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Abstract: Seep carbonates tell us where and when CH4-charged fluids
escaped from the subsurface, thus providing qualitative information to
reconstruct the activity of petroleum systems. The potential of seep
carbonates as quantitative proxies for the amount of CH4 leaked, however,
remains largely unexplored, which limit their applicability as
exploration tools. This paper tackles the quantification of the CH4 flux
- seep carbonate relationship by simulating the coupled sedimentary
carbon (C) - sulfur (S) cycles in a reaction-transport modeling (RTM)
framework. We first establish a theoretical basis demonstrating that the
stoichiometry of diagenetic reactions and the ambient pH of pore waters
are the main drivers of the rate of change in the saturation state of
carbonate minerals (QCal), while the concentrations of total dissolved
inorganic carbon and sulfide are only of secondary importance. It results
that anaerobic oxidation of methane (AOM) is the main driver of carbonate
precipitation, while organoclastic sulfate reduction (SR) has a minor
impact. We further show that SR mostly drives carbonate dissolution, but
can also contribute to precipitation when pH is low (<7-7.1). The RTM
simulations reveal that an increase in upward fluid flow triggers an
intensification of peak AOM rates, associated to a shallowing and
thinning of the zone of carbonate precipitation. Such behavior leads to
an almost linear relationship between the amount of carbonate
precipitated and flux of CH4 (nCH4 = 3.3-5.2 * nCaCO03), until,
eventually, full cementation occurs. We thus define a "quantitative
domain" at moderate fluid flow and a "threshold domain" at high fluid
velocities, where full cementation solely provides a lower bound estimate
of the amount of CH4 leaked. We also show that in contrast to a
traditional view of seep carbonate formation mainly controlled by venting
activity, sedimentation rate and water depth also play major roles, via
their control on residence time and saturation concentration of CH4,
respectively. The interpretation of vertical seep carbonate stacks should
thus not solely focus on changes in fluid flow, but also consider changes
in sedimentation rate and/or water depth.
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and anaerobic oxidation of methane contributions to pH and CaCOs saturation: are seep carbonates
guantitative proxies of CH4 leakage?” for consideration by Chemical Geology.

In this paper, we tackle the quantification of the CH,4 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 CH,4 flux almost linearly scales to the
amount of precipitated carbonate, till full cementation occurs. The carbonates observed at seep sites
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.

We believe that this manuscript is appropriate for publication in Chemical Geology because it
establishes a theoretical basis demonstrating that the stoichiometry of diagenetic reactions and the
ambient pH of pore waters are the main drivers of the rate of change in the saturation state of
carbonate minerals, which is of interest for the geochemistry community. The broad applicability of
the results may extend the impact of this article to the wider geology community.
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flux of CH4 (nCH4 = 3.3-5.2 * nCaC0:s), until, eventually, full cementation occurs. We thus define a
“quantitative domain” at moderate fluid flow and a “threshold domain” at high fluid velocities,
where full cementation solely provides a lower bound estimate of the amount of CH, leaked. We also
show that in contrast to a traditional view of seep carbonate formation mainly controlled by venting
activity, sedimentation rate and water depth also play major roles, via their control on residence
time and saturation concentration of CHg, respectively. The interpretation of vertical seep carbonate
stacks should thus not solely focus on changes in fluid flow, but also consider changes in

sedimentation rate and/or water depth.

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

saturation; reaction transport modeling

1. Introduction

Seep carbonates are diagenetic features associated with the upward migration of hydrocarbons
to the seabed at cold seeps, in particular methane (CH,) (Hecker, 1985; Juniper and Sibuet, 1987).
They often precipitate in the shallow subsurface, within the sulfate CH,4 transition zone (SMTZ),
driven by the microbially mediated anaerobic oxidation of hydrocarbons coupled to the reduction of
pore water sulfate, that produces DIC and alkalinity, raises the pH and increase the concentration of
carbonate ions until the saturation state of porewaters with respect to calcium carbonate minerals
(Qcal) is reached, triggering precipitation. Seep carbonates are thus the most obvious indicators of the
discrete phenomenon of oil, gas, and hydrocarbon charged aqueous fluids leakage in the marine
deposits and have been used as qualitative proxies to reconstruct the ‘plumbing system’ of
sedimentary basins (Talukder et al., 2012).

For instance, observations of seep carbonate at the sea floor, complemented with acoustic (1-10
kHz) and high-resolution seismic data (1 - 50 Hz) can be used to reconstruct fluid circulation in the
shallow seabed and are predominantly used in geohazard prevention, i.e. in the study of seafloor
instability (Riboulot et al., 2015). On a million-year timescale, the vertical succession of seep
carbonate bodies observed in seismic data (50-80Hz) has been used to reconstruct the history of
hydrocarbon leakage (Ho et al., 2012, 2016, 2018 a, b). When hydrocarbon seepage is linked to the
activity of an underlying petroleum system (sensu Magoon and Dow, 1994), information about seep
carbonates can be combined with knowledge about the tectono-sedimentary context of their host
basin, to help track migration pathways down to hydrocarbon source rocks, potentially identifying

reservoirs and accumulations (Agirrezabala, 2009, 2015; Blouet et al., 2017). On a muti-millenial
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timescale, seep carbonates have also been used to estimate the temporal evolution of benthic CH,4
efflux in the aftermath of a glaciation and its feedback on climate (Crémiere et al., 2016). Seep
carbonates are thus a unique tool that tell us where, when and how hydrocarbon-charged fluids
escape(d) from the sediment. However, until present their potential as a quantitative indicator of
hydrocarbon flux remains largely unexplored and is the focus of this paper.

Our ability to extract quantitative estimates of fluid flux from observed seep carbonates largely
relies on the development of a quantitative framework such as reaction transport models (RTM).
Since about three decades (e.g. Wang and Van Cappellen 1996, Soetaert 1996), integrated data-RTM
approaches have been commonly used tool to disentangle and quantify the early diagenetic
processes interplay. While modeling the complexity of anaerobic oxidation of oil compounds remains
largely out of reach (e.g. Joye et al., 2004; Kleindienst et al., 2014), the reaction of anaerobic
oxidation of CH, (AOM), catalyzed by a consortium of archaea and bacteria has been extensively
studied and is comparably well understood (Boetius et al., 2000). Building on a large body of
published RTM studies, Regnier et al. (2011) highlighted the differences in CH, and sulfate cycling
between passive and active settings. Passive settings correspond to sea floor areas without
significant advective CH,4 flow, the vast majority of the sea floor surface, while seep sites with
advection of dissolved or gaseous CH, are typically found along continental margins. In passive
settings, AOM is mostly fueled by in-situ biogenic CH,4 production below the zone of organoclastic
sulfate reduction, which diffuses upcore and is subsequently oxidized by sulfate in the SMTZ. Any
authigenic carbonate precipitated is such a passive setting is not diagnostic of the activity of a
petroleum system (e.g. Lash, 2018). In contrast, in active settings, upward fluid flow supplies large
amount of previously formed biogenic and/or thermogenic hydrocarbons, including CHg4, that migrate
from deep geological reservoirs (Talukder, 2012). Regnier et al. (2011) showed that the depth-
integrated AOM rate and the depth of the SMTZ can be directly linked to fluid flow velocities.
Similarly, RTM studies of CH4 seep sites in accretionary prisms offshore Oregon and offshore Costa
Rica have highlighted that authigenic carbonate precipitation is largely controlled by fluid flow
intensity and sedimentation rate (Luff and Wallman, 2003; Luff and al., 2004; Aloisi et al., 2004; Luff
and al., 2005; Karaca et al., 2010, 2014). Those models successfully reproduced observed
geochemical profiles and provided first quantitative insights into the link between authigenic
carbonate precipitation and upward CH, flow. However, such local, site-specific knowledge cannot
easily be extrapolated to other seep sites. Indeed, the impact of the variability in water depth,
sedimentation rate, AOM kinetic rate constant and/or the intensity of macrofauna activity (i.e.
bioturbation and bioirrigation) over the wide range of values observed in marine settings
(Middelburg et al., 1997) has not yet been systematically investigated. In light of these knowledge

gaps, this study aims at assessing the suitability of seep carbonates as quantitative proxies for
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upward CH, fluxes. To do so, the full range of environmental controls on the coupled AOM-carbonate
dynamics in active settings will be explored to answer the following specific research questions:

*Can we develop a quantitative, interpretative framework relating upward CH, flow, AOM
rate and associated pH change, to carbonate precipitation?

* What are the dominant environmental controls on the coupled AOM-carbonate dynamics
in active settings?

* Under which conditions are seep carbonates suitable quantitative proxies for active CH,
flow?

The first part of this paper builds the theoretical framework that describes the contribution
of individual biogeochemical reactions on the rate of change in pH and Qca. We then simulate a
typical passive and a typical active setting to identify the main drivers of calcium carbonate
precipitation in these contrasted environments. Depth-integrated reaction rates are compared with
previously published values and help benchmark the model. The quantitative relationship between
the flux of CHs and the amount of carbonate precipitated is then explored systematically across the
typical gradient of benthic habitats observed around fluid vents. Variations in the amount of
carbonate precipitated as a function of water depth and sedimentation rate are quantitatively
established, while uncertainties arising from the poorly constrained rate constant of AOM (kaom),
bioturbation and bioirrigation intensities are also assessed. The ability of the model to reproduce
observations is discussed, highlighting current model limitations. Finally, the novel quantitative
framework is applied to approximate the growth rate of seep carbonate concretions, and a
representative example of seep carbonate body observed on seismic data is used as a case study to

reconstruct CH, seepage history over geological time.

2. Methodology
2.1. Modeling strategy

Here, we use the Biogeochemical Reaction Network Simulator (BRNS, Regnier et al., 2002;
Aguilera et al., 2005) to quantitatively explore the mechanisms and drivers of authigenic carbonate
precipitation at steady state using sets of environmental conditions corresponding to a passive
regime (i.e. no upward advective fluid flow) and active regimes (i.e. upward fluid flow) with a flux, q,
of 5 cm/yr, 10 cm/yr, 20 cm/yr, and 100 cm/yr. The lower range of fluid flow values is typically
obtained by parameter fitting to geochemical profiles measured in the sediment cores at seep sites
(Regnier et al., 2011), while the upper range, and even values several orders of magnitude higher, is
more often obtained by direct measurement of the fluid flow during punctual sea floor observations

(Henry et al., 1992, 1996; O’Hara et al., 1995; Tryon et al., 1999, 2002; Tryon and Brown, 2004).
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In BRNS, the sea floor sediment is conceptualized as a one-dimensional (1D) system, with an
upper boundary corresponding to the sea floor (zo), and the lower boundary at a given depth (zmax).
The condition of conservation of mass through this 1D system is described by the general diagenetic

equation of Berner (1980):

9&;C; _ 92(Di+Db)C;  A(&;vCy) j
= = = 4 a(C(0) = ) + 6 XS/ R (1)

Where Cjis the concentration of specie i, t is time, z denotes the depth within the sediment, and §; is
the volume fraction in which the concentration of specie i is defined. The concentration of dissolved
species is usually given in units of mass per unit volume of pore fluid, § = porosity (¢); likewise, for
solid species, the concentration is usually expressed per unit volume of solid sediment, § = (1- ). D;
is the effective molecular diffusion coefficient of specie i, Db is the bioturbation coefficient v is the
advection velocity, a is the bioirrigation coefficient, C,(0) is the concentration at the sea floor, s/ is the
stoichiometric coefficient of production/consumption of the specie i by the reaction j, and R; is the
rate of the reaction j. For solid species, D; and a are equal to 0 and vsiigs) is equal to the burial rate w,
that is, the sedimentation rate at the seafloor (wo) corrected for compaction with depth into the
sediment (equation 2). Db acts on both solid and solute species and control their mixing in the upper,
bioturbated layer of the sediment. For dissolved species Visolutes) cOrresponds to the velocity of fluid
advected upward (q) and pore water expulsion by compaction, minus the downward burial
component of the solid sediment frame (w) (equation 3). Note that dissolved species can also be

efficiently transported near the sediment surface through bioirrigation.

(1-9o)
V(solids) = Wq (1_—(:;2) (2)

(1=@0)*Poo
®o (1-po)*p, ta (3)

V(solutes) =
The porosity depth law (equation 4) is applied to account for compaction:

Pz = Qo + (90 + o) + €A (4

where @ is the porosity at the sea floor, ¢, is the porosity at great depth and attpor is an

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

Resolution of equation 1 requires boundary conditions at the seafloor (zo) and bottom of the
model domain (zmax), which are presented in section 3.2.2. Details about the numerical solution of
the coupled system of equations (1) for all species i can be found in Regnier et al. (2002). The spatial

discretization is performed along an irregular grid, and zmax is reduced as much as possible to
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optimize the simulation time as long as the position of lower boundary conditions have no noticeable
impact on the reaction rates in the SMTZ. For g spanning from 0 to 20 cm/yr, the grid is composed of
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
g=100 cm/yr, the numerical solution of the very sharp concentration gradients imposes a grid
spacing twice thinner, with 250 nodes covering a sediment layer with zmax equal to 100 cm.
Simulations are carried until steady state is reached using a maximum time step of 0.005 yr for all
runs.

2.2. Set-up for the baseline Model

The BRNS is applied to simulate the diagenetic dynamics in a shelf and slope setting subject
to the seepage of a typical connate fluid equilibrated with a gas reservoir. This section describes the
reaction network (Table 1 and 2), the model parameters and boundary conditions (Table 3 and 4) and
the dependency of several key parameters to the fluid flow (Table 5).

2.2.1. Reaction network

The reaction network implemented in BRNS, with details on stoichiometries, kinetic and
thermodynamic constants, is described in Table 1 and 2. Kinetic reactions include organoclastic
sulfate reduction (SR, coupled to particulate organic carbon (POC) degradation), methanogenesis
(Meth), anaerobic oxidation of CH4 (AOM, or sulfate-reduction coupled to CH4 oxidation), calcite
precipitation and dissolution, which are the most influential diagenetic reactions in active settings
(e.g. Dale et al., 2009). The model resolves the concentration of redox sensitive species as well as the
concentration of each species contributing to the total dissolved inorganic carbon (Tc), sulfide (Ts),
borate (Tb), alkalinity (Ta) and water systems independently. Acid-base equilibriums are assumed for
the latter species and are thus controlled via thermodynamic constants corrected for pressure (P),
temperature (T), and salinity (S) (Millero, 1995).

The degradation of organic matter, simplified as CH,O(NHs), where y=16/106, is described by
the reactive continuum model (Boudreau and Ruddick, 1991), assuming a continuous distribution of
organic matter compounds over a reactivity spectrum. The overall rate of organic matter
degradation, Reoc, decreases according the burial time (age), and is thus controlled by the decrease in
organic matter concentration, as well as the factors that control the age of the buried sediment
layer, i.e. the sedimentation rate of burial, and bioturbation within the bioturbated layer.

Reoc(z) = (nu/ (a + age (z))) * CHO(NHs), (2) (5)

where a and nu are depth-independent parameters that determine the distribution of
organic matter over the reactivity spectrum, 10 yr and 0.125 [-] respectively, which correspond to the
typical reactivity of marine organic matter on shelf and slope environments (Arndt et al., 2013). POC

degradation reactions proceed in the order of decreasing free energy yield (e.g. Thullner and Regnier,
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2019 and references therein) in such a way that methanogenesis is inhibited by the presence of SO..
Reoc is thus partitioned in two primary redox reactions (Table 1): sulfate reduction (Rsgr), followed by
methanogenesis (Rmetn), With Reoc ()= Rsr (2) + Rmeth (z)- CHa produced by methanogenesis inside the
model, or transported through the lower boundary from a deeper source, is susceptible to migrate
by diffusion and advective fluid flow up to the sulfate bearing sediment layer, leading to AOM (Table
1). AOM is a classical secondary redox reaction whereby reduced products of POC degradation (in
this case, CH,) are oxidized as they move up the sediment column and encounter energy yielding
oxidants (in this case, SO4%). During AOM, two mol-equivalents of alkalinity are generated per mol of
DIC produced (table 1), leading to an increase in pH and thus an increase in the saturation state with
respect to carbonate minerals (Luff et al., 2004; Jourabchi et al., 2005).

The saturation state of calcium carbonates (Qcal) is controlled by the solubility product for
calcite and the apparent thermodynamic constant K*;,c.i which is a function of P, T and S (Millero,
1995):

_[ca?*][co3]
-QCal - K*spCal (6)

Given the diversity of calcium carbonate mineralogy and habitus observed at seep sites (Campbell,
2006; Blouet et al., 2017), and the lack of knowledge on parameters that control this variability,
especially in micro-environments influenced by microbial activity (Burton, 1993; Railsback and Bruce,
2006; Kaczmarek et al., 2017), it is considered pointless to include several calcium carbonate species
in the model. We thus use calcite as our representative carbonate mineral and the rate of calcite
precipitation (Table 1), Recarrec, is assumed to be linearly proportional to the saturation state, Qc, (Luff
and Wallmann, 2003; Luff et al., 2004; Luff et al., 2005), with a kinetic constant set to a large value
(Kcalprec= 0.1 mol/cm?3/yr), similarly to Luff et Wallman (2003) and Wallmann et al. (2006). The rate of
calcite dissolution, Rcaipiss, is also linearly proportional to the saturation state but is also assumed to
depend on the amount of CaCOs;, the latter factor being used as surrogate for the availability of
reactant surface (Table 1). This approach sets the dissolution rate to 0 if no calcite is present
(Jourabchi et al., 2005).

The composition of sea water used to define upper boundary conditions for the baseline run
(see section 3.2.2) leads to Qcal(zo) =2.33, lower than the kinetic oversaturation threshold commonly
accepted for calcite precipitation to occur on the sea floor (Morse, 2003). This kinetic oversaturation
threshold, however, is poorly known in quantitative terms and remains speculative, especially in
diagenetic environments. To account for the common observation of no calcite cementation right at
or just below the seafloor, and as sulfate reduction typically reduces rapidly Qca to values < 1 for the
sea water pH defined in the model (Gallagher et al., 2014), precipitation is set to 0 from the sea floor

down to the depth z4i, Where diagenetic reactions, in particular AOM, lead to Qcai(zaiag) again greater
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than 1. zgi,g may be considered as the boundary between the very shallow sediment, invaded by
slightly modified sea water, and the diagenetic domain where internal processes substantially impact
the pore water composition. Below zgisg, precipitation and dissolution are allowed as soon as Qcai is
different from 1.
2.2.2. Prescribed model parameters and boundary conditions

The baseline model is first established at the typical self-break water depth of 200 m, and for
a sedimentation rate (w) set to 0.1 cm/yr, which corresponds to the typical order of magnitude of
sedimentation at such depth according to Middelburg et al. (1997). We then explore the entire
parameter space of water depth and w values for shelf and slope sediments, using water depth = 10,
100, 200, 500, 1000 mand w = 1, 0.5, 0.2, 0.1, 0.01, 0.001 cm yr™.

The porosity profile is constant for all our simulations and fitted to values measured on the
Angola passive continental margin (¢,¢=0.92; ¢,=0.8; attpor= 0.15; Eric Cauquil, personal
communication), a prolific hydrocarbon province rich in seep sites (e.g. Ho et al., 2012, 20183, b). The
molecular diffusion coefficients D; for each specie i are adjusted for temperature, salinity and
sediment tortuosity (Boudreau, 1997):
Di=((0.95-0.001*S)*D;0*(1+fT *T))/(1-In(d?) (6)
Where D, is the molecular diffusion coefficient at 0°C listed in Table 3, T (°C) is the temperature, S
(%o wt) is the salinity and fT is an empirical correction for the effect of temperature.

At the upper boundary of the model (Table 4), fixed concentrations of a typical seawater
(Arndt et al., 2011) are assigned to the solute species (Dirichlet condition). The concentration of CH,4
in particular is set to 0, accounting for instantaneous dilution of the connate fluid in the highly
turbulent ocean reservoir. The sedimentation of solid species is specified as a depositional flux (Robin
condition). As Tc, Ts, Tb, Ta and pH are dependent variables, and as Tc is usually difficult to measure
in seawater, Ts, Th, Ta and pH are specified variables while Tc is computed consistently from the
specified variables.

To constrain the composition of the connate fluid at the lower boundary, the model is first
run with all parameter values identical to the baseline setting with q=0 and Neumann conditions (i.e.
zero concentration gradient) assigned at the lower boundary for all species, but in this case down to
a depth where the reactivity of the organic matter Rpoc(z) is reduced to 1/1000 of its value at the sea
floor, i.e. down to a depth where the species concentrations are almost constant with depth. This
condition is achieved at a depth of about 3 m. The resulting connate fluid composition is
representative of typical methanogenic conditions (Table 4), strongly enriched in CHs, NH4*, sulfides,
and dissolved carbonate species (almost entirely HCOs  and CO, due to the relatively low pH)
compared to seawater. Due to the high kinetic rates of calcite precipitation/dissolution imposed, the

connate fluid is very near equilibrium with calcite. Because the thermodynamic constants depend on

8
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pressure, the composition of the connate fluid is adjusted following the above described procedure
for each water depth when exploring the sensitivity of the model to water depth. The concentration
of dissolved CH4 was calculated considering equilibrium with the gas phase ([CHslsat) at the given P, T
and S according to the formula of Soreide and Whitson (1992). To reproduce the seepage, the
concentrations of the connate fluid computed above are specified as Dirichlet conditions at depth
Zmax, Which are then transported upward through the model by active fluid flow. The solid species
remain constrained by Neumann conditions at the lower boundary of the baseline model. As such,
the advective flux from below transports the dissolved species into the model. In the passive setting,
the composition of the connate water diffuses upward and represents the case of a fluid
accumulation trapped in the sediment at the bottom of the model domain.

2.2.3. Model parameters related to the fluid flow

Numerous studies have shown that the upward flux of CH, impacts the composition and
density of the chemosynthetic fauna living at seepage sites. As a result, the fauna typically arranges
in concentric habitats around seep sites (Juniper and Sibuet, 1987; Barry et al., 1997; Sibuet and Olu,
1998; Levin 2003, 2005; Fischer et al., 2012). The central area is usually covered by bacterial mats
and devoid of macro-organisms, while the periphery is covered by a dense population of
chemosynthetic animals, including benthic and endobenthic bivalves (Kiel, 2010). To mimic these
features in our simulations, a passive sea floor environment with a sparse faunal density is imposed
for g=0 cm yr, a peak of macrofaunal activity is inferred at =5 cm yr'! and a bacterial mat is
assumed for =20 cm yrl.

The bioturbation coefficient, Db, and the depth of bioturbation, Db.ict, defining the portion
of the sediment below the sea floor where biological mixing occurs, are poorly constrained at seep
sites. Following many previous modeling studies (e.g. Thullner et al., 2009; Hiilse et al., 2018), the sea
floor value Dbo for g =0 cm yr? is assumed to be a function of sea floor depth according to the
empirical relationship of Middelburg et al., (1997), and Dbyiot is set constant at 10 cm. A high Dby
value (100 cm? yr%, Solan et al., 2019) is set for =5 cm yr! while it is set to 0 in the bacterial mat
environments. The bioirrigation coefficient, a (yr?), is calculated from the bioirrigation coefficient at
the sediment surface, ap, and is assumed to decrease exponentially below the sea floor (Thullner et
al., 2009):

a = ag*el#/4m (7)

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

3.5 cm. This value is typical for shelf sediments (Solan et al.; 2019) and leads to a depth where
bioirrigation intensity is half that at the seafloor of 2,4 cm. The sea floor value oy is set to 1 yr! when

g=0, is maximal at 50 yr'* when g=5 cm yr and is O for the bacterial mat environments.
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A review by Regnier et al. (2011) established that the rate constant for AOM, kaow, is also

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

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

10° cm? mol? yrtin the passive setting while the following linear relationship is used in active

settings:

kAOM= 2,7*105*q

(8)

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

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

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

empirical relationships, the sensitivity of the model to kaom, Db and a will be further evaluated

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

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

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

reported in the literature: (a) bioirrigation coefficient at the sea floor (a0); (b) depth integrated

bioirrigation rate over the modeled depth of bioirrigation (zirr); (c) bioturbation coefficient at the sea
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floor (Db0) spanning the range reported by Solan et al. (2019); (c) kinetic rate constant for AOM
(kaom). Solid lines represent model values for the baseline rune while horizontal dashed lines

correspond to the values applied in the sensitivity analysis.

3. Results and discussion

3.1. Quantitative framework for analyzing the C-S system

The impact of each diagenetic reaction on pH is quantified using the approach of Jourabchi et al.
(2005). In a nutshell, it assumes that any protolytic species of the carbonate and sulfide systems
produced/consumed by a kinetically controlled reaction impacts the rate of change in pH. The
influence of each reaction on pH is thus governed by the mass action laws (Table 1) and fulfills the
condition of electric neutrality, leading to the following relationship:

d[H*] _ te — (X1 + 2X)tl — Syt! R
dt A,

(8)

Where t,), t/ and ts' are respectively the stoichiometric coefficients of the production or consumption
of Ta, Tc and Ts by a given kinetic reaction i, with rate R}, and where X1 and X2 are the relative

contributions of HCOs  and COs? to Tc, respectively, and S1 is the relative contributions of HS to Ts:

HCO3 = X;Tc (9)
C03~ = X,Tc (10)
HS™ =5,Ts (11)
The denominator A;, is given by Jourabchi et al. (2005):
0 (Tb/ - ) - 12
_p 0D o 0 L 0s) [B(OH);]) [OH7] (12)
P oMHY] O[H*] " " O[H*] O[H*] [H+]

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

two orders of magnitude lower than that of total dissolved inorganic carbon, Tc, equation
(12) can be simplified: (13)

Ay 0(X;) . 9(S) [OH]
A = TC_E)[H*] =+ ZTCC')[H’“] + SB[H+] - (]

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

-1

reaction in driving changes in pH:
e the ratio of hydroxyl and proton concentration is always positive,
e dS;/dH* and dXy/dH* are always negative,

e the sign of dXi/dH" shifts from negative to positive with increasing pH (Fig 2A and B).

11



©CO~NOOOTA~AWNPE

355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

Within a typical range of pore water pH (i.e. 6.5-7.9) dX,/dH" is almost equal to -dXi/dH". Yet,
because dX,/dH* is multiplied by two (eq.13) and all other terms in A; are negative, the sign of A; is
always negative (Fig 2C).

As a consequence, the sign of dH*/dt, negative for proton consumption and positive for
proton production, is determined solely by the sign of the numerator in equation 8. For instance, a
reaction producing alkalinity, Ta (i.e. with a positive stoichiometric coefficient t.), will have the
tendency to consume protons (since A; is negative) and increase pH, while a reaction producing
dissolved inorganic carbon, Tc, or sulfides, Ts, will have the opposite effect. However, many reactions
influence Ta, as well as Tc and/or Ts and the net effect on pH will thus depend on the respective
values of the stoichiometric coefficients, ta, tc and ts. Furthermore, the change in proton
concentration also depends on the in-situ pH itself via the positive terms X, X2 and S;. As a result, a
reaction with a given stoichiometry in terms of ta, tc and ts can result in both a decrease or increase
in H* concentration depending on the ambient pH. In other words, the contribution of a given
reaction to a change in pH depends on the ambient pH.

For instance, for AOM, ta, tc and ts, are respectively equal to +2, +1, +1 (Table 1), and since
X1+2X; and S1 are always less than 1 over the range of pH of interest, the ta term dominates the
nominator in eq. 8 and AOM thus always consumes protons and increases pH within the range of
environmental conditions encountered in marine sediments (Fig. 3). Furthermore, because the
magnitude of X;+2X; and S; increases with pH (Fig. 2), the consumption of protons by AOM becomes
less efficient with increasing pH (Fig.3). Similarly, calcite dissolution (ta=+2, tc=+1, ts = 0) and
precipitation (ta= -2; tc=-1; ts = 0) respectively consume and produce protons at any pH. For sulfate-
reduction ta, tc and ts are respectively equal to +1.15, +1, +0.5 and, within the pH range of marine
sediments, the difference between the first term and the last two terms on the right-hand side of the
nominator of eq. 8 is thus smaller than for AOM. Since both X1+2X; and S1 increase with pH, the
effect of sulfate reduction on pH thus switches from consuming protons at low pH (up to about 6.9)
to producing protons at high pH (Fig. 3).

Although the sign of dH*/dt is solely controlled by the numerator of equation 8, the
denominator, Al, influences the absolute magnitude of the rate of proton production/consumption.
As Al depends on Tc and Ts (equation 13), the change in proton concentration caused by a given
reaction, taking place at a given pH, is inversely related to Tc and Ts of the solution. As such, the rate
of change in proton concentration caused by a given rate of reaction is more important in seawater,
with low Tc and Ts (Fig. 3A), than in the Tc and Ts charged connate fluid investigated here (Fig. 3C) or
in a typical pore fluid at the SMTZ (Fig. 3B). In summary, while the sign of dH*/dt is solely determined
by the stoichiometries of the reactions, as well as ambient pH, the magnitude of dH*/dt also depends

on the fluid composition through Tc and Ts.

12
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Following Jourabchi et al. (2005), the contribution of a reaction to the saturation state with
respect to calcite Qca (equation 14) can be expressed as a function of their contribution to the
production or consumption of calcium and carbonate ions, expressing the latter as a function of the

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

dn 1 dCa?* dCo3~ (14)
(552~ o1 () e ()|
dt /; spcal dt . dt .
dQca 1 ,_. [(dCa* it iy i X, (d[H] (15)
= - XoR'+T
< dt ; spcal €037 dt i+[Ca J{feXeR+ ?5[H+] ] at ).
term 1 term 2

where term 1 and term 2 result from applying the chain rule of derivation to eq. (10). In the
reaction network implemented here, solely the precipitation and dissolution of calcite affect the
concentration of calcium ions and, as such, dCa%"/dt=0 for all other reactions. The sign of term 1
merely depends on the sign of t¢, as X; and Ri are all defined as positive. The sign of term 2 depends
on the sign of dH*/dt, as Tc is always positive and dX,/dH* is always negative. Thus, for reactions like
AOM or sulfate-reduction that produce dissolved inorganic carbon, Tc, term 1 is always positive.
Term 2 is also always positive for AOM (dH*/dt < 0) yet, for sulfate reduction, term 2 changes from
positive to negative with an increase in pH. This shift in sign for d Qca/dt occurs at a different pH than
the shift in sign for dH*/dt, because it also depends on the values of X and dX»/dH*. Furthermore and
in contrast to the rate of change in proton concentration, the pH value of the shift in sign of d Qc./dt
is also a function of the Tc term or, in other words, the pattern of change in d Qca/dt as a function of
pH slightly differs between seawater, connate fluid or a typical pore fluid at the SMTZ (Fig. 3D, E, F).

Overall, our theoretical framework reveals that over the pH range that is commonly observed
in porewaters (6.5-7.9), AOM always promotes calcite saturation. This effect is especially pronounced
under high ambient pH. In contrast, sulfate reduction promotes calcite precipitation at low pH values
and calcite dissolution at high pH values. The shift between these regimes happens at pH values
between 7 and 7.1 depending on fluid composition (Fig. 3. D, E, F). Calcite precipitation and
dissolution respectively consume (negative dCa?*/dt) and produce calcium ions (positive dCa?*/dt),
which, in addition to their effects on terms 1 and 2, induces a negative feedback on the reactions
themselves. In other words, precipitation/dissolution respectively decrease/increase the saturation
state with respect to calcite.

The concentrations of Tc and Ts impact dQc./dt solely via term 2; both directly via the
ascribed Tc coefficient and indirectly via dH*/dt. Within the compositional range of the studied fluids

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

13
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of dH*/dt (see above). As a consequence, the order of magnitude of term 2 remains constant and the
concentration of Tc and Ts in the fluid thus does not exert a major influence on the absolute
magnitude of dQc./dt (Fig 3. C, D, E). In summary, our theoretical analysis reveals that over the range
of investigated pH (6.5-7.9) and independent on the exact fluid composition, AOM always consumes
protons and produces Qca at significantly larger rates than sulfate-reduction. Therefore, per unit
rate, AOM is always more powerful than sulfate-reduction in promoting the precipitation of

authigenic carbonates.

14
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Figure 2. A) Proportions of HCOs  and COs* to the total dissolved carbonate concentration (Tc),
respectively noted X; and X,, and distribution of X;+2X,, dX:/dlogH* and dX,/dlogH* as a function of
pH; B) Proportion of HS’, noted S1, to the total dissolved sulfide concentration (Ts), and distribution
of dS;/dlogH* as a function of pH, C) Distribution of dX;/dlogH*+2dX,/dlogH*+dS:/dlogH* as a function
of pH. See text for further details. All graphs are given at the temperature and pressure of the

baseline model (10°C; 20 bar).
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Figure 3. Rate of change in proton concentration and associated rate of change in Qca, at the

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

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

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

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

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

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

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

production to consumption of Qca. The rates of change in H* and Qc, are plotted for reaction rates of

SR and AOM set arbitrarily to 1 pmol SO4* consumed cm3yr? (which, according to the stoichiometry
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of the reactions, is equivalent to 1 umol Tc produced cm3yr?, see Table 1), and for carbonate
precipitation/dissolution set to 1 umol of Tc consumed/produced cm3yr?,

3.2. Environmental drivers of the coupled AOM-carbonate dynamics

3.2.1. Baseline simulation for passive and active settings

Figure 4 illustrates the simulated baseline, steady-state depth profiles of concentrations, reaction
rates, as well as of the rate of change in pH (dH*/dt) and carbonate saturation state (dQc. /dt) for
both a passive (q =0 cm y?) and an active (q = 10 cm y?!) setting. It shows that the presence of fluid
flow exerts an important influence on depth profiles, as well as on the total amount of seep
carbonate precipitated and its dominant controls.

In the passive setting (Fig 4l), SR, as well as AOM that is driven by the diffusive transport of
biogenically produced CH, in deep sediments, completely deplete porewater sulfate at 160 cm depth
(Fig. 41a). SR rate is high in the shallow sediment but rapidly decrease with depth due to the decrease
in POC reactivity with age, as shown by eq. 5 (Fig. 41g). Due to the relatively low AOM efficiency that
has been assumed for the baseline scenario (kaom=10° cm® mol? yr?), sulfate and CH, coexist over a
depth interval of about 50 cm around the SMTZ. Below the SMTZ, methanogenesis dominates POC
degradation, but the rate remains low due to the continuous decrease in POC reactivity. Both SR and
methanogenesis generate significant amounts of Tc and Ta (mostly bicarbonate alkalinity), while SR
also produces large quantities of Ts in the porewaters (Figs. 41d, 4le). SR exerts the dominant control
on the acid-base equilibriums in the upper portion of the sediment column (<50 cm). Due to the
comparably high ambient pH, it generates protons (dH*/dt > 0), and do so at a relatively high rate
due to the low pore water Tc and Ts concentrations (see Fig. 3A for a surrogate of such behavior). As
a consequence, the porewater pH rapidly decreases with depth, shifting the carbonate equilibriums
towards H,COs and, thus driving calcite dissolution. However, because of the decrease in pH with
depth, SR subsequently switches from a proton generating process to a proton consuming process at
about 20 cm within the sediment (Fig 41h). The resulting stabilization of ambient pH and the
increasing accumulation of Tc increase the saturation state of porewaters and calcite precipitation is
simulated by SR down to a sediment depth of about 80 cm (Fig. 4li). Within this zone, the progressive
decrease in SR with depth is compensated by the rise of AOM, consuming proton, and progressively
becoming the dominant control on the acid-base equilibriums (methanogenesis exerts an
insignificant contribution on the pH-carbonate dynamics). The concurrent proton production by
calcite precipitation acts as an effective negative feedback against the pH increase triggered by AOM
(Fig 41h). Fig 41b shows that the dissolution of sedimentary calcite in the shallow dissolution zone is
largely compensated by the precipitation of authigenic calcite in the lower portion of the core.

Interestingly, we note that calcite dissolution is simulated over a wider depth interval than the one
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delineated by the SR driven decrease in saturation state (dQc./dt<0) and even proceeds into
sediment depths where both SR and AOM act to increase Qca (dQca/dt>0). These simulation results
highlight that, in addition to biogeochemical processes, differential transport of Tc, Ta and Ts through
diffusion and biological mixing can also exert an important control on pH and saturation state
dynamics in marine sediments. Transport processes effectively blur the limits between the different
reaction zones, and their effect on pH and saturation state explains why calcite dissolution can occur
at sediment depths where all biogeochemical reactions act to increase the saturation state (dQca/dt
> 0).

With active fluid flow, the simulated AOM rate is about 5 times larger than the maximum rate of
SR, and about 50 times larger than the maximum AOM rate simulated for the passive setting (Fig.4ll).
As a consequence, the penetration depth of sulfate shifts upcore and the depth interval at which
sulfate and CH,4 coexist is reduced (Figélla). In addition, the more efficient upward migration of pore
fluids enriched in Tc, Ta and Ts also increases the concentration of these chemical species in the core.
The decrease of pH below the sea floor is slightly sharper than in the passive case, due to the
production of protons by SR on the one side, similarly to the passive case, and to the upward
advection of acidic fluids from below on the other side (Tc/Ta ratio at 30 cm of about 1.2 (Figs. 4lle,f
compared to a ratio close to 1 in the passive case Figs. 4le,f). However, similar to the passive case,
the pH profile tends to stabilize at a near constant value within the SMTZ. Here, the influence of
AOM and calcite precipitation on the pH partly compensate, as illustrated by a set of models with
either the AOM or calcite precipitation rates arbitrary set to 0 (Fig 4lic). While the absence of AOM
results in a larger drop in pH, deactivating calcite precipitation increases pH. In terms of calcite
dynamics, similar to the passive case, dissolution is induced by SR in the uppermost portion of the
sediment core but at greater depths SR exerts a negligible influence on calcite precipitation due to
the dominance of AOM. Interestingly, due the negative effect of decreasing pH on dQc./dt induced
by AOM (Fig. 3E), the highest rate of calcite precipitation is located slightly above the depth at which
maximum AOM rate are simulated (Fig. 4llg). In addition, total calcite precipitation is much larger
than total calcite dissolution due to the reduced residence times in the dissolution zone.
Bioturbation, simulated here as a diffusive process, results in significantly shorter residence times of
solid sediment at shallow depth, where dissolution is active, compared to sediment located at
greater depth, where solely burial and compaction act on solid advection downward. As a
consequence, the time available for precipitation is in this case much longer than for dissolution and
a pronounced increase in the overall amount of calcite is simulated with depth (Fig. 4llb). This
contrasts with the passive case where a significant fraction of the dissolution occurs below the
bioturbated layer, at depths where the residence time is comparable to that in the precipitation

zone.
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524 In summary, active fluid flow considerably increases the amount of authigenic carbonate that
525 precipitates below the mixed layer of the sediment. It supports intense AOM rates that in turn

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

527  SMTZ to shallower sediment depth and thus constrains SR to the bioturbated zone of the sediment
528  where its quantitative impact on the amount of carbonate that can dissolve or form is limited due to
529 the short timescale for reaction. In contrast, the net amount of carbonate precipitated at the bottom
530 of the sediment core in the passive setting depends on both AOM and SR, the latter process

531 triggering both calcite dissolution and precipitation.
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Figure 4: Model profiles for the baseline run (sedimentation rate w = 0.1 cm yr!; temperature= 10°C;
water depth = 200 m); 1) with g= 0 cm/yr; II) with g=10 cm/yr. a) POC, SO4* and CHa, b) CaCOs, ¢) pH,
d) HS,, H,S and Ts; e) COs*, HCO3, H,COs and Tc; f) Ta; g) rates of reactions for organoclastic sulfate
reduction (SR), methanogenesis (Meth), anaerobic oxidation of CH, (AOM), calcite dissolution
(CalDiss), and precipitation (CalPrec); h) Contribution of each of these reactions to dH*/dt and; h) to
dQca/dt. In panel lic, the pH profile is also reproduced for g= 0, and simulated for AOM and CalPrec
rates set to O, respectively. Note that bioturbation efficiently homogenizes the POC concentration in
the bioturbated layer (first 10 cm), implying that SR (expressed in mol/cm3 of POC/yr) remains almost
constant within this interval. The apparent increase of SR with depth in the bioturbated layer,
expressed in mol/cm3ws /yr, is due to the sharp decrease of porosity at shallow depth. cm3ws stands
for cubic centimeters of wet sediment (i.e. the solid sedimentary participles plus the pore water),
cm3®pw stands for cubic centimeters of pore water, and wt% stands for weight per cent.
3.2.2. Control of fluid flow on carbonate precipitation

Figure 5 provides further insights into the effect of fluid flow on authigenic carbonate
precipitation and its underling mechanisms. It shows depth profiles of calcite
precipitation/dissolution rates over a large range of plausible fluid flow velocities, g. Model results
reveal that the maximum rate of precipitation increases with ¢, from 0.02 umol cm3y?!at g=0 cm y*

to 160 pmol cm3y™t at =100 cm y1. Meanwhile, the depth at which the maximum precipitation rate
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occurs moves upcore from about 115 cm under no flow conditions (no shown) to only a few cms for
=100 cm y! and the thickness of the precipitation zone decreases. In the presence of active fluid
flow, dissolution rates are generally constrained to the shallowest, often bioturbated sediment layers
(note that Db is set to 0 for g= 20 cm yr?) and follow the same trend as precipitation with increasing
g. Therefore, and as already highlighted in the above section, dissolution exerts a minor effect on the
amount of calcite compared to precipitation and further decreases as q increases.

Table 7 summarizes simulated depth-integrated rates for the baseline model (water depth = 200
m) and for the baseline model assuming a water depth of 1000 m. The two model set-ups facilitate a
direct comparison with previously published depth-integrated rates, as well as rates of growth of
concretions across a range of coastal and slope environments (see further discussion in section 5.1).
While depth integrated rates frequently reported in the literature are often implicitly interpreted as
a quantitative measure for the production or consumption of porewater species via reactions,
making the implicit assumption that the rate of burial is linearly correlated to the sediment depth,
the translation of burial depth to burial time (and ultimately residence time) is however more
complex. This is due to the effect of compaction, and most importantly to the effect of mixing by
bioturbation (Fig 5). Nevertheless, depth-integrated rates of AOM are of the same order of
magnitude than previously published rates inferred from observational data and collated by Regnier
et al. (2011) for similar water depths and range of fluid flow velocities, thus confirming that our
theoretical model framework represents indeed realistic conditions. In addition, results confirm that
AOM and SR rates are roughly equal for a passive setting but AOM rates are three times higher at q =
5 cm ytand 10 times higher at g = 20 cm yr! (water depth = 200m). Thus, in active settings
characterized by high fluid flow velocities (q>10 cm yr?), AOM exerts the dominant control on calcite
precipitation because it proceeds at higher rates, while under low to moderate fluid flow conditions
(9<10 cm yr!) AOM also exerts the dominant control on calcite precipitation because SR is
constrained to the bioturbated layer, characterized by short-residence times. The patterns identified
in our baseline runs (section 3.2.1) are thus also valid over the range of fluid flow conditions and
water depths investigated here.

Interestingly, the ratio between the depth integrated rate of AOM and the depth integrated rate
of calcite precipitation is larger than one and remains relatively constant with an increase in q (3.3 -
4 at 200 m water depth and 4.4 -5.2 at 1000 m water depth). Given that the stoichiometric
coefficient for Tc production by AOM and Tc consumption by calcite precipitation are both 1, a ratio
> 1 indicates that a large fraction of the DIC produced by AOM is not converted into seep carbonates,
but, instead, bypass the SMTZ and leaks trough the sea floor. Model results thus allow deriving a
first-order estimate of the CH;-CaCOs; conversion factor, 1/3-1/5 of the depth-integrated AOM rate

depending on the specific environmental conditions, similarly as calculated by Akam et al., (2020) at

21



©CO~NOOOTA~AWNPE

588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616

global scale. The ratio of the depth integrated AOM rate to net calcite precipitated (production —
dissolution) is significantly larger than the ratio to calcite precipitation and decreases with q (from 12
to about 3 at 200 m water depth). In addition, model results show that the efficiency of the AOM
barrier in consuming the upward migrating CHais not always 100%. Although the ratio between
integrated AOM rates and the CH, flux through the lower boundary of our model remains close to 1
at low-moderate g, it drops sharply to 0.3-0.4 for very high fluid flow velocities (i.e. g = 100 cm yr?).
This is in agreement with previously published simulation results showing that enhanced advective
flux facilitates the escape of dissolved CH, fluxes through the sediment-water interface (Pugglini et
al., 2020). As a consequence, integrated AOM and calcite precipitation rates scale nearly linearly
with fluid flow between q=5-10 cm yr?, but increase slower under more intense fluid flow conditions
(Table 7). For instance, between 20 and 100 cm yr* calcite precipitation increases by about a factor
of 2 for a 5-fold increase in q. Despite CH4 and Tc loss at high flow rate, carbonate precipitation still
increases over the full range of q investigated here. These findings are in contrast to the modeling
results of Luff et al. (2004) that predict a suppression of carbonate precipitation under high fluid flow
velocities (g> 80 cm/yr) at Hydrate Ridge (off Oregon). Karaca et al. (2010) also simulated a reduced
rate of carbonate precipitation for g= 200 cm yr?, based on pore water profiles collected at an active
mud volcano in the accretionary prism offshore Costa Rica (Schmidt et al., 2005; Linke et al., 2005;
Moerz et al.,2005). The discrepancies between the simulated behavior can be explained by
differences in the efficiency of the AOM. Luff et al. (2004) observes a large CH4 escape through the
sediment-water interface at high q. This escape is a direct consequence of a constant kaom value
applied across the full range of fluid flows velocities, resulting in a lower AOM efficiency than in our
scenarios, that, in agreement with observations (e.g. Regnier et al, 2011), applies increasing kaom
values with an increase g. Similarly, Karaca et al. (2010) also selected a surprisingly low kaom value
that is comparable to their selected value for passive settings. Indeed, such low kaom values are
characteristic for a low biomass of the resident AOM community. Sediment cores might have been
taken soon after an eruption of CH,, at a time that was sufficient to allow pore water concentration
profiles to adjust to the new conditions (monthly time scale; Taylor et al., 2015; Van de Velde et al.,
2018), but insufficient for the microbial AOM biomass to increase the AOM efficiency (i.e. kaom value)

accordingly (decadal time scale; Dale et al., 2006, 2008; Nauhaus et al., 2007; Puglini et al., 2020).
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Figure 5: depth profiles of calcite dissolution (CalDiss) / precipitation rates (CalPrec) for a range of
fluid flow values (q) at the temperature and pressure of the baseline model (sedimentation rate w =
0.1 cm yrt; temperature= 10°C; water depth = 200 m). Dissolution and precipitation rates are
reported as negative and positive numbers, respectively. Note the different scales for the x-axes. The
panel on the right hand side shows the age of each sediment layer for w = 0.1 cm yr?, assuming that
the age in the bioturbated interval is homogeneous and much shorter than below, where only burial

and compaction is active. cm3ws stands for cubic centimeters of wet sediment.
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baseline model at 200 m water depth
[rate dz [umol cm-2ws yr-1]

reaction q=0 cm/yr g=5cm/yr  g=10cm/yr g=20cm/yr  g=100cm/yr
SR 49 45 42 48 25
AOM 30 144 286 494 1.151
CalDiss 17 30 44 26 3
CalPrec 9 42 84 124 326
net CalPrec -7 12 41 98 323
AOM/SR 0,6 3,2 6,8 10,2 46,6
AOM/CalPrec 3.3 3,5 3.4 4,0 3,5
AOM/NetCalPrec -4,0 12,5 7,0 5,1 3,6
AOM/Advected CH4 - 1,0 1,0 0,9 0,4
CaCO, crust growth rate [cm/kyr] 0,4 1,8 3,6 5,3 13,9
advected FCH, [mol/cm2_ /yr] 0 142 283 566 2.830

baseline model at 1000 m water depth
[rate dz [umol cm-2ws yr-1]

reaction q=0 cm/yr g=5cm/yr  g=10cm/yr g=20cm/yr  g=100cm/yr
SR 47 43 40 42 24
AOM 78 481 854 1194 2947
CalDiss 20 33 43 3 -
CalPrec 18 99 178 228
net CalPrec -2 66 135 224 -
AOM/SR 1,7 11,3 21,4 284 121,3
AOM/CalPrec 4.4 49 4.8 5,2 -
AOM/NetCalPrec 0,0 7.3 6,3 5,3 -
AOM/Advected CH4 - 0,9 0,8 0,6 0,3
CaCO, crust growth rate [cm/kyr] 0,8 4,2 7.6 9,7 -
advected FCH, [mol/cm2__/yr] 0 535 1070 2140 10700

Table 7: Depth integrated rates of organoclastic sulfate reduction (SR), anaerobic oxidation of CH4
(AOM), calcite dissolution (CalDiss), calcite precipitation (CalPrec), and net calcite precipitation (net
CalPrec = CalPrec - CalDiss) for a range of fluid flow values (q) in the baseline model conditions
(sedimentation rate w = 0.1 cm yr}; temperature= 10°C; water depth = 200 m). Values are also
reported for a water depth of 1000 m. The advection rate of CHs, FCH4, is equal to the fluid flow (q)
times the CH, saturation concentration. The growth rate of a carbonate concretion and key

diagnostic ratios of the coupled CHs,-AOM-carbonate dynamics are also reported.

3.2.3. Quantitative relationship between fluid flow and carbonate precipitation

Model results (Fig.5) show that increasing fluid flow rates result in a nonlinear increase in
maximum carbonate precipitation rates. However, at the same time, they also lead to a decrease in
the width of the precipitation zone, thus, reducing the residence time of solid sediment in the
precipitation zone. The quantitative relationship between fluid flow and integrated amount of
carbonate precipitated (Fig. 6) shows that this opposing effects, an increase in maximum
precipitation rates and a concomitant thinning of precipitation zones, result in an almost linear
relationship between the amount of precipitated carbonate and fluid flow at low to intermediate g

that then slightly levels off at high g values (g> 20 cm yr!) and ultimately leads to full cementation at
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g> 38 cm yr'! under the specific environmental conditions chosen for our baseline scenario (Fig 6).
We can thus distinguish two different regimes in the FCHs-CaCOs relationship: 1) a “quantitative”
domain in which the flux of CH, can be directly estimated from the amount of authigenic calcite that
is observed in the sediment, and 2) a “threshold” domain, characterized by full cementation, that
merely provides a lower bound estimate of the CH4 flux, which corresponds to the lowest FCH, at
which full cementation is attained. In addition, Table 7 shows that up to g = 20 cm yr?, most of the
CH4 rising from below is oxidized by AOM (AOM/FCH,4 = 0.9) highlighting that the condition

AOM/FCH4=1 is also fulfilled within the quantitative domain.
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Figure 6: Amount of calcite at the bottom of the modeled core as a function of the fluid flow (q)
and the flux of CH4, FCHy, for the baseline model (sedimentation rate w = 0.1 cm yrt; temperature=
10°C; water depth = 200 m). The amount of calcite is almost linearly correlated to fluid flow at low g
values, and reaches full cementation from g= 38 cm yr. The volume flux of gas equivalent to the flux
of dissolved CH, is provided at standard temperature and pressure (25°C; 1 atm), conventionally used

in petroleum geology.

3.3. Seep carbonates as quantitative proxies for active CHj flux

In the previous section, we derived a quantitative relationship between active CH, flux and the
amount of carbonate that precipitates in the sediment under a unique set of environmental
conditions, as well as at the specific water depth and sedimentation rate chosen for the baseline
simulation. Here, we extend the scope of the Fcus-CaCOs relationships over a broad range of different
water depths and sedimentation rates. In addition, the baseline simulation described in the previous
section uses kinetic rate constants of AOM (kaom) and bioturbation/bioirrigation parameters that are
a function of the upward fluid velocity, g. Functional dependencies were derived from a compilation
of observational data (Fig 1), but are entailed with a certain degree of uncertainty. Therefore, we also

test the sensitivity of Fcua-CaCOs relationships to different bioturbation (Db) and bioirrigation (bioirr)
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intensity as well as kaom values that span the entire range of values previously reported in the

literature.

3.3.1. Fcusa-CaCOs relationships as a function of water depth and sedimentation rates
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Figure 7: Amount of calcite at the bottom of the modeled core as a function of the fluid flow (q) and

the flux of CH4 (FCH,4) for A) several water depth, and B) several sedimentation rate.

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

influence on the switch between the quantitative and a threshold domain of the Fcps-CaCOs

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

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

dissolved CHa (CHasst) with increasing hydrostatic pressure (at the given T and S assigned in the

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

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

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

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

sediment-water interface (Table 7), thus further restricting the quantitative regime. Another
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interesting feature is the increase in the ratio of integrated AOM to calcite precipitation rates with
increasing water depth (Table 7). This finding highlights that, in addition to the effect of water depth
on CHg solubility, water depth also exerts an important influence on the solubility of calcite through
the pressure effects on the apparent equilibrium constant (K*s,ca). As water depth increases, the
saturation state of porewaters with respect to calcite decreases. Such thermodynamic control
reduces the width of the precipitation zone, but this effect is nevertheless of second order as
oversaturation and thus the precipitation zone are mainly controlled by AOM and, thus, the water
depth-dependent CH, fluxes from below.

The FCH4-CaCOs relationship is also strongly sensitive to the sedimentation rate, w. For
instance, at a water depth of 200 m, increasing w by a factor of 2 (from 0.1 to 0.2 cm yr!) extends
the quantitative domain to the entire range of fluid flow investigated here. However, as
sedimentation rate increases further (e.g. w= 1 cm yrl), the short residence time in the SMTZ results
in overall low amounts of calcite precipitated and a weak sensitivity to the fluid flow rate. In contrast,
for low sedimentation rates (w< 0,01 cm yr?), long residence times in the SMTZ lead to full
cementation as soon as fluid flow exceeds 1 cm yr?, limiting again the quantitative domain.
Residence time is here the first-order control on the amount of carbonate precipitated, but is not the
only one as reaction rates and diffusive transport (both influencing dQ/dt) are also affected by the
burial rate.

Overall, our results highlight that the use of seep carbonates as quantitative proxies for fluid
flow is powerful for shelf settings, but limited for greater water depths. There, its applicability is
optimal for a range of sedimentation rate roughly comprised between 0.05 and 1 cm yr. At lower
sedimentation rates (<0.01 cm yr!) full cementation occurs and only a lower bound estimate can be
provided, while at high sedimentation rates (>1 cm yr) the amount of CaCO3 cannot be used as a

guantitative proxy of FCH; anymore.

3.3.2 Sensitivity of the Fcus-CaCOs relationships to poorly constrained parameters

Sensitivity to kaom

To assess the sensitivity of our model results to uncertainties in the value of kaom, we here
explore four different scenarios: a low kaom value typical of passive settings (1*10”5 cm3/mol/yr), a
typical value for an active setting (5*1076 cm3/mol/yr); an extremely high value (5*10°8
cm3/mol/yr,) and an intermediate value (1*1076 cm3/mol/yr, Regnier et al., 2011).

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

stays almost constant with an increase in q (Fig. 8a). Merely, a very weak linear increase is simulated
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until g= 10 cm yr! where it reaches a plateau. Results thus indicate that, in these scenarios, the rate
of precipitation is kinetically limited by the rate of AOM. As a consequence, a fraction of the CH4 flux
by-passes the SMTZ and escapes through the sea floor. For the two kaom values corresponding to
active settings, the increase in the amount of calcite with an increase in g is almost identically until
g= 20 cm yr?, because in this fluid flow range the AOM rate is mainly controlled by the availability of
CH4. These kaom values provide an AOM capacity that is able to entirely consume the CH, fluxes in
the SMTZ (see table 7: AOM/FCH4= 0.9 at g= 20 cm yr* for kaom = 5*1076 cm3/mol/yr at 200 m water
depth). At higher g, full cementation is simulated for both kaom values.

Our model results thus indicate that although the exact value of kaom in active setting is
associated with a high uncertainty, up to two-order of magnitude variations of kaom do not
significantly impact the results. However, they also indicate that unusually low kaom values
compromise the use of seep carbonates as proxies for CH, flow. Nevertheless, such low kaom values
are unrealistic for active fluid flow regimes, where a large and efficient AOM community develops at
steady state (Fig. 1, D) (Pugligni et al., 2020; Regnier et al., 2011). Yet, low kaom have been observed
in active settings under transient conditions, due to the delayed growth response of the resident
microbial AOM community to perturbations. It has been shown that a significant fraction of the CH,4
flux can bypass the SMTZ over a decadal time scale due to the time lag necessary for the growth of
the microbial population (Nauhaus et al., 2007; Dale et al., 2008). Thus, a short release of CH, would
not be recorded by authigenic carbonate precipitation. Conversely, CH4 would rise up to the oxic
zone of the sediment, where aerobic oxidation of CH, may promote carbonate dissolution, such as

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

Sensitivity to Db

Model results reveal that the FCH4-CaCOs relationship is slightly sensitive to the presence of
bioturbating organisms, and almost insensitive to the intensity of the bioturbation (i.e. Db= 25 - 50
cm? yr) (Fig. 8b). At low g (<10 cm yr?) the activation of bioturbation activity, as well as its
intensity exert no impact on the amount of carbonate precipitated, because SR is always located
within the bioturbated zone and efficiently dissolves all of the sedimentary calcite there (see section
3.2.2), while the SMTZ is located below the bioturbated interval and thus the precipitation of
authigenic carbonates is not affected by bioturbation. In contrast, high fluid flow velocities (q>10 cm
yr1) push the SMTZ into the bioturbated layer and the FCH4-CaCOs relationship thus becomes
sensitive to the presence of bioturbating organisms. Maximum AOM rates are simulated at the
bottom of the bioturbated zone and bioturbation transports authigenic carbonates up in the

dissolution zone, reducing the amount of authigenic carbonate by about 30% if bioturbating
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organisms are active (Fig. 8b). However, the intensity of this bioturbating activity (i.e. a doubling of
Db) exerts no noticeable influence on the amount of carbonate precipitated.

To conclude, although the presence / absence of bioturbating organisms may impact the
amount of seep carbonate precipitated, the order of magnitude remains unaltered and bioturbation
activity can thus be considered as a second order control on the use of seep carbonate as proxy for

CH4 flow.

Sensitivity to bioirr

Bioirrigation enhances the transport of pore water species such as SO, or CH4 across the
sediment-water interface. This process thus affects the location and thickness of the SMTZ, as well as
the efficiency of the AOM CHy, sink (Puglini et al., 2020). However, model results indicate that
bioirrigation exerts a limited effect on FCH4;-CaCOs relationship. It is only at very high g values
(>50 cm yrl) that bioirrigation exerts a noticeable impact. This regime pushes the SMTZ close to the
sea floor and widens it partially below the bioturbated zone, leaving more time for calcite to
precipitate.

In summary, model results reveal that, under the steady-state conditions, the FCH,-CaCO;
relationship and, thus, the use of seep carbonates as proxies for CH, flow benefits from a good
knowledge of water depths and sedimentation rates. Yet, it is only weakly sensitive to the value of
kaom, as well as the presence or absence of benthic macro-fauna and largely insensitive to their

activity, indicating that weakly constrained parameters do not compromise the use of the model.
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Fig 8: Amount of CaCOs at the bottom of the model as a function of upward fluid flow (q) for several
values of A) kinetic constants of AOM (kaom); B) bioturbation coefficient (Db); and C) bioirrigation

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

4. Model limitations

Models are simplified representations of natural systems that are too complex to easily
understand. It includes all processes essential to the problem, and neglect the others. In what
follows, we discuss the most important model limitations and their effects on the applicability of the

model-derived FCH4-CaCOs relationship.

4.1. Spatial heterogeneities

The precipitation of seep carbonates may induce important heterogeneities in the sediment.
First, cementation usually takes place locally, forming discontinuous concretions. Once cemented,

concretions deviate the fluid flow laterally without sealing the seep site (Hovland 2002; Agirrezabala
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et al. 2013; Blouet et al. submitted), thus allowing for a sub-vertical staking of seep carbonates (Ho et
al., 2012; Gay et al., 2019; Blouet et al., accepted). As such, accounting for the reduction of porosity
by carbonate cementation would result in a rather unrealistic plugging of the fluid pathway in the 1D
model (e.g. Luff and al., 2005); the effect on porosity of calcite precipitation/dissolution is therefore
not implemented. The physical 1D model scope should thus rather be seen as a simulation along a
curvilinear axis following a flow path rather than a straight vertical axis. Tubular concretions
represent another type of heterogeneity. They are sometimes referred to as ‘chimneys’ in the
literature (e.g. De Boever et al., 2006; Magalhdes et al., 2012; Angeletti et al., 2015;) and likely
correspond to cemented preferred fluid migration pathways (Aiello, 2005; Blouet et al., 2017; Blouet
et al., submitted). Such conduits are likely to induce fluid convection in the shallow sediment that
triggers lateral inflow into the migration conduit. This lateral inflow locally enhances AOM by
supplying additional SO4* (Henry et al., 1992, 1996; O’Hara et al., 1995; Aloisi et al., 2004; Santos et
al., 2012). Because our model approach does not account for such lateral supply of reactants, model
results can thus not be directly applied to tubular concretions. Furthermore, open conduits may also
serve as migration pathway for gas bubbles, instantly rising up to the sea floor and by-passing the
SMTZ (Haeckel et al., 2007). Our model results therefore preferentially apply to poorly focused seep

sites, without evidences of gas bubbling.

4.2. Temporal heterogeneities

The presented model study considers steady state conditions. Although transient phenomena
are not explicitly simulated in the model, the sensitivity analysis on the kinetic constant of AOM
(kaom) provides some insights into the effect of transient dynamics on seep carbonates as proxies for
fluid flow. Sensitivity tests reveal that the slow growth rate of the local AOM community results in a
lagged response of seep carbonate precipitation to changing environmental conditions (Nauhaus et
al, 2007; Dale et al., 2008, Puglini et al., 2020). As a consequence, sudden fluid burst over daily to
monthly time scales, triggered by fluid migration mechanisms in the deep subsurface and the shallow
sea floor (e.g. Sibson et al., 1981, Leifer et al., 2004. Tryon and Brown, 2004; Saffer and Tobin, 2011),
cannot be recorded by seep carbonates. Most significantly, catastrophic events like slope failure or
pockmark eruption may trigger CH, fluxes that are several orders of magnitude larger than those
observed under steady fluid flow conditions (Hovland, 1989; Judd and Hovland, 2009; Kramer et al.,
2017). While not recorded by seep carbonates, such event may be detected by sea floor topography
analysis, highlighting the need for an integrated approach to qualitatively reconstruct fluid flow over
geological time scales.

Sedimentation is by nature a transient phenomenon and sedimentation rate measurements

typically average periods of sediment accumulation and periods of non-deposition (i.e. erosion,
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hiatuses). It is established that the coarser the temporal resolution of these measurements, the
longer is the period of these hiatuses and the larger the thickness of the eroded intervals. As a
consequence, sedimentation rates measured over shorter time periods are systematically faster than
those measured over longer periods (Schumer et al., 2009). According to Sadler (1981, 1991, 1999)
the typical baseline continental slope sedimentation rate applied here (i.e. w=0.1 cm/yr) is equivalent
to an apparent steady state sedimentation rate of 0.01 cm/yr if actually measured on a 10%yr
timescale, and 0.0001 cm/yr if measured on a 10%r timescale. Given that the shortest variations in
CH4 flux that can be captured by seep carbonates are determined by the slow growth of the microbial
AOM community, sedimentation rates should ideally be integrated over decadal time scales.
However, such a resolution is almost unreachable in the fossil record, and may induce uncertainty to

the quantitative application of the model in the past.

4.3. Maximization of the amount of calcite

Perhaps no aspect of carbonate diagenesis is more controversial than the values of rate
constants of precipitation and dissolution and minimal saturation threshold at which carbonate
minerals start to precipitate (Morse, 2003; Boudreau 2013). Using high values for the kinetic rate
constants and an oversaturation threshold of 1, our model most probably overestimates the actual
rates of precipitation and dissolution. The amounts of calcite precipitated at seep sites are therefore

maximized in our simulations.

4.4, Sea water composition

The composition of sea water defined in our model corresponds to the one of the modern
global ocean. However, its chemical composition has significantly evolved over time and our results
should thus be extrapolated with care if applied to other geological periods. For example, the
concentration of sulfate was about a third of its modern value during the early Cretaceous (Antonelli
et al., 2017). Exploring the effect of changing sea water composition on the FCH,-CaCOs relationship

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

5. Model applications to observational data

To illustrate how our model results can be applied to interpret observational data, we 1) infer
the growth rate of concretions from rates of seep carbonate precipitation and 2) reconstruct past

CH, fluxes and their environmental controls from seep carbonates observed in seismic data

5.1. Growth rate of concretions
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The depth-integrated rate of calcite precipitation can be used to approximate the time needed to
precipitate a carbonate concretion for different q values (Table 7). Assuming a full authigenic CaCOs;
cementation (0% porosity; 15% detrital grains content; calcite density 2.7 g/cm3), the growth rate of
concretions increases by a factor of 35 over the range of fluid flow regimes investigated here (i.e.
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
a reduction in the time required to form concretions, as well as an increased sensitivity to fluid flow.
We find that at 1000 m the growth of a concretion is 7.5 cm/kyr for g= 10 cm/yr, a value comparable
to the one calculated by Luff and Wallmann (2003) at Hydrate Ridge, 4.5 cm/kyr (750 m water depth,
g =10 cm yrY). Based on U-Th dating, Bayon et al. (2009) measured the growth rates of multilayered
carbonates crusts from the Nil deep-sea fan (1650 m water depth) comprised between 0,4 - 5
cm/kyr. This crust being composed of 90% CaCOs, with a bulk density of 1,6 g/cm? due to the
presence of large vugs, the equivalent growth rates for a fully cemented carbonate crust would be
comprised between 0,2 - 3 cm/kyr. Our simulations results suggest that the steady state fluid flow

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

5.2. Reconstructing CH; flux from seismic observation of seep carbonates

Traditionally, the ages and growth rates of seep carbonates are considered to be solely
related to the CH. supply. Therefore, they are often used as a tracer for changes in fluid flow
intensity only (Liberteau et al., 2005, 2006; Cremiére et al., 2016), thus overlooking the potentially
important role of changes in sedimentation rate and water depth that has been identified in our
study. The model results presented in this study provide a quantitative framework that potentially
allows for a more holistic and quantitative assessment of the major processes controlling seep
carbonate precipitation. We illustrate this holistic approach on the basis of a classical example of a
vertical stack of amplitude anomalies, interpreted as seep carbonates, observed on seismic data in
hemipelagic sediments in the Plio-pleistocene offshore Angola (1300 m water depth) by Ho et al.
(2012). Eustatic variations merely reach an order of magnitude of 100 m over the Plio-pleistocene
(Haqg et al., 1987) and thus represent only ca. 10% of the total water depth (1300 m). Therefore,
these variations can be ruled out as a first order factor control on the fluctuations in seep carbonate
cementation in this case study. Seep carbonates must thus be related to changes in fluid flow, as
suggested by Ho et al. (2012) and the present study, or, alternatively, to changes in sedimentation
rate, as suggested by our model results. The lack of calibration between seismic amplitude and
carbonate content and the lack of detailed information on sedimentation rate prevents a fully
guantitative reconstruction of past CH, flow. We thus only attempt a qualitative assessment of the
potential factors that drove the observed, vertical evolution seep carbonate cementation in this ca.

100 m in diameter, 300 m thick column..

33



©CO~NOOOTA~AWNPE

901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929

The sequence of amplitude anomalies starts with a pockmark: the depression cross cut the
stratigraphy, demonstrating its erosive origin probably associated with a massive and brutal eruption
of fluids (Hovland 1989; Judd and Hovland 2007; Kramer et al., 2017). According to our model results,
the eruption has left no trace in the seep carbonate record due to the delayed microbial response to
abrupt changes in the fluid flow regime. The pockmark is followed by two stacks of seep carbonate
vertically separated by a weakly cemented interval, which Ho et al (2012) interpreted as two
sequences of seepage interrupted by a dormant stage. This explanation is plausible but our model
results suggest that a sequence of seep carbonates, such as the one observed here, can also be
related to changes in sedimentation rate. Interestingly, the weakly cemented interval is associated
with a rather homogenous amplitude domain in the seismic record, indicating a relatively
homogeneous lithology, and is capped by a high amplitude reflector, which marks a significant
lithology change. Assuming that sediment lithology is related to sedimentation rate, the weakly
cemented interval may correspond to a period of relatively high sedimentation rate. The change in
lithology that follows may in turn correspond to a relative slowdown in sedimentation rate.

In summary, the reactive-transport model established here CHsprovides a quantitative and
interpretative framework that allows to 1) test alternative environmental scenarios that might lead
to the observed sequence in the seismic record; 2) identify the key environmental variables that
need to be constrained and, once constrained; 3) quantify first-order estimates of past CH,4 flow,
taking into account the limits of applicability of our model. For instance, a detailed analysis of
sedimentation rates over the considered vertical stack of amplitude anomalies (which is outside the
scope of this study) would help identify the main control on carbonate precipitation. If sedimentation
rate remains relatively constant over the considered interval, past variations in methane flux likely
exerted the dominant control on seep carbonate precipitation. In contrast, if significant variations in
sedimentation rate are observed, it is likely that seep carbonate precipitation is controlled by these
variations. In both cases, knowledge of sedimentation rate would allow for a first-order quantitative

reconstruction of past CH, fluxes based on the quantitative framework developed here.
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interpreted by Ho et al. (2012) as seep carbonates (left). The middle panel interprets the vertical

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

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

6. Conclusion

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

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

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

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

identifying the dominant environmental drivers of the coupled C-S cycles in seep environments. We
found that it is indeed possible to use the amount of seep carbonate as a quantitative indicator for

CH, leakage over a wide range of environmental conditions encountered at seep sites. In particular

CH, flux almost linearly scales to the amount of precipitated carbonate (nCH4 = 3.3-5.2 nCaCOs)
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within a “quantitative domain” from low to moderate fluid flows. At higher fluid flows, full
cementation generally impedes direct quantitative CH4 flux estimates. Yet, within this “threshold
domain”, the minimum CH, flux required for full cementation still provides a lower bound estimate
of CH4 flux. In addition, and in contrast to the traditional view of CH,4 flux as the dominant control on
seep carbonate precipitation, we showed that sedimentation rate (w) and water depth also exert an
important control on the amount of carbonate precipitated mainly via their effects on residence time
and CHg solubility, respectively. As a consequence, vertical variations of the degree of cementation of
staked seep carbonates bodies might indicate not only temporal changes in fluid flow, but also
changes in sedimentation rate and/or water depth. Furthermore, our results reveal environmental
factors that are difficult to constrain, such as benthic macrofaunal activity and the kinetic rate
constant of AOM generally exert no significant impact on the relationship between the CH,4 flux and
the amount of carbonate precipitated. A notable exception corresponds to a case of very low AOM
kinetic rate constants that are typically indicative of low AOM biomass as found in, for instance,
passive settings or under highly transient conditions when the AOM biomass cannot adapt to abrupt
changes in fluid flow regimes. Here, low AOM rates severely limit carbonate precipitation. Event CH,
releases characterized by fluid flows possibly several order of magnitude larger than under steady
conditions, such as during pockmark eruptions, would not be recorded by seep carbonate

precipitation.
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Primary Redox Reactions kinetic rate laws Ta Tc Ts
sulfate reduction
CH,0(NH3), + % SO,> +yH' -> HCO3 + % H,S +yNH,"  |Rsg = Rpoc fs0.” (1+y)| 1 1/2
methanogenesis
CH,O(NHa), + yH" -> % CH4 + % CO, + yNH," Rumeth = Reoc(1 - f50.%) y | 1/2] o
Secondary Redox Reactions
anaerobic oxydation of methane
CH, +50,” -> HCO;™ + HS™ + H,0 Raom = Kaom [CHal [SO4”] 2 1 1
Carbonate Precipitation / Dissolution
carbonate dissolution
CaCO;->Ca™ + CO5™ Reatoiss = Keatois [CaCO3] (1- [Ca*1[CO3™ ] /Kepeat) | 2 | 1 | O
carbonate precipitation
Caz+ + CO32- -> CaCO3 RCaIPrec= kCaIPrec ( [Caz+] [COSZ] / KspCaI'l) -2 -1 0

Equilibrium Conditions

mass action laws

carbonic acid dissociation
H,CO; = HCO; +H"

bicarbonate dissociation
HCO; = CO;”+H'
sulfide dissociation
H,S = HS +H"
boric acid dissociation

BOH, = BOH; +H"

autoprotlysis of water
H,0= OH +H"

Reqr = [H'] [HCO3 ]/ [H,CO57]
Req2= [H'] [CO3”]/ [HCO5]
Reqa=[H'T [HS/ [HoS]

Reqa= [H'] [B(OH)5]/ [B(OH).]

Reqs = [H'] [OH]

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

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

each kinetic reaction. y=16/106
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parameter value units reference
fso,> 1for [5042']>kmsof -
fso,> [SOf"]/kmsof' for [5042']skmsof' -
kmso,> 1*10° molecm™  [Van Cappellen and Ingall (1996)
nu 0,125 - Arnd et al. (2013)
a 10 yr Arnd et al. (2013)
Kaom Cf. Table 5 cm® moltyr!
Kealpiss 1 yrt Luff and wallmann (2003)
Kealprec 0,1 mol cm’ yr |Luff and wallmann (2003)
parameter value for a gien water deph units
10m 100 m 200 m 500 m 1000 m
Kspcal 432*10" 4,40*10" 4,48 *10" 4,47 *10™ 5,19 *10| mol*cm™® |Millero (1995)
Req1 0,99 *10° 1,00 *10° 1,01 *10° 1,04*10° 1,1*10° | molecm™ |Millero (1995)
Req2 6,37 *10" 6,41*10" 6,46 *10" 6,6*10" 6,82*10| molcm® |Millero (1995)
Reqs 1,72*10™° 1,75*10™"° 1,80 *10"° 2,13*10™° 3,8*10™° | molcm™ |Millero (1995)
Reqs 1,65%10 1,67 *10™ 1,69 *10* 1,75 *10™ 1,86 *10™*| molcm™ |Millero (1995)
Reqs 1,40%10, 1,4*10%° 1,42 *10%° 1,47 *10%° 1,55*10%°| mol>cm® |Millero (1995)
Table 2: Parameters of the reaction network
molecular diffusion temperature
Species i coefficient at 0°C . dep.endence. gf
Di0 [cm%/yr] diffusion EOEffICIent
fT[°C]
CH,0 0 0
SO,* 173,9 0,045
CH4 263,9 0,052
H,S 331,6 0,06
HS- 392 0,031
B(OH,, 96,3 0,048
B(OH), 110 0,048
H, 600 0,06
CaCo, 0 0
Ca 150,4 0,045
NH 395,8 0,041
H,CO, 320 0,06
HCO, 217,2 0,048
Co,> 176,1 0,047
OH- 600 0,06

Table 3 : Molecular diffusion coefficients for the simulated species (Boudreau, 1997)
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Model parameters value units
Temperature 10 °C
Salinity 35 g/dm’
[CH4]sat 285*10° | mol/cm®
sedimentation rate (w) 0,1 cm/yr
bioturbation coefficient at the surface (Db) Cf. Table 5 cmz/yr
depth of the bioturbated layer 10 cm
bioirrigation coefficient at the surface (a) Cf. Table 5 yr'1
Porosity at the surface of the sediment 0,92 -
porosity at great depth 0,8 -
porosity attenuation coefficient 0,15 -
density of solids 2,5 g/cm3
Upper boundary conditions (V water depth) value units
Foro 4 ] wit% ofzw
6,66 * 10° mol/cm®/yr
Feaco, 15 ] wt% ofzw
3,00 * 107 mol/cm®/yr
pH 7,9 -
Alkalinity 2,30 * 10°® mol/cm?
B 0,42*10° | mol/cm’
TS 0 mol/cm3
TC 2,17*10° | mol/cm®
[50,7] 28,00*10° | mol/cm’
d[CH,]/dz 0 mol/cm®*
[Ca] 10,00 * 10° | mol/cm’
[NH,] 0 mol/cm?
Qo 2,33 -
Lower value for a given water depth ]
boundary units
conditions 10 m 100 m 200 m 500 m 1000 m
d[CH,0]/dz 0 0 0 0 0 mol/cm*
d[CaC0s]/dz 0 0 0 0 0 mol/cm*
pH 6,26 6,26 6,26 6,24 6,2 -
Alkalinity 64,83 *10° 64,95 *10° 65,49 *10°  65,5*10° 66,47 *10° | mol/cm®
B 039*10° 0,39*10° 039*10° 0,39*10° 039*10° | mol/cm®
TS 1538 *10° 1538 *10-° 1538*10° 1539*10° 1543*10° | mol/cm’
TC 94,49 ¥10° 94,58 *10° 94,66 *10° 94,88 *10° 9524 *10° | mol/cm’
[S0,7] 0 0 0 0 0 mol/cm’
[CH,] 1,49*10°  14,00*10° 2830*10° 53,5*10° = 214*10° mol/cm®
[ca™] 6,011 *10° 0,613*10° 6,25*10° 6,7078 *10° 7,9 *10° mol/cm?
[NH,'] 182,4*10° 182,4*10° 182,4*10° 182,4*10° 182,4*10° | mol/cm,
Qe 1 1 1 1 1 -
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986  Table 4: Model parameters for the transport and boundary conditions of our reactive-transport

1
> 987 model. TC=[H,CO57] + [HCO37] + [CO3%]; TB = [BOH,] + [BOH3]; TS= [H,S] + [HS] and Alkalinity = [HCOs"
i 988 ] + 2*[COs%] + [HS] + [BOH3] +[OH] — [H*]. For more information about the determination of TC and
2 989  Qcaat the upper boundary of the model domain, see text.
7 990
8
- - - -1
18 parameter . value f:r agiven f1I:|d flow vze(:outv {q);;m vr) 100 units
11 —
12 coefficient at the e 100 e 0 0 0 em?yr
13 surface (Db)
14 coefficient at the 1 50 20 0 0 0 1
15 surface (a) v
16 kinetic constant s . . . or 7 I T
17 of AOM (Kagn) 1,00 * 10° 1,35 * 10° 2,70 * 10° 5,40 * 10° 1,35 *107 2,70 *10" |cm® mol™ yr
18 991

19 992 Tables: parameters values of the baseline model as a function of the fluid flow velocity.
21 993
23 994

25 parameter | values tested in the sensitivity study Units
27 Kaom 5#10° 1*10° 5%*10° 5+%10° |cm®molt yrt
29 Db 0 25 50 sz ‘\F‘r'_l

30 -1
a 0 25 50 r
31 995 Y

33 996  Table 6: Selected values for the sensitivity tests, keeping all parameter but the studied one constant

35 997  to an arbitrary medium value, highlighted in bold.

40

36 998

37
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