and nu are depth-independent parameters that determine the distribution of 200 

organic matter over the reactivity spectrum, 10 yr and 0.125 [-] respectively, which correspond to the 201 

typical reactivity of marine organic matter on shelf and slope environments (Arndt et al., 2013). POC 202 

degradation reactions proceed in the order of decreasing free energy yield (e.g. Thullner and Regnier, 203 
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2019 and references therein) in such a way that methanogenesis is inhibited by the presence of SO4. 204 

RPOC is thus partitioned in two primary redox reactions (Table 1): sulfate reduction (RSR), followed by 205 

methanogenesis (RMeth), with RPOC (z)= RSR (z) + RMeth (z). CH4 produced by methanogenesis inside the 206 

model, or transported through the lower boundary from a deeper source, is susceptible to migrate 207 

by diffusion and advective fluid flow up to the sulfate bearing sediment layer, leading to AOM (Table 208 

1). AOM is a classical secondary redox reaction whereby reduced products of POC degradation (in 209 

this case, CH4) are oxidized as they move up the sediment column and encounter energy yielding 210 

oxidants (in this case, SO4
2-). During AOM, two mol-equivalents of alkalinity are generated per mol of 211 

DIC produced (table 1), leading to an increase in pH and thus an increase in the saturation state with 212 

respect to carbonate minerals (Luff et al., 2004; Jourabchi et al., 2005).  213 

 The saturation state of calcium carbonates (ΩCal) is controlled by the solubility product for 214 

calcite and the apparent thermodynamic constant K*spCal which is a function of P, T and S (Millero, 215 

1995): 216 

𝛺𝐶𝑎𝑙 =
[𝐶𝑎2+][𝐶𝑂3

2−]

𝐾∗𝑠𝑝𝐶𝑎𝑙
 (6) 217 

Given the diversity of calcium carbonate mineralogy and habitus observed at seep sites (Campbell, 218 

2006; Blouet et al., 2017), and the lack of knowledge on parameters that control this variability, 219 

especially in micro-environments influenced by microbial activity (Burton, 1993; Railsback and Bruce, 220 

2006; Kaczmarek et al., 2017), it is considered pointless to include several calcium carbonate species 221 

in the model. We thus use calcite as our representative carbonate mineral and the rate of calcite 222 

precipitation (Table 1), RCalPrec, is assumed to be linearly proportional to the saturation state, ΩCa (Luff 223 

and Wallmann, 2003; Luff et al., 2004; Luff et al., 2005), with a kinetic constant set to a large value 224 

(KCalPrec= 0.1 mol/cm3/yr), similarly to Luff et Wallman (2003) and Wallmann et al. (2006). The rate of 225 

calcite dissolution, RCalDiss, is also linearly proportional to the saturation state but is also assumed to 226 

depend on the amount of CaCO3, the latter factor being used as surrogate for the availability of 227 

reactant surface (Table 1). This approach sets the dissolution rate to 0 if no calcite is present 228 

(Jourabchi et al., 2005).  229 

The composition of sea water used to define upper boundary conditions for the baseline run 230 

(see section 3.2.2) leads to ΩCal(z0) =2.33, lower than the kinetic oversaturation threshold commonly 231 

accepted for calcite precipitation to occur on the sea floor (Morse, 2003). This kinetic oversaturation 232 

threshold, however, is poorly known in quantitative terms and remains speculative, especially in 233 

diagenetic environments. To account for the common observation of no calcite cementation right at 234 

or just below the seafloor, and as sulfate reduction typically reduces rapidly ΩCal to values < 1 for the 235 

sea water pH defined in the model (Gallagher et al., 2014), precipitation is set to 0 from the sea floor 236 

down to the depth zdiag where diagenetic reactions, in particular AOM, lead to ΩCal(zdiag) again greater 237 
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than 1. zdiag may be considered as the boundary between the very shallow sediment, invaded by 238 

slightly modified sea water, and the diagenetic domain where internal processes substantially impact 239 

the pore water composition. Below zdiag, precipitation and dissolution are allowed as soon as ΩCal is 240 

different from 1. 241 

2.2.2. Prescribed model parameters and boundary conditions 242 

The baseline model is first established at the typical self-break water depth of 200 m, and for 243 

a sedimentation rate (w) set to 0.1 cm/yr, which corresponds to the typical order of magnitude of 244 

sedimentation at such depth according to Middelburg et al. (1997). We then explore the entire 245 

parameter space of water depth and w values for shelf and slope sediments, using water depth = 10, 246 

100, 200, 500, 1000 m and w = 1, 0.5, 0.2, 0.1, 0.01, 0.001 cm yr-1.   247 

The porosity profile is constant for all our simulations and fitted to values measured on the 248 

Angola passive continental margin (𝜑𝑧0=0.92; 𝜑∞=0.8; attpor= 0.15; Eric Cauquil, personal 249 

communication), a prolific hydrocarbon province rich in seep sites (e.g. Ho et al., 2012, 2018a, b). The 250 

molecular diffusion coefficients Di for each specie i are adjusted for temperature, salinity and 251 

sediment tortuosity (Boudreau, 1997): 252 

Di=((0.95-0.001*S)*Di0*(1+fT *T))/(1-ln(φ2)   (6) 253 

Where Di,0 is the molecular diffusion coefficient at 0°C listed in Table 3, T (°C) is the temperature, S 254 

(‰ wt) is the salinity and fT is an empirical correction for the effect of temperature.  255 

At the upper boundary of the model (Table 4), fixed concentrations of a typical seawater 256 

(Arndt et al., 2011) are assigned to the solute species (Dirichlet condition). The concentration of CH4 257 

in particular is set to 0, accounting for instantaneous dilution of the connate fluid in the highly 258 

turbulent ocean reservoir. The sedimentation of solid species is specified as a depositional flux (Robin 259 

condition). As Tc, Ts, Tb, Ta and pH are dependent variables, and as Tc is usually difficult to measure 260 

in seawater, Ts, Tb, Ta and pH are specified variables while Tc is computed consistently from the 261 

specified variables.  262 

To constrain the composition of the connate fluid at the lower boundary, the model is first 263 

run with all parameter values identical to the baseline setting with q=0 and Neumann conditions (i.e. 264 

zero concentration gradient) assigned at the lower boundary for all species, but in this case down to 265 

a depth where the reactivity of the organic matter RPOC (z) is reduced to 1/1000 of its value at the sea 266 

floor, i.e. down to a depth where the species concentrations are almost constant with depth. This 267 

condition is achieved at a depth of about 3 m. The resulting connate fluid composition is 268 

representative of typical methanogenic conditions (Table 4), strongly enriched in CH4, NH4
+, sulfides, 269 

and dissolved carbonate species (almost entirely HCO3
- and CO2 due to the relatively low pH) 270 

compared to seawater. Due to the high kinetic rates of calcite precipitation/dissolution imposed, the 271 

connate fluid is very near equilibrium with calcite. Because the thermodynamic constants depend on 272 
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pressure, the composition of the connate fluid is adjusted following the above described procedure 273 

for each water depth when exploring the sensitivity of the model to water depth. The concentration 274 

of dissolved CH4 was calculated considering equilibrium with the gas phase ([CH4]sat) at the given P, T 275 

and S according to the formula of Soreide and Whitson (1992). To reproduce the seepage, the 276 

concentrations of the connate fluid computed above are specified as Dirichlet conditions at depth 277 

zmax, which are then transported upward through the model by active fluid flow. The solid species 278 

remain constrained by Neumann conditions at the lower boundary of the baseline model. As such, 279 

the advective flux from below transports the dissolved species into the model. In the passive setting, 280 

the composition of the connate water diffuses upward and represents the case of a fluid 281 

accumulation trapped in the sediment at the bottom of the model domain. 282 

2.2.3. Model parameters related to the fluid flow 283 

Numerous studies have shown that the upward flux of CH4 impacts the composition and 284 

density of the chemosynthetic fauna living at seepage sites. As a result, the fauna typically arranges 285 

in concentric habitats around seep sites (Juniper and Sibuet, 1987; Barry et al., 1997; Sibuet and Olu, 286 

1998; Levin 2003, 2005; Fischer et al., 2012). The central area is usually covered by bacterial mats 287 

and devoid of macro-organisms, while the periphery is covered by a dense population of 288 

chemosynthetic animals, including benthic and endobenthic bivalves (Kiel, 2010). To mimic these 289 

features in our simulations, a passive sea floor environment with a sparse faunal density is imposed 290 

for q=0 cm yr-1, a peak of macrofaunal activity is inferred at q=5 cm yr-1 and a bacterial mat is 291 

assumed for q≥20 cm yr-1.  292 

The bioturbation coefficient, Db, and the depth of bioturbation, Dbzbiot, defining the portion 293 

of the sediment below the sea floor where biological mixing occurs, are poorly constrained at seep 294 

sites. Following many previous modeling studies (e.g. Thullner et al., 2009; Hülse et al., 2018), the sea 295 

floor value Db0 for q = 0 cm yr-1 is assumed to be a function of sea floor depth according to the 296 

empirical relationship of Middelburg et al., (1997), and Dbzbiot is set constant at 10 cm. A high Db0 297 

value (100 cm2 yr-1, Solan et al., 2019) is set for q=5 cm yr-1 while it is set to 0 in the bacterial mat 298 

environments. The bioirrigation coefficient, α (yr-1), is calculated from the bioirrigation coefficient at 299 

the sediment surface, α0, and is assumed to decrease exponentially below the sea floor (Thullner et 300 

al., 2009): 301 

α = α0*e(-z/zirr)   (7) 302 

where zirr, the depth of bioirrigation, largely unknown at seep sites is set to a constant value of 303 

3.5 cm. This value is typical for shelf sediments (Solan et al.; 2019) and leads to a depth where 304 

bioirrigation intensity is half that at the seafloor of 2,4 cm. The sea floor value α0 is set to 1 yr-1 when 305 

q=0, is maximal at 50 yr-1 when q=5 cm yr-1 and is 0 for the bacterial mat environments. 306 
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A review by Regnier et al. (2011) established that the rate constant for AOM, kAOM, is also 307 

strongly correlated to q, due to the development of the microbial population that catalyze the AOM 308 

reaction (Dale et al., 2006, 2008; Nauhaus et al., 2007). Based on Regnier et al. (2011), kAOM is set to 309 

105 cm3 mol-1 yr-1 in the passive setting while the following linear relationship is used in active 310 

settings: 311 

kAOM= 2,7*105*q  (8) 312 

Therefore, microbial and fauna dependent variables, that is, the rate constant for AOM, the 313 

bioturbation and the bioirrigation coefficients, are all related to q (Table 5). Quantitative data used to 314 

establish empirical relationships are presented in Fig 1. Given the significant uncertainties in these 315 

empirical relationships, the sensitivity of the model to kAOM, Db and α will be further evaluated 316 

through a sensitivity study (Table 6, section 3.3.2), keeping all parameters but the studied one 317 

constant at their mean value, while also keeping the water depth and the sedimentation rate at their 318 

baseline value. 319 

 320 

 321 

 322 

Figure 1: Parameter values as a function of fluid flow (q) for the baseline run compared to data 323 

reported in the literature: (a) bioirrigation coefficient at the sea floor (α0); (b) depth integrated 324 

bioirrigation rate over the modeled depth of bioirrigation (zirr); (c) bioturbation coefficient at the sea 325 
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floor (Db0) spanning the range reported by Solan et al. (2019); (c) kinetic rate constant for AOM 326 

(kAOM). Solid lines represent model values for the baseline rune while horizontal dashed lines 327 

correspond to the values applied in the sensitivity analysis.  328 

 329 

3. Results and discussion 330 

3.1. Quantitative framework for analyzing the C-S system 331 

The impact of each diagenetic reaction on pH is quantified using the approach of Jourabchi et al. 332 

(2005). In a nutshell, it assumes that any protolytic species of the carbonate and sulfide systems 333 

produced/consumed by a kinetically controlled reaction impacts the rate of change in pH. The 334 

influence of each reaction on pH is thus governed by the mass action laws (Table 1) and fulfills the 335 

condition of electric neutrality, leading to the following relationship: 336 

(
𝑑[𝐻+]

𝑑𝑡
)

𝑖

=
𝑡𝑎

𝑖 − (𝑋1 + 2𝑋2)𝑡𝑐
𝑖 − 𝑆1𝑡𝑠

𝑖

𝐴1
𝑅𝑖 337 

Where ta
i, tc

i and ts
i are respectively the stoichiometric coefficients of the production or consumption 338 

of Ta, Tc and Ts by a given kinetic reaction i, with rate Ri, and where X1 and X2 are the relative 339 

contributions of HCO3
- and CO3

2- to Tc, respectively, and S1 is the relative contributions of HS- to Ts: 340 

𝐻𝐶𝑂3
− = 𝑋1𝑇𝑐            (9) 341 

𝐶𝑂3
2− = 𝑋2𝑇𝑐            (10) 342 

𝐻𝑆− = 𝑆1𝑇𝑠             (11) 343 

The denominator A1, is given by Jourabchi et al. (2005):  344 

𝐴1 = 𝑇𝑐
∂(𝑋1)

∂[𝐻+]
+ 2𝑇𝑐

∂(𝑋2)

∂[𝐻+]
+ 𝑇𝑠

∂(𝑆1)

∂[𝐻+]
+ 𝑇𝑏

∂ (𝑇𝑏
[𝐵(𝑂𝐻)4

−]⁄ )

∂[𝐻+]
−

[𝑂𝐻−]

[𝐻+]
− 1 345 

Because , in sea and porewaters, the total concentration of borate, Tb, is typically at least 346 

two orders of magnitude lower than that of total dissolved inorganic carbon, Tc, equation 347 

(12) can be simplified:   348 

𝐴1 = 𝑇𝑐
∂(𝑋1)

∂[𝐻+]
+ 2𝑇𝑐

∂(𝑋2)

∂[𝐻+]
+ 𝑇𝑠

∂(𝑆1)

∂[𝐻+]
−

[𝑂𝐻−]

[𝐻+]
− 1 349 

A sign analysis of the individual terms in A1 allows to qualitatively understand the role of each 350 

reaction in driving changes in pH: 351 

•  the ratio of hydroxyl and proton concentration is always positive,  352 

•  dS1/dH+ and dX2/dH+ are always negative,  353 

• the sign of dX1/dH+ shifts from negative to positive with increasing pH (Fig 2A and B).  354 

(8) 

(12) 

(13) 
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Within a typical range of pore water pH (i.e. 6.5-7.9) dX2/dH+ is almost equal to -dX1/dH+. Yet, 355 

because dX2/dH+ is multiplied by two (eq.13) and all other terms in A1 are negative, the sign of A1 is 356 

always negative (Fig 2C).  357 

As a consequence, the sign of dH+/dt, negative for proton consumption and positive for 358 

proton production, is determined solely by the sign of the numerator in equation 8. For instance, a 359 

reaction producing alkalinity, Ta (i.e. with a positive stoichiometric coefficient ta), will have the 360 

tendency to consume protons (since A1 is negative) and increase pH, while a reaction producing 361 

dissolved inorganic carbon, Tc, or sulfides, Ts, will have the opposite effect. However, many reactions 362 

influence Ta, as well as Tc and/or Ts and the net effect on pH will thus depend on the respective 363 

values of the stoichiometric coefficients, ta, tc and ts. Furthermore, the change in proton 364 

concentration also depends on the in-situ pH itself via the positive terms X1, X2 and S1.  As a result, a 365 

reaction with a given stoichiometry in terms of ta, tc and ts can result in both a decrease or increase 366 

in H+ concentration depending on the ambient pH. In other words, the contribution of a given 367 

reaction to a change in pH depends on the ambient pH. 368 

For instance, for AOM, ta, tc and ts, are respectively equal to +2, +1, +1 (Table 1), and since 369 

X1+2X2 and S1 are always less than 1 over the range of pH of interest, the ta term dominates the 370 

nominator in eq. 8 and AOM thus always consumes protons and increases pH within the range of 371 

environmental conditions encountered in marine sediments (Fig. 3). Furthermore, because the 372 

magnitude of X1+2X2 and S1 increases with pH (Fig. 2), the consumption of protons by AOM becomes 373 

less efficient with increasing pH (Fig.3). Similarly, calcite dissolution (ta=+2, tc=+1, ts = 0) and 374 

precipitation (ta= -2; tc= -1; ts = 0) respectively consume and produce protons at any pH. For sulfate-375 

reduction ta, tc and ts are respectively equal to +1.15, +1, +0.5 and, within the pH range of marine 376 

sediments, the difference between the first term and the last two terms on the right-hand side of the 377 

nominator of eq. 8 is thus smaller than for AOM. Since both X1+2X2 and S1 increase with pH, the 378 

effect of sulfate reduction on pH thus switches from consuming protons at low pH (up to about 6.9) 379 

to producing protons at high pH (Fig. 3). 380 

Although the sign of dH+/dt is solely controlled by the numerator of equation 8, the 381 

denominator, A1, influences the absolute magnitude of the rate of proton production/consumption. 382 

As A1 depends on Tc and Ts (equation 13), the change in proton concentration caused by a given 383 

reaction, taking place at a given pH, is inversely related to Tc and Ts of the solution. As such, the rate 384 

of change in proton concentration caused by a given rate of reaction is more important in seawater, 385 

with low Tc and Ts (Fig. 3A), than in the Tc and Ts charged connate fluid investigated here (Fig. 3C) or 386 

in a typical pore fluid at the SMTZ (Fig. 3B). In summary, while the sign of dH+/dt is solely determined 387 

by the stoichiometries of the reactions, as well as ambient pH, the magnitude of dH+/dt also depends 388 

on the fluid composition through Tc and Ts. 389 
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Following Jourabchi et al. (2005), the contribution of a reaction to the saturation state with 390 

respect to calcite ΩCal (equation 14) can be expressed as a function of their contribution to the 391 

production or consumption of calcium and carbonate ions, expressing the latter as a function of the 392 

previously derived rate of change in proton concentrations (equation 15). 393 

 394 

(
𝑑𝛺𝐶𝑎𝑙

𝑑𝑡
)

𝑖
=

1

𝐾𝑠𝑝𝐶𝑎𝑙
∗ [[𝐶𝑂3

2−] (
𝑑𝐶𝑎2+

𝑑𝑡
)

𝑖

+ [𝐶𝑎2+] (
𝑑𝐶𝑂3

2−

𝑑𝑡
)

𝑖

] 395 

 396 

(
𝑑𝛺𝐶𝑎𝑙

𝑑𝑡
)

𝑖

=
1

𝐾𝑠𝑝𝐶𝑎𝑙
∗ [[𝐶𝑂3

2−] (
𝑑𝐶𝑎2+

𝑑𝑡
)

𝑖

+ [𝐶𝑎2+] (𝑡𝑐
𝑖 𝑋2𝑅𝑖 + 𝑇𝑐

∂𝑋2

∂[𝐻+]
(

𝑑[𝐻+]

𝑑𝑡
)

𝑖

)]  397 

                 term 1             term 2 398 

where term 1 and term 2 result from applying the chain rule of derivation to eq. (10). In the 399 

reaction network implemented here, solely the precipitation and dissolution of calcite affect the 400 

concentration of calcium ions and, as such, dCa2+/dt=0 for all other reactions. The sign of term 1 401 

merely depends on the sign of tc
i, as X2 and Ri are all defined as positive. The sign of term 2 depends 402 

on the sign of dH+/dt, as Tc is always positive and dX2/dH+ is always negative. Thus, for reactions like 403 

AOM or sulfate-reduction that produce dissolved inorganic carbon, Tc, term 1 is always positive. 404 

Term 2 is also always positive for AOM (dH+/dt < 0) yet, for sulfate reduction, term 2 changes from 405 

positive to negative with an increase in pH. This shift in sign for d ΩCal/dt occurs at a different pH than 406 

the shift in sign for dH+/dt, because it also depends on the values of X2 and dX2/dH+. Furthermore and 407 

in contrast to the rate of change in proton concentration, the pH value of the shift in sign of d ΩCal/dt 408 

is also a function of the Tc term or, in other words, the pattern of change in d ΩCal/dt as a function of 409 

pH slightly differs between seawater, connate fluid or a typical pore fluid at the SMTZ (Fig. 3D, E, F).  410 

Overall, our theoretical framework reveals that over the pH range that is commonly observed 411 

in porewaters (6.5-7.9), AOM always promotes calcite saturation. This effect is especially pronounced 412 

under high ambient pH. In contrast, sulfate reduction promotes calcite precipitation at low pH values 413 

and calcite dissolution at high pH values. The shift between these regimes happens at pH values 414 

between 7 and 7.1 depending on fluid composition (Fig. 3. D, E, F). Calcite precipitation and 415 

dissolution respectively consume (negative dCa2+/dt) and produce calcium ions (positive dCa2+/dt), 416 

which, in addition to their effects on terms 1 and 2, induces a negative feedback on the reactions 417 

themselves. In other words, precipitation/dissolution respectively decrease/increase the saturation 418 

state with respect to calcite. 419 

The concentrations of Tc and Ts impact dΩCal/dt solely via term 2; both directly via the 420 

ascribed Tc coefficient and indirectly via dH+/dt. Within the compositional range of the studied fluids 421 

(sea water and connate fluid), variations of Tc and Ts are nearly inversely proportional to variations 422 

(15) 

(14) 
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of dH+/dt (see above). As a consequence, the order of magnitude of term 2 remains constant and the 423 

concentration of Tc and Ts in the fluid thus does not exert a major influence on the absolute 424 

magnitude of dΩCal/dt (Fig 3. C, D, E). In summary, our theoretical analysis reveals that over the range 425 

of investigated pH (6.5-7.9) and independent on the exact fluid composition, AOM always consumes 426 

protons and produces ΩCal at significantly larger rates than sulfate-reduction.  Therefore, per unit 427 

rate, AOM is always more powerful than sulfate-reduction in promoting the precipitation of 428 

authigenic carbonates. 429 

 430 

 431 

 432 

 433 
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 434 

Figure 2. A) Proportions of HCO3
- and CO3

2- to the total dissolved carbonate concentration (Tc), 435 

respectively noted X1 and X2, and distribution of X1+2X2, dX1/dlogH+ and dX2/dlogH+ as a function of 436 

pH; B) Proportion of HS-, noted S1, to the total dissolved sulfide concentration (Ts), and distribution 437 

of dS1/dlogH+ as a function of pH, C) Distribution of dX1/dlogH++2dX2/dlogH++dS1/dlogH+ as a function 438 

of pH. See text for further details. All graphs are given at the temperature and pressure of the 439 

baseline model (10°C; 20 bar). 440 

 441 

 442 
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 443 

 444 

Figure 3.  Rate of change in proton concentration and associated rate of change in ΩCal, at the 445 

temperature and pressure of the baseline model (10°C; 20 bar), as a function of the pH for solutions 446 

of different total dissolved inorganic carbonate (Tc) and total dissolved sulfide (Ts), concentrations 447 

corresponding to sea water (A, D), to pore water at the depth of maximal rate of AOM (14 cm) in the 448 

baseline model (q=10 cm/yr) (B, E), and to the connate fluid (C, F). Curves are shown for the 449 

reactions of sulfate reduction (SR), anaerobic oxidation of CH4 (AOM), calcite dissolution (CalDiss) 450 

and calcite precipitation (CalPrec). Note that the scale of A) is ten times larger than in B) and C). The 451 

inset in D), E) and F) zoom in the area of the diagrams where sulfate-reduction switches from 452 

production to consumption of ΩCal. The rates of change in H+ and ΩCal are plotted for reaction rates of 453 

SR and AOM set arbitrarily to 1 µmol SO4
2- consumed cm-3 yr-1 (which, according to the stoichiometry 454 
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of the reactions, is equivalent to 1 µmol Tc produced cm-3 yr-1, see Table 1), and for carbonate 455 

precipitation/dissolution set to 1 µmol of Tc consumed/produced cm-3 yr-1.  456 

3.2. Environmental drivers of the coupled AOM-carbonate dynamics  457 

3.2.1. Baseline simulation for passive and active settings 458 

Figure 4 illustrates the simulated baseline, steady-state depth profiles of concentrations, reaction 459 

rates, as well as of the rate of change in pH (dH+/dt) and carbonate saturation state (dΩCal /dt) for 460 

both a passive (q = 0 cm y-1) and an active (q = 10 cm y-1) setting. It shows that the presence of fluid 461 

flow exerts an important influence on depth profiles, as well as on the total amount of seep 462 

carbonate precipitated and its dominant controls. 463 

In the passive setting (Fig 4I), SR, as well as AOM that is driven by the diffusive transport of 464 

biogenically produced CH4 in deep sediments, completely deplete porewater sulfate at 160 cm depth 465 

(Fig. 4Ia). SR rate is high in the shallow sediment but rapidly decrease with depth due to the decrease 466 

in POC reactivity with age, as shown by eq. 5 (Fig. 4Ig). Due to the relatively low AOM efficiency that 467 

has been assumed for the baseline scenario (kAOM= 105 cm3 mol-1 yr-1), sulfate and CH4 coexist over a 468 

depth interval of about 50 cm around the SMTZ. Below the SMTZ, methanogenesis dominates POC 469 

degradation, but the rate remains low due to the continuous decrease in POC reactivity. Both SR and 470 

methanogenesis generate significant amounts of Tc and Ta (mostly bicarbonate alkalinity), while SR 471 

also produces large quantities of Ts in the porewaters (Figs. 4Id, 4Ie). SR exerts the dominant control 472 

on the acid-base equilibriums in the upper portion of the sediment column (<50 cm). Due to the 473 

comparably high ambient pH, it generates protons (dH+/dt > 0), and do so at a relatively high rate 474 

due to the low pore water Tc and Ts concentrations (see Fig. 3A for a surrogate of such behavior). As 475 

a consequence, the porewater pH rapidly decreases with depth, shifting the carbonate equilibriums 476 

towards H2CO3 and, thus driving calcite dissolution. However, because of the decrease in pH with 477 

depth, SR subsequently switches from a proton generating process to a proton consuming process at 478 

about 20 cm within the sediment (Fig 4Ih). The resulting stabilization of ambient pH and the 479 

increasing accumulation of Tc increase the saturation state of porewaters and calcite precipitation is 480 

simulated by SR down to a sediment depth of about 80 cm (Fig. 4Ii). Within this zone, the progressive 481 

decrease in SR with depth is compensated by the rise of AOM, consuming proton, and progressively 482 

becoming the dominant control on the acid-base equilibriums (methanogenesis exerts an 483 

insignificant contribution on the pH-carbonate dynamics). The concurrent proton production by 484 

calcite precipitation acts as an effective negative feedback against the pH increase triggered by AOM 485 

(Fig 4Ih). Fig 4Ib shows that the dissolution of sedimentary calcite in the shallow dissolution zone is 486 

largely compensated by the precipitation of authigenic calcite in the lower portion of the core. 487 

Interestingly, we note that calcite dissolution is simulated over a wider depth interval than the one 488 
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delineated by the SR driven decrease in saturation state (dΩCal/dt<0) and even proceeds into 489 

sediment depths where both SR and AOM act to increase ΩCal (dΩCal/dt>0). These simulation results 490 

highlight that, in addition to biogeochemical processes, differential transport of Tc, Ta and Ts through 491 

diffusion and biological mixing can also exert an important control on pH and saturation state 492 

dynamics in marine sediments. Transport processes effectively blur the limits between the different 493 

reaction zones, and their effect on pH and saturation state explains why calcite dissolution can occur 494 

at sediment depths where all biogeochemical reactions act to increase the saturation state (dΩCal/dt 495 

> 0). 496 

With active fluid flow, the simulated AOM rate is about 5 times larger than the maximum rate of 497 

SR, and about 50 times larger than the maximum AOM rate simulated for the passive setting (Fig.4II). 498 

As a consequence, the penetration depth of sulfate shifts upcore and the depth interval at which 499 

sulfate and CH4 coexist is reduced (Fig4IIa). In addition, the more efficient upward migration of pore 500 

fluids enriched in Tc, Ta and Ts also increases the concentration of these chemical species in the core. 501 

The decrease of pH below the sea floor is slightly sharper than in the passive case, due to the 502 

production of protons by SR on the one side, similarly to the passive case, and to the upward 503 

advection of acidic fluids from below on the other side (Tc/Ta ratio at 30 cm of about 1.2 (Figs. 4IIe,f 504 

compared to a ratio close to 1 in the passive case Figs. 4Ie,f). However, similar to the passive case, 505 

the pH profile tends to stabilize at a near constant value within the SMTZ. Here, the influence of 506 

AOM and calcite precipitation on the pH partly compensate, as illustrated by a set of models with 507 

either the AOM or calcite precipitation rates arbitrary set to 0 (Fig 4IIc). While the absence of AOM 508 

results in a larger drop in pH, deactivating calcite precipitation increases pH. In terms of calcite 509 

dynamics, similar to the passive case, dissolution is induced by SR in the uppermost portion of the 510 

sediment core but at greater depths SR exerts a negligible influence on calcite precipitation due to 511 

the dominance of AOM.  Interestingly, due the negative effect of decreasing pH on dΩCal /dt induced 512 

by AOM (Fig. 3E), the highest rate of calcite precipitation is located slightly above the depth at which 513 

maximum AOM rate are simulated (Fig. 4IIg). In addition, total calcite precipitation is much larger 514 

than total calcite dissolution due to the reduced residence times in the dissolution zone. 515 

Bioturbation, simulated here as a diffusive process, results in significantly shorter residence times of 516 

solid sediment at shallow depth, where dissolution is active, compared to sediment located at 517 

greater depth, where solely burial and compaction act on solid advection downward. As a 518 

consequence, the time available for precipitation is in this case much longer than for dissolution and 519 

a pronounced increase in the overall amount of calcite is simulated with depth (Fig. 4IIb). This 520 

contrasts with the passive case where a significant fraction of the dissolution occurs below the 521 

bioturbated layer, at depths where the residence time is comparable to that in the precipitation 522 

zone. 523 
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In summary, active fluid flow considerably increases the amount of authigenic carbonate that 524 

precipitates below the mixed layer of the sediment. It supports intense AOM rates that in turn 525 

become the dominant driver of carbonate precipitation. At the same time, fluid flow pushes the 526 

SMTZ to shallower sediment depth and thus constrains SR to the bioturbated zone of the sediment 527 

where its quantitative impact on the amount of carbonate that can dissolve or form is limited due to 528 

the short timescale for reaction. In contrast, the net amount of carbonate precipitated at the bottom 529 

of the sediment core in the passive setting depends on both AOM and SR, the latter process 530 

triggering both calcite dissolution and precipitation.  531 

 532 
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 533 

 534 

Figure 4: Model profiles for the baseline run (sedimentation rate w = 0.1 cm yr-1; temperature= 10°C; 535 

water depth = 200 m); I) with q= 0 cm/yr; II) with q=10 cm/yr. a) POC, SO4
2- and CH4, b) CaCO3, c) pH, 536 

d) HS-, H2S and Ts; e) CO3
2-, HCO3

-, H2CO3 and Tc; f) Ta; g) rates of reactions for organoclastic sulfate 537 

reduction (SR), methanogenesis (Meth), anaerobic oxidation of CH4 (AOM), calcite dissolution 538 

(CalDiss), and precipitation (CalPrec); h) Contribution of each of these reactions to dH+/dt and; h) to 539 

dΩCal/dt. In panel IIc, the pH profile is also reproduced for q= 0, and simulated for AOM and CalPrec 540 

rates set to 0, respectively. Note that bioturbation efficiently homogenizes the POC concentration in 541 

the bioturbated layer (first 10 cm), implying that SR (expressed in mol/cm3 of POC/yr) remains almost 542 

constant within this interval. The apparent increase of SR with depth in the bioturbated layer, 543 

expressed in mol/cm3ws /yr, is due to the sharp decrease of porosity at shallow depth. cm3ws stands 544 

for cubic centimeters of wet sediment (i.e. the solid sedimentary participles plus the pore water), 545 

cm3pw stands for cubic centimeters of pore water, and wt% stands for weight per cent.  546 

3.2.2. Control of fluid flow on carbonate precipitation 547 

 Figure 5 provides further insights into the effect of fluid flow on authigenic carbonate 548 

precipitation and its underling mechanisms. It shows depth profiles of calcite 549 

precipitation/dissolution rates over a large range of plausible fluid flow velocities, q. Model results 550 

reveal that the maximum rate of precipitation increases with q, from 0.02 µmol cm-3 y-1 at q=0 cm y-1 551 

to 160 µmol cm-3 y-1 at q=100 cm y-1. Meanwhile, the depth at which the maximum precipitation rate 552 
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occurs moves upcore from about 115 cm under no flow conditions (no shown) to only a few cms for 553 

q=100 cm y-1 and the thickness of the precipitation zone decreases. In the presence of active fluid 554 

flow, dissolution rates are generally constrained to the shallowest, often bioturbated sediment layers 555 

(note that Db is set to 0 for q≥ 20 cm yr-1) and follow the same trend as precipitation with increasing 556 

q. Therefore, and as already highlighted in the above section, dissolution exerts a minor effect on the 557 

amount of calcite compared to precipitation and further decreases as q increases. 558 

Table 7 summarizes simulated depth-integrated rates for the baseline model (water depth = 200 559 

m) and for the baseline model assuming a water depth of 1000 m. The two model set-ups facilitate a 560 

direct comparison with previously published depth-integrated rates, as well as rates of growth of 561 

concretions across a range of coastal and slope environments (see further discussion in section 5.1). 562 

While depth integrated rates frequently reported in the literature are often implicitly interpreted as 563 

a quantitative measure for the production or consumption of porewater species via reactions, 564 

making the implicit assumption that the rate of burial is linearly correlated to the sediment depth, 565 

the translation of burial depth to burial time (and ultimately residence time) is however more 566 

complex. This is due to the effect of compaction, and most importantly to the effect of mixing by 567 

bioturbation (Fig 5). Nevertheless, depth-integrated rates of AOM are of the same order of 568 

magnitude than previously published rates inferred from observational data and collated by Regnier 569 

et al. (2011) for similar water depths and range of fluid flow velocities, thus confirming that our 570 

theoretical model framework represents indeed realistic conditions. In addition, results confirm that 571 

AOM and SR rates are roughly equal for a passive setting but AOM rates are three times higher at q = 572 

5 cm y-1 and 10 times higher at q = 20 cm yr-1 (water depth = 200m). Thus, in active settings 573 

characterized by high fluid flow velocities (q>10 cm yr-1), AOM exerts the dominant control on calcite 574 

precipitation because it proceeds at higher rates, while under low to moderate fluid flow conditions 575 

(q<10 cm yr-1) AOM also exerts the dominant control on calcite precipitation because SR is 576 

constrained to the bioturbated layer, characterized by short-residence times. The patterns identified 577 

in our baseline runs (section 3.2.1) are thus also valid over the range of fluid flow conditions and 578 

water depths investigated here. 579 

Interestingly, the ratio between the depth integrated rate of AOM and the depth integrated rate 580 

of calcite precipitation is larger than one and remains relatively constant with an increase in q (3.3 – 581 

4 at 200 m water depth and 4.4 -5.2 at 1000 m water depth). Given that the stoichiometric 582 

coefficient for Tc production by AOM and Tc consumption by calcite precipitation are both 1, a ratio 583 

> 1 indicates that a large fraction of the DIC produced by AOM is not converted into seep carbonates, 584 

but, instead, bypass the SMTZ and leaks trough the sea floor. Model results thus allow deriving a 585 

first-order estimate of the CH4-CaCO3 conversion factor, 1/3-1/5 of the depth-integrated AOM rate 586 

depending on the specific environmental conditions, similarly as calculated by Akam et al., (2020) at 587 
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global scale. The ratio of the depth integrated AOM rate to net calcite precipitated (production – 588 

dissolution) is significantly larger than the ratio to calcite precipitation and decreases with q (from 12 589 

to about 3 at 200 m water depth). In addition, model results show that the efficiency of the AOM 590 

barrier in consuming the upward migrating CH4 is not always 100%. Although the ratio between 591 

integrated AOM rates and the CH4 flux through the lower boundary of our model remains close to 1 592 

at low-moderate q, it drops sharply to 0.3-0.4 for very high fluid flow velocities (i.e. q = 100 cm yr-1). 593 

This is in agreement with previously published simulation results showing that enhanced advective 594 

flux facilitates the escape of dissolved CH4 fluxes through the sediment-water interface (Pugglini et 595 

al., 2020).  As a consequence, integrated AOM and calcite precipitation rates scale nearly linearly 596 

with fluid flow between q=5-10 cm yr-1, but increase slower under more intense fluid flow conditions 597 

(Table 7). For instance, between 20 and 100 cm yr-1, calcite precipitation increases by about a factor 598 

of 2 for a 5-fold increase in q.  Despite CH4 and Tc loss at high flow rate, carbonate precipitation still 599 

increases over the full range of q investigated here. These findings are in contrast to the modeling 600 

results of Luff et al. (2004) that predict a suppression of carbonate precipitation under high fluid flow 601 

velocities (q> 80 cm/yr) at Hydrate Ridge (off Oregon). Karaca et al. (2010) also simulated a reduced 602 

rate of carbonate precipitation for q= 200 cm yr-1, based on pore water profiles collected at an active 603 

mud volcano in the accretionary prism offshore Costa Rica (Schmidt et al., 2005; Linke et al., 2005; 604 

Moerz et al.,2005). The discrepancies between the simulated behavior can be explained by 605 

differences in the efficiency of the AOM. Luff et al. (2004) observes a large CH4 escape through the 606 

sediment-water interface at high q. This escape is a direct consequence of a constant kAOM value 607 

applied across the full range of fluid flows velocities, resulting in a lower AOM efficiency than in our 608 

scenarios, that, in agreement with observations (e.g. Regnier et al, 2011), applies increasing kAOM 609 

values with an increase q. Similarly, Karaca et al. (2010) also selected a surprisingly low kAOM value 610 

that is comparable to their selected value for passive settings. Indeed, such low kAOM values are 611 

characteristic for a low biomass of the resident AOM community. Sediment cores might have been 612 

taken soon after an eruption of CH4, at a time that was sufficient to allow pore water concentration 613 

profiles to adjust to the new conditions (monthly time scale; Taylor et al., 2015; Van de Velde et al., 614 

2018), but insufficient for the microbial AOM biomass to increase the AOM efficiency (i.e. kAOM value) 615 

accordingly (decadal time scale; Dale et al., 2006, 2008; Nauhaus et al., 2007; Puglini et al., 2020). 616 
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 617 

Figure 5:  depth profiles of calcite dissolution (CalDiss) / precipitation rates (CalPrec) for a range of 618 

fluid flow values (q) at the temperature and pressure of the baseline model (sedimentation rate w = 619 

0.1 cm yr-1; temperature= 10°C; water depth = 200 m). Dissolution and precipitation rates are 620 

reported as negative and positive numbers, respectively. Note the different scales for the x-axes. The 621 

panel on the right hand side shows the age of each sediment layer for w = 0.1 cm yr-1, assuming that 622 

the age in the bioturbated interval is homogeneous and much shorter than below, where only burial 623 

and compaction is active. cm3ws stands for cubic centimeters of wet sediment. 624 

 625 

 626 

 627 
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 628 

Table 7:  Depth integrated rates of organoclastic sulfate reduction (SR), anaerobic oxidation of CH4 629 

(AOM), calcite dissolution (CalDiss), calcite precipitation (CalPrec), and net calcite precipitation (net 630 

CalPrec = CalPrec - CalDiss) for a range of fluid flow values (q) in the baseline model conditions 631 

(sedimentation rate w = 0.1 cm yr-1; temperature= 10°C; water depth = 200 m). Values are also 632 

reported for a water depth of 1000 m. The advection rate of CH4, FCH4, is equal to the fluid flow (q) 633 

times the CH4 saturation concentration. The growth rate of a carbonate concretion and key 634 

diagnostic ratios of the coupled CH4-AOM-carbonate dynamics are also reported. 635 

 636 

3.2.3. Quantitative relationship between fluid flow and carbonate precipitation 637 

Model results (Fig.5) show that increasing fluid flow rates result in a nonlinear increase in 638 

maximum carbonate precipitation rates. However, at the same time, they also lead to a decrease in 639 

the width of the precipitation zone, thus, reducing the residence time of solid sediment in the 640 

precipitation zone. The quantitative relationship between fluid flow and integrated amount of 641 

carbonate precipitated (Fig. 6) shows that this opposing effects, an increase in maximum 642 

precipitation rates and a concomitant thinning of precipitation zones, result in an almost linear 643 

relationship between the amount of precipitated carbonate and fluid flow at low to intermediate q 644 

that then slightly levels off at high q values (q> 20 cm yr-1) and ultimately leads to full cementation at 645 
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q≥ 38 cm yr-1 under the specific environmental conditions chosen for our baseline scenario (Fig 6). 646 

We can thus distinguish two different regimes in the FCH4-CaCO3 relationship: 1) a “quantitative” 647 

domain in which the flux of CH4 can be directly estimated from the amount of authigenic calcite that 648 

is observed in the sediment, and 2) a “threshold” domain, characterized by full cementation, that 649 

merely provides a lower bound estimate of the CH4 flux, which corresponds to the lowest FCH4 at 650 

which full cementation is attained. In addition, Table 7 shows that up to q = 20 cm yr-1, most of the 651 

CH4 rising from below is oxidized by AOM (AOM/FCH4 = 0.9) highlighting that the condition 652 

AOM/FCH4≈1 is also fulfilled within the quantitative domain.  653 

 654 

 655 

Figure 6: Amount of calcite at the bottom of the modeled core as a function of the fluid flow (q) 656 

and the flux of CH4, FCH4, for the baseline model (sedimentation rate w = 0.1 cm yr-1; temperature= 657 

10°C; water depth = 200 m). The amount of calcite is almost linearly correlated to fluid flow at low q 658 

values, and reaches full cementation from q= 38 cm yr-1. The volume flux of gas equivalent to the flux 659 

of dissolved CH4 is provided at standard temperature and pressure (25°C; 1 atm), conventionally used 660 

in petroleum geology.  661 

 662 

3.3. Seep carbonates as quantitative proxies for active CH4 flux  663 

In the previous section, we derived a quantitative relationship between active CH4 flux and the 664 

amount of carbonate that precipitates in the sediment under a unique set of environmental 665 

conditions, as well as at the specific water depth and sedimentation rate chosen for the baseline 666 

simulation. Here, we extend the scope of the FCH4-CaCO3 relationships over a broad range of different 667 

water depths and sedimentation rates. In addition, the baseline simulation described in the previous 668 

section uses kinetic rate constants of AOM (kAOM) and bioturbation/bioirrigation parameters that are 669 

a function of the upward fluid velocity, q. Functional dependencies were derived from a compilation 670 

of observational data (Fig 1), but are entailed with a certain degree of uncertainty. Therefore, we also 671 

test the sensitivity of FCH4-CaCO3 relationships to different bioturbation (Db) and bioirrigation (bioirr) 672 
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intensity as well as kAOM values that span the entire range of values previously reported in the 673 

literature. 674 

 675 

3.3.1. FCH4-CaCO3 relationships as a function of water depth and sedimentation rates  676 

 677 

Figure 7: Amount of calcite at the bottom of the modeled core as a function of the fluid flow (q) and 678 

the flux of CH4 (FCH4) for A) several water depth, and B) several sedimentation rate. 679 

 680 

Model results show that changes in water depths or sedimentation exert an important 681 

influence on the switch between the quantitative and a threshold domain of the FCH4-CaCO3 682 

relationships. Variations in water depth induce a considerable increase in FCH4 for any given fluid 683 

advection value (q) due to the nearly proportional increase in the equilibrium concentration of 684 

dissolved CH4 (CH4sat) with increasing hydrostatic pressure (at the given T and S assigned in the 685 

model; Table 6). As a result, full cementation occurs at lower q values for deeper water depths. For 686 

instance, the quantitative regime is restricted to about 10-20 cm yr-1 for a water depth of 1000 m, 687 

while it extends beyond 100 cm yr-1 for a water depth of 10 m. In addition, for a water depth equal to 688 

1000 m, at q values as low as 5-10 cm yr-1, a significant fraction of the CH4 flux escapes through the 689 

sediment-water interface (Table 7), thus further restricting the quantitative regime. Another 690 
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interesting feature is the increase in the ratio of integrated AOM to calcite precipitation rates with 691 

increasing water depth (Table 7). This finding highlights that, in addition to the effect of water depth 692 

on CH4 solubility, water depth also exerts an important influence on the solubility of calcite through 693 

the pressure effects on the apparent equilibrium constant (K*spCal). As water depth increases, the 694 

saturation state of porewaters with respect to calcite decreases. Such thermodynamic control 695 

reduces the width of the precipitation zone, but this effect is nevertheless of second order as 696 

oversaturation and thus the precipitation zone are mainly controlled by AOM and, thus, the water 697 

depth-dependent CH4 fluxes from below. 698 

The FCH4-CaCO3 relationship is also strongly sensitive to the sedimentation rate, w. For 699 

instance, at a water depth of 200 m, increasing w by a factor of 2 (from 0.1 to 0.2 cm yr-1) extends 700 

the quantitative domain to the entire range of fluid flow investigated here. However, as 701 

sedimentation rate increases further (e.g. w= 1 cm yr-1), the short residence time in the SMTZ results 702 

in overall low amounts of calcite precipitated and a weak sensitivity to the fluid flow rate. In contrast, 703 

for low sedimentation rates (w< 0,01 cm yr-1), long residence times in the SMTZ lead to full 704 

cementation as soon as fluid flow exceeds 1 cm yr-1, limiting again the quantitative domain. 705 

Residence time is here the first-order control on the amount of carbonate precipitated, but is not the 706 

only one as reaction rates and diffusive transport (both influencing dΩ/dt) are also affected by the 707 

burial rate.  708 

Overall, our results highlight that the use of seep carbonates as quantitative proxies for fluid 709 

flow is powerful for shelf settings, but limited for greater water depths. There, its applicability is 710 

optimal for a range of sedimentation rate roughly comprised between 0.05 and 1 cm yr-1. At lower 711 

sedimentation rates (<0.01 cm yr-1) full cementation occurs and only a lower bound estimate can be 712 

provided, while at high sedimentation rates (>1 cm yr-1) the amount of CaCO3 cannot be used as a 713 

quantitative proxy of FCH4 anymore.  714 

 715 

3.3.2 Sensitivity of the FCH4-CaCO3 relationships to poorly constrained parameters 716 

 717 

Sensitivity to kaom 718 

To assess the sensitivity of our model results to uncertainties in the value of kAOM , we here 719 

explore four different scenarios: a low kAOM value typical of passive settings (1*10^5 cm3/mol/yr), a 720 

typical value for an active setting (5*10^6 cm3/mol/yr); an extremely high value (5*10^8 721 

cm3/mol/yr,) and an intermediate value (1*10^6 cm3/mol/yr, Regnier et al., 2011). 722 

Model results show that for the lowest and intermediate kAOM values, the amount of calcite 723 

stays almost constant with an increase in q (Fig. 8a). Merely, a very weak linear increase is simulated 724 
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until q= 10 cm yr-1 where it reaches a plateau. Results thus indicate that, in these scenarios, the rate 725 

of precipitation is kinetically limited by the rate of AOM. As a consequence, a fraction of the CH4 flux 726 

by-passes the SMTZ and escapes through the sea floor. For the two kAOM values corresponding to 727 

active settings, the increase in the amount of calcite with an increase in q is almost identically until 728 

q= 20 cm yr-1, because in this fluid flow range the AOM rate is mainly controlled by the availability of 729 

CH4. These kAOM values provide an AOM capacity that is able to entirely consume the CH4 fluxes in 730 

the SMTZ (see table 7: AOM/FCH4= 0.9 at q= 20 cm yr-1 for kAOM = 5*10^6 cm3/mol/yr at 200 m water 731 

depth). At higher q, full cementation is simulated for both kAOM values.  732 

Our model results thus indicate that although the exact value of kAOM in active setting is 733 

associated with a high uncertainty, up to two-order of magnitude variations of kAOM do not 734 

significantly impact the results. However, they also indicate that unusually low kAOM values 735 

compromise the use of seep carbonates as proxies for CH4 flow. Nevertheless, such low kAOM values 736 

are unrealistic for active fluid flow regimes, where a large and efficient AOM community develops at 737 

steady state (Fig. 1, D) (Pugligni et al., 2020; Regnier et al., 2011). Yet, low kAOM have been observed 738 

in active settings under transient conditions, due to the delayed growth response of the resident 739 

microbial AOM community to perturbations. It has been shown that a significant fraction of the CH4 740 

flux can bypass the SMTZ over a decadal time scale due to the time lag necessary for the growth of 741 

the microbial population (Nauhaus et al., 2007; Dale et al., 2008). Thus, a short release of CH4 would 742 

not be recorded by authigenic carbonate precipitation. Conversely, CH4 would rise up to the oxic 743 

zone of the sediment, where aerobic oxidation of CH4 may promote carbonate dissolution, such as 744 

suggested based on petrographic observations by Blouet et al. (2017). 745 

 746 

Sensitivity to Db 747 

Model results reveal that the FCH4-CaCO3 relationship is slightly sensitive to the presence of 748 

bioturbating organisms, and almost insensitive to the intensity of the bioturbation (i.e. Db= 25 - 50 749 

cm2 yr-1) (Fig. 8b). At low q (q≤10 cm yr-1) the activation of bioturbation activity, as well as its 750 

intensity exert no impact on the amount of carbonate precipitated, because SR is always located 751 

within the bioturbated zone and efficiently dissolves all of the sedimentary calcite there (see section 752 

3.2.2), while the SMTZ is located below the bioturbated interval and thus the precipitation of 753 

authigenic carbonates is not affected by bioturbation. In contrast, high fluid flow velocities (q>10 cm 754 

yr-1) push the SMTZ into the bioturbated layer and the FCH4-CaCO3 relationship thus becomes 755 

sensitive to the presence of bioturbating organisms. Maximum AOM rates are simulated at the 756 

bottom of the bioturbated zone and bioturbation transports authigenic carbonates up in the 757 

dissolution zone, reducing the amount of authigenic carbonate by about 30% if bioturbating 758 
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organisms are active (Fig. 8b). However, the intensity of this bioturbating activity (i.e. a doubling of 759 

Db) exerts no noticeable influence on the amount of carbonate precipitated.  760 

To conclude, although the presence / absence of bioturbating organisms may impact the 761 

amount of seep carbonate precipitated, the order of magnitude remains unaltered and bioturbation 762 

activity can thus be considered as a second order control on the use of seep carbonate as proxy for 763 

CH4 flow. 764 

 765 

Sensitivity to bioirr 766 

Bioirrigation enhances the transport of pore water species such as SO4 or CH4 across the 767 

sediment-water interface. This process thus affects the location and thickness of the SMTZ, as well as 768 

the efficiency of the AOM CH4 sink (Puglini et al., 2020). However, model results indicate that 769 

bioirrigation exerts a limited effect on FCH4-CaCO3 relationship. It is only at very high q values 770 

(>50 cm yr-1) that bioirrigation exerts a noticeable impact. This regime pushes the SMTZ close to the 771 

sea floor and widens it partially below the bioturbated zone, leaving more time for calcite to 772 

precipitate.  773 

In summary, model results reveal that, under the steady-state conditions, the FCH4-CaCO3 774 

relationship and, thus, the use of seep carbonates as proxies for CH4 flow benefits from a good 775 

knowledge of water depths and sedimentation rates. Yet, it is only weakly sensitive to the value of 776 

kAOM, as well as the presence or absence of benthic macro-fauna and largely insensitive to their 777 

activity, indicating that weakly constrained parameters do not compromise the use of the model. 778 

 779 

 780 

 781 
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 782 

Fig 8: Amount of CaCO3 at the bottom of the model as a function of upward fluid flow (q) for several 783 

values of A) kinetic constants of AOM (kAOM); B) bioturbation coefficient (Db); and C) bioirrigation 784 

coefficient (α). Any parameter but the studied one is kept constant at a mean value (table 5). 785 

 786 

4. Model limitations 787 

Models are simplified representations of natural systems that are too complex to easily 788 

understand. It includes all processes essential to the problem, and neglect the others. In what 789 

follows, we discuss the most important model limitations and their effects on the applicability of the 790 

model-derived FCH4-CaCO3 relationship. 791 

 792 

4.1. Spatial heterogeneities 793 

The precipitation of seep carbonates may induce important heterogeneities in the sediment. 794 

First, cementation usually takes place locally, forming discontinuous concretions. Once cemented, 795 

concretions deviate the fluid flow laterally without sealing the seep site (Hovland 2002; Agirrezabala 796 
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et al. 2013; Blouet et al. submitted), thus allowing for a sub-vertical staking of seep carbonates (Ho et 797 

al., 2012; Gay et al., 2019; Blouet et al., accepted). As such, accounting for the reduction of porosity 798 

by carbonate cementation would result in a rather unrealistic plugging of the fluid pathway in the 1D 799 

model (e.g. Luff and al., 2005); the effect on porosity of calcite precipitation/dissolution is therefore 800 

not implemented. The physical 1D model scope should thus rather be seen as a simulation along a 801 

curvilinear axis following a flow path rather than a straight vertical axis. Tubular concretions 802 

represent another type of heterogeneity. They are sometimes referred to as ‘chimneys’ in the 803 

literature (e.g. De Boever et al., 2006; Magalhães et al., 2012; Angeletti et al., 2015;) and likely 804 

correspond to cemented preferred fluid migration pathways (Aiello, 2005; Blouet et al., 2017; Blouet 805 

et al., submitted). Such conduits are likely to induce fluid convection in the shallow sediment that 806 

triggers lateral inflow into the migration conduit. This lateral inflow locally enhances AOM by 807 

supplying additional SO4
2- (Henry et al., 1992, 1996; O’Hara et al., 1995; Aloisi et al., 2004; Santos et 808 

al., 2012). Because our model approach does not account for such lateral supply of reactants, model 809 

results can thus not be directly applied to tubular concretions. Furthermore, open conduits may also 810 

serve as migration pathway for gas bubbles, instantly rising up to the sea floor and by-passing the 811 

SMTZ (Haeckel et al., 2007). Our model results therefore preferentially apply to poorly focused seep 812 

sites, without evidences of gas bubbling. 813 

 814 

4.2. Temporal heterogeneities 815 

The presented model study considers steady state conditions. Although transient phenomena 816 

are not explicitly simulated in the model, the sensitivity analysis on the kinetic constant of AOM 817 

(kAOM) provides some insights into the effect of transient dynamics on seep carbonates as proxies for 818 

fluid flow. Sensitivity tests reveal that the slow growth rate of the local AOM community results in a 819 

lagged response of seep carbonate precipitation to changing environmental conditions (Nauhaus et 820 

al, 2007; Dale et al., 2008, Puglini et al., 2020). As a consequence, sudden fluid burst over daily to 821 

monthly time scales, triggered by fluid migration mechanisms in the deep subsurface and the shallow 822 

sea floor (e.g. Sibson et al., 1981, Leifer et al., 2004. Tryon and Brown, 2004; Saffer and Tobin, 2011), 823 

cannot be recorded by seep carbonates. Most significantly, catastrophic events like slope failure or 824 

pockmark eruption may trigger CH4 fluxes that are several orders of magnitude larger than those 825 

observed under steady fluid flow conditions (Hovland, 1989; Judd and Hovland, 2009; Kramer et al., 826 

2017). While not recorded by seep carbonates, such event may be detected by sea floor topography 827 

analysis, highlighting the need for an integrated approach to qualitatively reconstruct fluid flow over 828 

geological time scales.  829 

Sedimentation is by nature a transient phenomenon and sedimentation rate measurements 830 

typically average periods of sediment accumulation and periods of non-deposition (i.e. erosion, 831 
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hiatuses).  It is established that the coarser the temporal resolution of these measurements, the 832 

longer is the period of these hiatuses and the larger the thickness of the eroded intervals. As a 833 

consequence, sedimentation rates measured over shorter time periods are systematically faster than 834 

those measured over longer periods (Schumer et al., 2009). According to Sadler (1981, 1991, 1999) 835 

the typical baseline continental slope sedimentation rate applied here (i.e. w=0.1 cm/yr) is equivalent 836 

to an apparent steady state sedimentation rate of 0.01 cm/yr if actually measured on a 102yr 837 

timescale, and 0.0001 cm/yr if measured on a 106yr timescale. Given that the shortest variations in 838 

CH4 flux that can be captured by seep carbonates are determined by the slow growth of the microbial 839 

AOM community, sedimentation rates should ideally be integrated over decadal time scales. 840 

However, such a resolution is almost unreachable in the fossil record, and may induce uncertainty to 841 

the quantitative application of the model in the past.   842 

 843 

4.3. Maximization of the amount of calcite 844 

 Perhaps no aspect of carbonate diagenesis is more controversial than the values of rate 845 

constants of precipitation and dissolution and minimal saturation threshold at which carbonate 846 

minerals start to precipitate (Morse, 2003; Boudreau 2013). Using high values for the kinetic rate 847 

constants and an oversaturation threshold of 1, our model most probably overestimates the actual 848 

rates of precipitation and dissolution. The amounts of calcite precipitated at seep sites are therefore 849 

maximized in our simulations.  850 

 851 

4.4. Sea water composition 852 

The composition of sea water defined in our model corresponds to the one of the modern 853 

global ocean. However, its chemical composition has significantly evolved over time and our results 854 

should thus be extrapolated with care if applied to other geological periods. For example, the 855 

concentration of sulfate was about a third of its modern value during the early Cretaceous (Antonelli 856 

et al., 2017). Exploring the effect of changing sea water composition on the FCH4-CaCO3 relationship 857 

is beyond the scope of the present study but should be explored in future research.    858 

 859 

5. Model applications to observational data 860 

To illustrate how our model results can be applied to interpret observational data, we 1) infer 861 

the growth rate of concretions from rates of seep carbonate precipitation and 2) reconstruct past 862 

CH4 fluxes and their environmental controls from seep carbonates observed in seismic data  863 

 864 

5.1. Growth rate of concretions 865 
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The depth-integrated rate of calcite precipitation can be used to approximate the time needed to 866 

precipitate a carbonate concretion for different q values (Table 7). Assuming a full authigenic CaCO3 867 

cementation (0% porosity; 15% detrital grains content; calcite density 2.7 g/cm3), the growth rate of 868 

concretions increases by a factor of 35 over the range of fluid flow regimes investigated here (i.e. 869 

from 0.4 cm/kr to 14 cm/kr at a water depth of 200 m). An increase in water depth (1000 m) leads to 870 

a reduction in the time required to form concretions, as well as an increased sensitivity to fluid flow. 871 

We find that at 1000 m the growth of a concretion is 7.5 cm/kyr for q= 10 cm/yr, a value comparable 872 

to the one calculated by Luff and Wallmann (2003) at Hydrate Ridge, 4.5 cm/kyr (750 m water depth, 873 

q = 10 cm yr-1). Based on U-Th dating, Bayon et al. (2009) measured the growth rates of multilayered 874 

carbonates crusts from the Nil deep-sea fan (1650 m water depth) comprised between 0,4 - 5 875 

cm/kyr. This crust being composed of 90% CaCO3, with a bulk density of 1,6 g/cm3 due to the 876 

presence of large vugs, the equivalent growth rates for a fully cemented carbonate crust would be 877 

comprised between 0,2 - 3 cm/kyr. Our simulations results suggest that the steady state fluid flow 878 

needed to grow such crusts is on the order of a few centimeters per year.  879 

 880 

5.2. Reconstructing CH4 flux from seismic observation of seep carbonates 881 

Traditionally, the ages and growth rates of seep carbonates are considered to be solely 882 

related to the CH4 supply. Therefore, they are often used as a tracer for changes in fluid flow 883 

intensity only (Liberteau et al., 2005, 2006; Cremière et al., 2016), thus overlooking the potentially 884 

important role of changes in sedimentation rate and water depth that has been identified in our 885 

study. The model results presented in this study provide a quantitative framework that potentially 886 

allows for a more holistic and quantitative assessment of the major processes controlling seep 887 

carbonate precipitation. We illustrate this holistic approach on the basis of a classical example of a 888 

vertical stack of amplitude anomalies, interpreted as seep carbonates, observed on seismic data in 889 

hemipelagic sediments in the Plio-pleistocene offshore Angola (1300 m water depth) by Ho et al. 890 

(2012). Eustatic variations merely reach an order of magnitude of 100 m over the Plio-pleistocene 891 

(Haq et al., 1987) and thus represent only ca. 10% of the total water depth (1300 m). Therefore, 892 

these variations can be ruled out as a first order factor control on the fluctuations in seep carbonate 893 

cementation in this case study. Seep carbonates must thus be related to changes in fluid flow, as 894 

suggested by Ho et al. (2012) and the present study, or, alternatively, to changes in sedimentation 895 

rate, as suggested by our model results. The lack of calibration between seismic amplitude and 896 

carbonate content and the lack of detailed information on sedimentation rate prevents a fully 897 

quantitative reconstruction of past CH4 flow. We thus only attempt a qualitative assessment of the 898 

potential factors that drove the observed, vertical evolution seep carbonate cementation in this ca. 899 

100 m in diameter, 300 m thick column..  900 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

34 
 

The sequence of amplitude anomalies starts with a pockmark: the depression cross cut the 901 

stratigraphy, demonstrating its erosive origin probably associated with a massive and brutal eruption 902 

of fluids (Hovland 1989; Judd and Hovland 2007; Kramer et al., 2017). According to our model results, 903 

the eruption has left no trace in the seep carbonate record due to the delayed microbial response to 904 

abrupt changes in the fluid flow regime. The pockmark is followed by two stacks of seep carbonate 905 

vertically separated by a weakly cemented interval, which Ho et al (2012) interpreted as two 906 

sequences of seepage interrupted by a dormant stage. This explanation is plausible but our model 907 

results suggest that a sequence of seep carbonates, such as the one observed here, can also be 908 

related to changes in sedimentation rate. Interestingly, the weakly cemented interval is associated 909 

with a rather homogenous amplitude domain in the seismic record, indicating a relatively 910 

homogeneous lithology, and is capped by a high amplitude reflector, which marks a significant 911 

lithology change. Assuming that sediment lithology is related to sedimentation rate, the weakly 912 

cemented interval may correspond to a period of relatively high sedimentation rate. The change in 913 

lithology that follows may in turn correspond to a relative slowdown in sedimentation rate.  914 

In summary, the reactive-transport model established here CH4provides a quantitative and 915 

interpretative framework that allows to 1) test alternative environmental scenarios that might lead 916 

to the observed sequence in the seismic record; 2) identify the key environmental variables that 917 

need to be constrained and, once constrained; 3) quantify first-order estimates of past CH4 flow, 918 

taking into account the limits of applicability of our model. For instance, a detailed analysis of 919 

sedimentation rates over the considered vertical stack of amplitude anomalies (which is outside the 920 

scope of this study) would help identify the main control on carbonate precipitation. If sedimentation 921 

rate remains relatively constant over the considered interval, past variations in methane flux likely 922 

exerted the dominant control on seep carbonate precipitation. In contrast, if significant variations in 923 

sedimentation rate are observed, it is likely that seep carbonate precipitation is controlled by these 924 

variations. In both cases, knowledge of sedimentation rate would allow for a first-order quantitative 925 

reconstruction of past CH4 fluxes based on the quantitative framework developed here. 926 

 927 

 928 

 929 
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 930 

Figure 9: Vertical succession of a pockmark and two sub-circular amplitude anomalies stacks 931 

interpreted by Ho et al. (2012) as seep carbonates (left). The middle panel interprets the vertical 932 

variability of seep carbonate cementation to a temporal evolution of CH4 flux, as suggest by Ho et al. 933 

(2012). The right panel interprets the same sequence as a result of variations in sedimentation rates. 934 

 935 

6. Conclusion 936 

We used a one-dimensional reaction-transport model (RTM) to evaluate the extent to which 937 

seep carbonates can be used as proxies for CH4 flow through marine sediments. This was achieved by 938 

first developing a theoretical framework that can relate organoclastic sulfate reduction and 939 

anaerobic oxidation of CH4 (AOM) to associated pH changes and carbonate precipitation and then 940 

identifying the dominant environmental drivers of the coupled C-S cycles in seep environments. We 941 

found that it is indeed possible to use the amount of seep carbonate as a quantitative indicator for 942 

CH4 leakage over a wide range of environmental conditions encountered at seep sites. In particular 943 

CH4 flux almost linearly scales to the amount of precipitated carbonate (nCH4 = 3.3-5.2 nCaCO3) 944 
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within a “quantitative domain” from low to moderate fluid flows. At higher fluid flows, full 945 

cementation generally impedes direct quantitative CH4 flux estimates. Yet, within this “threshold 946 

domain”, the minimum CH4 flux required for full cementation still provides a lower bound estimate 947 

of CH4 flux. In addition, and in contrast to the traditional view of CH4 flux as the dominant control on 948 

seep carbonate precipitation, we showed that sedimentation rate (w) and water depth also exert an 949 

important control on the amount of carbonate precipitated mainly via their effects on residence time 950 

and CH4 solubility, respectively. As a consequence, vertical variations of the degree of cementation of 951 

staked seep carbonates bodies might indicate not only temporal changes in fluid flow, but also 952 

changes in sedimentation rate and/or water depth. Furthermore, our results reveal environmental 953 

factors that are difficult to constrain, such as benthic macrofaunal activity and the kinetic rate 954 

constant of AOM generally exert no significant impact on the relationship between the CH4 flux and 955 

the amount of carbonate precipitated. A notable exception corresponds to a case of very low AOM 956 

kinetic rate constants that are typically indicative of low AOM biomass as found in, for instance, 957 

passive settings or under highly transient conditions when the AOM biomass cannot adapt to abrupt 958 

changes in fluid flow regimes. Here, low AOM rates severely limit carbonate precipitation. Event CH4 959 

releases characterized by fluid flows possibly several order of magnitude larger than under steady 960 

conditions, such as during pockmark eruptions, would not be recorded by seep carbonate 961 

precipitation.  962 
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 969 

 970 

Table 1:  The reaction network with kinetic rate laws, mass action laws and stoichiometric 971 

coefficients of total dissolved inorganic carbon (Tc), total alkalinity (Ta), and total sulfides (Ts) for 972 

each kinetic reaction. y=16/106 973 

 974 

kinetic rate laws Ta Tc Ts

sulfate reduction

RSR = RPOC fSO4
2- (1+y) 1 1/2

methanogenesis

Rmeth = RPOC (1 - fSO4
2-) y 1/2 0

anaerobic oxydation of methane

RAOM = kAOM [CH4] [SO4
2-] 2 1 1

RCalDiss  = kCalDis  [CaCO3] (1 - [Ca2+] [CO3
2-] / KspCal) 2 1 0

RCalPrec= kCalPrec ( [Ca
2+

] [CO3
2-

] / KspCal-1) -2 -1 0

mass action laws

Req1 = [H
+
] [HCO3

-
] / [H2CO3

−
]

Req2 = [H
+
] [CO3

2-
] / [HCO3

-
]

Req3 = [H+] [HS-] / [H2S] 

Req4 = [H+] [B(OH)3
-] /  [B(OH)4]

Req5 = [H+] [OH-]

Ca
2+

 + CO3
2-

 -> CaCO3

H2CO3
−
 = HCO3

-
 + H

+

HCO3
-
 = CO3

2-
+ H

+

H2S = HS-+H+

BOH4 = BOH3
-+H+       

carbonic acid dissociation

bicarbonate dissociation

sulfide dissociation

boric acid dissociation

autoprotlysis of water

Primary Redox Reactions

Secondary Redox Reactions

Carbonate Precipitation / Dissolution

Equilibrium Conditions

CH2O(NH3)y + ½ SO4
2- + yH+

 -> HCO3
- + ½ H2S + yNH4

+ 

CH2O(NH3)y + yH+ -> ½ CH4 + ½ CO2 + yNH4
+

CH4 +SO4
2- -> HCO3

− + HS− + H2O

CaCO3 -> Ca2+ + CO3
2-

carbonate dissolution

carbonate precipitation

H2O= OH- + H+
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 975 

Table 2: Parameters of the reaction network 976 

 977 

 978 

Table 3 : Molecular diffusion coefficients for the simulated species (Boudreau, 1997) 979 

 980 

parameter units reference

fSO4
2- -

fSO4
2- -

kmSO4
2- mol cm-3 Van Cappellen and Ingall (1996)

nu - Arnd et al. (2013)

a yr Arnd et al. (2013)

kAOM cm
3
 mol

-1
 yr

-1

kCalDiss yr-1 Luff and wallmann (2003)

kCalPrec mol cm
3
 yr Luff and wallmann (2003)

parameter units

10 m 100 m 200 m 500 m 1000 m

kspCal 4,32 *10-13 4,40 *10-13 4,48 *10-13 4,47 *10-13 5,19 *10-13 mol2 cm-6 Millero (1995)

Req1 0,99 *10-9 1,00 *10-9 1,01 *10-9 1,04 *10-9 1,1 *10-9 mol cm-3 Millero (1995)

Req2 6,37 *10-13 6,41 *10-13 6,46 *10-13 6,6 *10-13 6,82 *10-13 mol cm-3 Millero (1995)

Req3 1,72 *10-10 1,75 *10-10 1,80 *10-10 2,13 *10-10 3,8 *10-10 mol cm-3 Millero (1995)

Req4 1,65*10
-12

1,67 *10
-12

1,69 *10
-12

1,75 *10
-12

1,86 *10
-12

mol cm
-3 Millero (1995)

Req5 1,40*10-20 1,4 *10-19 1,42 *10-20 1,47 *10-20 1,55 *10-20 mol2 cm-6
Millero (1995)

value

 Cf. Table 5

1

0,1

value for a gien water deph

1 for [SO4
2-]>kmSO4

2-

[SO4
2-

]/kmSO4
2- for [SO4

2-
]≤kmSO4

2-

1 * 10-6

0,125

10
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 981 

 982 

 983 

 984 

 985 

value units

10 °C

35 g/dm
3

28,5 * 10-6 mol/cm
3

0,1 cm/yr

 Cf. Table 5 cm
2
/yr

10 cm

 Cf. Table 5 yr-1

0,92 -

0,8 -

0,15 -

2,5 g/cm
3

value units

4 wt% of w

6,66 * 10-5 mol/cm2/yr

15 wt% of w

3,00 * 10-5 mol/cm2/yr

7,9 -

2,30 * 10-6 mol/cm3

0,42 * 10-6 mol/cm3

0 mol/cm
3

2,17 * 10-6 mol/cm3

28,00 * 10
-6 mol/cm

3

0 mol/cm4

10,00 * 10-6 mol/cm3

0 mol/cm3

2,33 -

10 m 100 m 200 m 500 m 1000 m

d[CH2O]/dz 0 0 0 0 0 mol/cm4

d[CaCO3]/dz 0 0 0 0 0 mol/cm
4

pH 6,26 6,26 6,26 6,24 6,2 -

Alkalinity 64,83 *10
-6

64,95 *10
-6

65,49 *10
-6

65,5 *10
-6

66,47 *10
-6

mol/cm
3

TB 0,39 *10-6 0,39 *10-6 0,39 *10-6 0,39 *10-6 0,39 *10-6 mol/cm3

TS 15,38 *10-6 15,38 *10-6 15,38 *10-6 15,39 *10-6 15,43 *10-6 mol/cm3

TC 94,49 *10-6 94,58 *10-6 94,66 *10-6 94,88 *10-6 95,24 *10-6 mol/cm3

[SO4
2-] 0 0 0 0 0 mol/cm3

[CH4] 1,49 *10-6 14,00*10-6
28,30 *10

-6 53,5 *10-6 214 *10-6 mol/cm3

[Ca2+] 6,011 *10-6 0,613 *10-6 6,25 *10-6 6,7078 *10-6 7,9 *10-6 mol/cm3

[NH4
+] 182,4 * 10-6 182,4 * 10-6 182,4 *10-6 182,4 *10-6 182,4 *10-6

mol/cm3

ΩCal 1 1 1 1 1 -

Upper boundary conditions (∀ water depth)

density of solids

                                                        [SO4
2-

]

                                                        d[CH4]/dz

                                                        [Ca]

                                                        [NH4]

                                                        FCaCO3

                                                        pH

                                                        Alkalinity

                                                        TB

                                                        TS

                                                        TC

Model parameters

Temperature

Salinity

[CH4]sat

sedimentation rate (w)

bioturbation coefficient at the surface (Db)

depth of the bioturbated layer

bioirrigation coefficient at the surface (α)

Porosity at the surface of the sediment

porosity at great depth

porosity attenuation coefficient

                                                        FCH2O

                                                        ΩCal

Lower  

boundary 

conditions 

value for a given water depth
units
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Table 4: Model parameters for the transport and boundary conditions of our reactive-transport 986 

model. TC=[H2CO3
−] + [HCO3

-] + [CO3
2-]; TB = [BOH4] + [BOH3

-]; TS= [H2S] + [HS-] and Alkalinity = [HCO3
-987 

] + 2*[CO3
2-] + [HS-] + [BOH3

-] +[OH-] – [H+]. For more information about the determination of TC and 988 

Ωcal at the upper boundary of the model domain, see text. 989 

 990 

 991 

Table 5: parameters values of the baseline model as a function of the fluid flow velocity. 992 

 993 

 994 

 995 

Table 6: Selected values for the sensitivity tests, keeping all parameter but the studied one constant 996 

to an arbitrary medium value, highlighted in bold. 997 
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