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Assuming that the temperature dependence of sediment organic matter remineralization can be described by
the Arrhenius equation, organic matter that is highly refractory at seafloor temperatures (~2–3 °C) should
become more reactive at sediment depths of several hundred meters due to burial and heating by the natural
geothermal gradient. Results obtained using a coupled non-linear reactive-transport model support this sug-
gestion. For deeply-buried marine sediments (i.e., those found 100s of meters below the seafloor) model re-
sults predict the occurrence of a deep zone of methanogenesis that is separated by a relatively thick region in
which methane diffuses upwards to be oxidized by downward diffusing sulfate. This depth zonation of bio-
geochemical processes in deeply-buried sediments is in sharp contrast to that observed in nearshore marine
sediments where sulfate reduction and methanogenesis generally occur in much closer vertical proximity.
Model results presented here also provide a simple mechanistic explanation for the occurrence of linear
pore water sulfate profiles that are common in many continental margin sediments. Linear sulfate gradients
are often taken as an indirect indicator of gas hydrate occurrence although results presented here suggest
that this does not necessarily always have to be the case. Application of the model to gas hydrate-containing
sediments on the Blake Ridge yields results that are in good agreement with sediment and pore water data,
and microbial rate studies in these sediments. Model results also suggest that in situ methanogenesis in
and/or near the gas hydrate stability zone may play an important role in supplying the methane found in
Blake Ridge gas hydrates.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Deeply-buried marine sediments (i.e., found 100s of meters below
the seafloor) have been isolated from the sediment surface for 10s of
millions of years under pressures of 100s of atm (or ~104–105 kPa).
However despite the extreme conditions in these sediments, they
represent the largest prokaryotic habitat on Earth (Whitman et al.,
1998). Organisms living in these sediments have extremely low
rates of metabolism (e.g., D'Hondt et al., 2002), due to the fact that
energy flow to these environments in terms of organic matter flux
from the sediment surface is extremely low (Parkes and Sass, 2009;
Schrenk et al., 2010). Furthermore, the organic matter found in
these sediments is thought to be extremely refractory based on em-
pirical observations which show that organic matter reactivity de-
creases with age and burial of the material (Middelburg, 1989). Past
studies of deeply-buried marine sediments have examined the poten-
tial rates and the distribution of biogeochemical processes in these
sediments (D'Hondt et al., 2005; Parkes et al., 1994, 2005; Wellsbury
et al., 1997). Recent studies have also quantified rates of processes in

these sediments using reactive-transport (advection/diffusion/reac-
tion) models applied to sediment pore water profiles (Sivan et al.,
2007; Wallmann et al., 2006; Wang et al., 2008; Wortmann, 2006).

Many deeply buried marine sediments, particularly those on the
continental slope and rise, also contain methane gas hydrates, i.e.,
ice-like solids in which methane is trapped in a cage, or lattice, of
water molecules (Bohrmann and Torres, 2006; Buffett and Archer,
2004; Davie and Buffett, 2003a; Milkov, 2004). The δ13C and δD
values of the methane found in gas hydrates are generally extremely
light, indicating that the gas is primarily of biogenic origin (Bohrmann
and Torres, 2006; Borowski et al., 1997; Hoehler et al., 2000). Previ-
ous thermodynamic and reactive transport models have successfully
described many aspects of gas hydrate dynamics (Davie and Buffett,
2003a; Egeberg and Dickens, 1999; Hensen and Wallmann, 2005;
Rempel and Buffett, 1997; Torres et al., 2004; Xu and Ruppel, 1999),
although they do not necessarily directly relate gas hydrate dynamics
to the microbial processes that produce and consume methane.

One fundamental aspect of deeply-buried sediments that has not,
to my knowledge been directly incorporated into any of the reactive-
transport models cited above is the impact of temperature change
with sediments depth (i.e., the sediment geothermal gradient). Tem-
perature has been implicated as having a significant effect on the po-
tential rates of biogeochemical processes in deeply-buried sediments
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(Wellsbury et al., 1997), and as I will show, should play a major role
in shaping not only the depth distribution of these processes, but
also the overall biogeochemistry of the sediments.

The goal of this paper is to examine the effect of temperature on bio-
geochemical processes in deeply-buried sediments, using a coupled
non-linear reactive-transport model. The results of this study provide
a simple straight-forward explanation for the linear sulfate gradients
commonly seen in many continental margin sediments (Borowski
et al., 1999; Dickens, 2001; Hensen et al., 2003; Niewöhner et al.,
1998; and others), and will also allow me to examine the mechanistic
linkages between linear sulfate profiles, microbial processes in deeply-
buried sediments, and the formation of gas hydrate deposits.

2. Organic matter remineralization in sediments and the effects of
temperature on remineralization

Organic matter deposited in sediments is very heterogeneous in
composition, and its reactivity is controlled both by its composition
and structure as well as factors such as physical protection and, in
some cases, electron acceptor availability (Burdige, 2007; Hedges
and Keil, 1995; Hedges et al., 2000). Parameterizing this reactivity
in reactive transport models is therefore a topic of some interest
(Boudreau and Ruddick, 1991; Middelburg, 1989; Wallmann et al.,
2006). Both qualitatively (Cowie and Hedges, 1994) and quantitatively
(Middelburg, 1989) it has been shown that organicmatter reactivity de-
creases with increasing age or sediment burial, in part becausemore re-
active organic matter is preferentially remineralized, leaving behind
less reactive organic matter for subsequent decomposition. The multi-
G model (Westrich and Berner, 1984) quantifies this reactivity by as-
suming there are discrete organic matter fractions with decreasing
rate constants for degradation. Laboratory studies of sediment organic
matter remineralization have been be successfully analyzed with this
approach (Burdige, 1991; Westrich and Berner, 1984), and variants of
the multi-G model have also been used in many studies of shallow sed-
iments (less than a fewmeters sediment depth1) in coastal, continental
margin and deep-sea settings (for a review, see Burdige, 2006).

Continuous models of organic matter reactivity, such as the
Middelburg power model (Middelburg, 1989), are based on empirical
observations which show that there is a continuous decrease in the re-
activity of bulk organic matter (as expressed by the first order rate con-
stant for decomposition) as this material ages during transport to the
sediments plus burial in the sediments. The multi-G model and the
power model are not, however, necessarily mutually exclusive. This is
because in the multi-G model the model-defined fractions of organic
matter that are remineralized on early diagenetic time scales in differ-
ent shallow sediments show a similar decrease in reactivity as one
moves from coastal to deep sea sediments, consistentwith the apparent
aging of the material along this same environmental gradient (Burdige,
2006; Middelburg, 1989).

At the same time, an examination of the data used in the Middel-
burg (Middelburg, 1989) power model shows that as the age of the
material undergoing remineralization decreases so does, in general,
the temperature at which this remineralization occurs. One moves
from “fresh” organic matter being degraded at temperatures of up
to 15–25 °C, to more refractory organic matter being degraded in
deep sea sediments at temperatures of ~2 °C. As a result, some of
the observed trend of decreasing reactivity with increasing age may
be related to this decreasing temperature. However, given the rela-
tively “small” temperature change here (maximum of ~20 °C) versus
the much larger (multi-order of magnitude) changes in organic

matter reactivity, this temperature effect is likely to be quite small.
Nevertheless, this consideration of temperature effects does point
out that both the power model and multi-G models do not account
for how the reactivity of a given “type” of organic matter may change
as it undergoes deep burial (tens to several hundreds of meters) and
heating by the natural geothermal gradient.

The importance of temperature on remineralization processes in
deeply-buried marine sediments can be seen in the following simple
calculation. Assuming that the temperature dependence of the rate
constant (kT) of a biogeochemical reaction can be described by the Ar-
rhenius equation,

kT ¼ Ae−Ea=RT ð1Þ

results from nearshore, coastal sediments suggest that the activation
energy (Ea) for organic matter remineralization (primarily sulfate re-
duction) ranges from ~50 to 130 kJ mol−1 (Aller, 1980; Hu, 2007;
Klump and Martens, 1989; Middelburg et al., 1996; Robador et al.,
2009; Weston and Joye, 2005; Westrich and Berner, 1988). Further-
more, results of some of these studies (Middelburg et al., 1996;Westrich
and Berner, 1988) also show that Ea values increase with decreasing or-
ganic matter “reactivity.”

As discussed above, more refractory organic matter is generally
deposited in outer continental margin and deep-sea (versus near-
shore) sediments (Cowie and Hedges, 1994; Middelburg, 1989).
This then suggests that the Ea values discussed above are likely
lower limits for the Ea values of organic matter found in the types
of deeply-buried outer continental margin sediments being examined
in this study. Similarly, the activation energy for hydrocarbon gener-
ation from kerogen is ~200–250 kJ mol−1 (Hunt, 1996; Rullkötter,
2006), consistent with the observation that the activation energy for
organic matter remineralization increases with decreasing reactivity.
However given the many differences between microbially-mediated
organic matter remineralization and abiotic hydrocarbon formation
during organic matter catagenesis, it is obvious that some care must
be taken in the interpretation of this comparison.

Given a range for the geothermal gradient in marine sediments of
~0.02 to 0.06 °C m−1 (Bohrmann and Torres, 2006), a temperature
increase of ~20–30 °C is generally observed in the upper several hun-
dred meters of marine sediment. With the activation energies listed
above, this implies that rates of biogeochemical reactions in marine
sediments can be expected to increase by up to several hundred-
fold with deep burial. The incorporation of this temperature/depth
dependence of reaction rates has not, to my knowledge, been includ-
ed in reactive-transport models of sediment diagenesis in deeply-
buried marine sediments.

Although other studies use a more sophisticated approach to in-
corporate thermodynamic controls on the kinetic parameters for mi-
crobial processes in nature (Jin and Bethke, 2005) I believe that the
approach taken here is adequate for the goals of this study. Thus in
the remainder of the discussion here I will use Eq. (1) to parameterize
the temperature dependence of organic matter remineralization in
deeply-buried sediments.

3. Methods

3.1. Reactive-transport model of biogeochemical processes in deeply
buried marine sediments

The model used here consists of a set of coupled non-linear differ-
ential equations describing the depth-distribution of pore water sul-
fate (S) and methane (M) and solid phase (particulate) organic
matter that has the “potential” to undergo remineralization (G). The
relevant biogeochemical reactions considered in the model (and the
constituents they affect) are: sulfate reduction coupled to organic
matter remineralization/oxidation (G, S); methanogenesis (methane

1 Throughout this paper, “shallow” is used to define or describe sediment depths rel-
ative to the sediment surface, rather than the water column depth at which the sedi-
ment is found.
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production from organic matter; G, M), and anaerobic oxidation of
methane (S, M). These reactions can be expressed as,

2CH2Oþ SO2−
4 → 2HCO−

3 þ H2S ð2aÞ

2CH2O→ CH4 þ CO2 ð2bÞ

CH4 þ SO2−
4 →HCO−

3 þ HS−þ H2O: ð2cÞ

For simplicity I have assumed that the OM undergoing oxidation
(i.e., CH2O) has an oxidation state of 0, although in actuality it may
be slightly more reduced (Burdige, 2006). The kinetics of sulfate re-
duction, methanogenesis and anaerobic oxidation of methane
(AOM) are modeled as has been done previously (e.g., Burdige and
Komada, 2011; Martens et al., 1998), modified to take into account
changes in the rate constant of organic matter remineralization with
increasing temperature/sediment burial (see below). Additional gen-
eral details about these types of reactive-transport models can be
found in the literature (Boudreau, 2000; Burdige, 2006).

For pore water sulfate, the differential equation used in the model
is:

∂S
∂t ¼

1
φ

∂
∂z φDs

∂S
∂z

� �
− 1

φ
∂
∂z φνSð Þ− kTL1IGS

Km þ S
−kaomSM ð3Þ

including (in order) the following processes on the right side of the
equation: diffusion, advection, sulfate reduction and AOM. The analo-
gous equation for pore water methane is:

∂M
∂t ¼ 1

φ
∂
∂z φDm

∂M
∂z

� �
− 1

φ
∂
∂z φνMð Þ þ fSkTL2IG−kaomSM ð4Þ

and includes diffusion, advection, methanogenesis and AOM. Finally,
the equation for sediment organic carbon is:

∂G
∂t ¼ − 1

1−φð Þ
∂
∂z ω 1−φð ÞGð Þ− kTGS

Km þ S
−fSkTG ð5Þ

and includes advection driven by sedimentation, sulfate reduction
and methanogenesis. Note that because of the relatively large
depth-scale of these systems (i.e., 10s to 100s of meters), benthic pro-
cesses that impact transport and biogeochemical reactions in the
upper 10s of centimeters of sediment, or less, (e.g., bioturbation and
bioirrigation) can be safely ignored.

The variables used in these equations are as follows: t = time; z =
depth (positive downwards); ν=porewater advection;ω=sediment
accumulation; kT = the temperature-dependent first order rate con-
stant for organic matter degradation, defined in Eq. (1); L1 = moles of
sulfate reduced per mole of OM oxidized and L2 = moles of methane
produced per mole of OM oxidized. Here these values both equal 1/2
(see Eqs. (2a) and (2b)). Km is the half-saturation constant for bacterial
sulfate reduction; a value of 0.5 mM was used in all calculations. This
value is roughly in the middle of the range of values determined
with sediment incubation studies (Boudreau and Westrich, 1984;
Roychoudhury et al., 1998) or used in previous reactive-transport
models (Dale et al., 2008). Model results are extremely insensitive to
the choice of Km values within this reported range (results not shown
here). Porosity (φ) was assumed to decrease with depth, due to sedi-
ment compaction, according to,

φ ¼ φ∞ þ φo−φ∞ð Þe−αz ð7Þ

where α is the porosity depth attenuation constant and the sub-scripts
‘o’ and ‘∞’ refer to the sediment surface and somegreat depth in the sed-
iments at which compaction ceases. Other formulations for the depth-
dependence of porosity (both continuous and discontinuous functions)
can easily be incorporated into themodel equations and their numerical

solution. I have also assumed steady-state compaction, i.e.,φ is a function
of depth but not time (see below for details). The parameter ℑ is used to
convert dry sediment organic carbon concentrations (mg C gdw−1) to
equivalent pore water concentrations (e.g., mM),

I ¼ 1−φ
φ

ρds⋅ 103
=12

� �
ð8Þ

where ρds is the dry sediment density (Burdige, 2006). Since ℑ is a func-
tion of φ, and φ is a function of depth, ℑ is similarly depth-dependent.

The diffusion coefficients for sulfate and methane were corrected
for sediment tortuosity (θ2) using the equation,

Di ¼
Do
i

θ2
¼ Do

i

φF
¼ Do

i φ ð9Þ

where Di
0 is the temperature-dependent, free solution diffusion coef-

ficient (see below), and θ2=φF (Burdige, 2006). F, the so-called for-
mation factor, was assumed to follow Archie's Law, or F=φ−2

(Berner, 1980). Free solution diffusion coefficients were assumed to
be a linear function of temperature

Do
i ¼ ai þ biT ð10Þ

where T is temperature (°C). The values of ai and bi for sulfate and
methane were obtained by interpolating published diffusion coeffi-
cients (Schulz and Zabel, 2006).

Based on the temperature-dependence of diffusion coefficients,
plus the depth-dependence of porosity, the derivative in the diffusive
term in Eq. (3) is expanded as follows,

1
φ

∂
∂z φDs

∂S
∂z

� �
¼ 1

φ
∂
∂z φ2Do

s
∂S
∂z

� �
¼ 1

φ
2φ

∂φ
∂z D

o
s
∂S
∂z þ φ2 ∂Do

s

∂z
∂S
∂z þ φ2Do

s
∂2S
∂z2

 !

¼ 2Do
s
∂φ
∂z

∂S
∂z þ φ

∂Do
s

∂z
∂S
∂z þ φDo

s
∂2S
∂z2

ð11Þ

with the same also being true for methane (M) in Eq. (4). Based on
Eq. (10) ∂Do

i =∂z is given by,

∂Do
i

∂z ¼ ∂Do
i

∂T
∂T
∂z ¼ biGT ð12Þ

where GT is the geothermal gradient (°C m−1).
In sediments where porosity decreases with depth, sediment burial

(ω) and pore water advection (ν) are driven by sediment accumulation
at the sediment surface and compaction with depth (Burdige, 2006;
Meysman et al., 2005). A common assumption made in these cases is
steady state compaction, i.e., ∂φ=∂z ¼ 0 (Berner, 1980). Here conserva-
tion of mass and pore water implies that the products φν and (1−φ)ω
are constant with depth, despite the fact that their individual compo-
nents (φ, ν and ω) vary with depth. Thus for solids, (1−φ)ω=(1
−φ∞)ω∞, and the advective term in Eq. (5) can be re-written as,

1
1−φð Þ

∂
∂z ω 1−φð ÞGð Þ ¼ 1−φ∞ð Þω∞

1−φð Þ
∂G
∂z : ð13Þ

Similarly, the pore water advective terms in either Eqs. (3) or (4)
can be re-written as (again using sulfate as the example),

1
φ

∂
∂z νφSð Þ ¼ φ∞ν∞

φ
∂S
∂z ¼

φ∞ω∞
φ

∂S
∂z ð14Þ

since at the base of the compaction zone pore water advection and
sedimentation occur at roughly the same rate, i.e., ν∞≈ω∞, allowing
for the substitution of ω∞ for ν∞.

In many gas hydrate-bearing sediments, though, the net pore
water flow appears to be upwards (Davie and Buffett, 2003b; Egeberg
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and Dickens, 1999; Hensen andWallmann, 2005), and pore water ad-
vection and sediment burial uncoupled from one another. In these
sediments, net pore water advection results from downward advec-
tion due to sediment burial and upward pore water flow, and can
be defined as (Luff and Wallmann, 2003),

ν ¼ φ∞ω∞ þ uoφoð Þ
φ

ð15Þ

where uo is the gross rate of pore water advection at the sediment
surface. Since here the quantity νφ is again independent of depth,
the equivalent of Eq. (14) can be written as,

1
φ

∂
∂z νφSð Þ ¼ φ∞ω∞ þ uoφoð Þ

φ
∂S
∂z : ð16Þ

Notice that when uo=0 Eq. (16) is identical to Eq. (14). The
causes of this upward advection are discussed further in Section 4.2.

The function fS is an empirical “inhibition” function that goes from
0 to 1 as sulfate concentrations go to zero, providing a way to inhibit
the occurrence of methanogenesis when sulfate is present. Several
different forms of this inhibition function have been presented in
the literature (e.g., Burdige and Komada, 2011; Martens et al., 1998)
although all behave very similarly. Here, I have used the formulation,

fS ¼
10−5

10−5 þ S
ð17Þ

which leads to the inhibition of methanogenesis (fS→0) as sulfate in-
creases above ~10−3 mM (Burdige and Komada, 2011).

3.2. Method of solution

Eqs. (3)–(5) represent a set of coupled, non-linear differential equa-
tions for which there is no analytical solution. The solution of these
equations was obtained numerically using the Method of Lines tech-
nique with variable grid spacing (Boudreau, 1997; Schiesser, 1991).
The spatial domain of the solution (defined here from 0 to L) was first
sub-divided by n grid points, distributed such that the Δzi value
between grid points increased as depth increased (having a finer grid-
spacing near the sediment–water interface allows one to more accu-
rately represent concentration profiles and gradients in this region of
the sediments where these parameters often show rapid changes). At
each grid point, ∂G=∂z in Eq. (5) was approximated using a backwards
difference approximation while the first and second space derivatives
of sulfate and methane concentration in Eqs. (3) and (4) were approx-
imated using centered, finite-difference approximations (Boudreau,
1997).

With this approach, Eqs. (3)–(5) are transformed from space- and
time-dependent partial differential equations into a set (3n total) of
time-dependent ordinary differential equations (ODEs) valid at each
of the n grid points. This set of coupled, non-linear ODEs was solved
in MATLAB using the integration package ode15s (a copy of the com-
plete MATLAB script is available from the author). The stiffness of this
set of ODEs is well handled by this integration package.

Solving these equations using the Method of Lines actually results
in a time-dependent solution to the three model equations (concen-
tration versus depth versus time), although here only steady-state
solutions are presented. The model was generally run forwards in
time for ~100,000 kyr although a steady-state was reached after
~80,000 kyr.

For the upper boundary condition of the model (i.e., at z=0), the
concentrations of sulfate and methane were set to bottom water
values (S0 and M0), and the concentration of organic carbon that has
the potential to undergo remineralization (G0) was specified at the
sediment surface. At the lower boundary (z=L) it was assumed

that ∂S=∂z and ∂M=∂z go to zero. Other model input parameters
used here are listed in Table 1.

4. Model results and discussion

4.1. The effect of temperature

Fig. 1 presents model results illustrating the impact of tempera-
ture on organic matter remineralization in deeply-buried marine sed-
iments. In these model calculations sulfate reduction was assumed to
be the only remineralization process occurring in the sediments. Al-
though this assumption is obviously not realistic, the results of
these model runs nevertheless illustrate a key concept that subse-
quently will be elaborated upon using more realistic model
simulations.

In these simulations kT (2 °C) at the sediment surface was
10−7 kyr−1. This rate constant is at least 3 orders of magnitude smaller
than typical deep-sea sediment values (Middelburg, 1989), and as a re-
sult, when Ea=0 kJ mol−1 (i.e., kT is invariant with depth/temperature)
essentially no remineralization of this organicmatter occurs. However, as
Ea increases, the importance of sub-surface remineralization increases,
due to the increase of kTwith depth as a result of heating by the geother-
mal gradient. This then results in dramatic differences in pore water sul-
fate profiles and depth profiles of sulfate reduction rate. When, for
example, Ea=200 kJ mol−1, the balance between kT increasing with
sediment depth as sediment temperature increases and the resulting de-
pletion of pore water sulfate leads to the development of a well-defined
sub-surface reaction zone.

In real marine sediments, however, if reactive organic matter still
remains once sulfate is depleted, methanogenesis should occur (e.g.,
Claypool and Kaplan, 1974). In coastal or nearshore marine sedi-
ments where sulfate reduction and methanogenesis occur in the
upper several meters (or less) of sediment, methanogenesis occurs
immediately below the zone of sulfate reduction, once pore water
sulfate is completely (or near completely) consumed (Martens and
Berner, 1974; Reeburgh, 2007). In this case, the occurrence (depth
distribution) of sulfate reduction and methanogenesis is primarily
driven by the deposition (downward burial) of reactive organic mat-
ter (Claypool and Kaplan, 1974; Martens et al., 1998), since temper-
ature changes over these sediment depth intervals are relatively
small (less than a few degrees at most). The region in the sediments
where sulfate concentrations go to zero is often referred to as the
sulfate-methane transition zone (SMTZ), and it is generally a locus
of AOM activity due to the upward diffusion of methane and the

Table 1
Input parameters used in the model simulations discussed in the text.

Parametera Fig. 1 Figs. 2 and 3 Fig. 4 Fig. 7 Units

G0 4 4 4 4 mg C gdw−1

ω∞ 0.03 0.03 0.03 0.03 m kyr−1

uo 0 0 0 −0.03 m kyr−1

GT 0.03 0.03 0.03 0.03 °C m−1

kT (2 °C) 10−7 10−7 10−7, 10−6, 10−5 10−7 kyr−1

kaom
b – 10 10 10 mM−1 kyr−1

Ea 0–200 200 200 200 kJ mol−1

BWT 2 2 2 2 °C
φo 0.9 0.9 0.9 0.9
φ∞ 0.65 0.65 0.65 0.65
α 0.05 0.05 0.05 0.05 m−1

a All model input parameters are defined in Section 3.1, as are the values of other pa-
rameters not shown here.

b This value is taken from Hensen and Wallmann (2005). Decreasing kaom increases
the curvature in sulfate profiles near the SMTZ, and spreads out the depth zone over
which AOM occurs (results not shown here). These observations are most pronounced
when kaom is decreased from 10 to 1 (to 0.1)mM−1 kyr−1, as opposed to decreasing it
from 100 to 10 mM−1 kyr−1. However, these changes in kaom (with all other parame-
ters held constant) result in no change (b1% difference) in the depth-integrated rate of
AOM.

399D.J. Burdige / Earth and Planetary Science Letters 311 (2011) 396–410



Author's personal copy

downward diffusion of sulfate (e.g., Alperin and Hoehler, 2009; Dale
et al., 2008).

In deeply buried sediments on the other hand, model results show
that the occurrence of organic matter remineralization, and the reac-
tivity of the organic matter itself, is further controlled by the geother-
mal gradient (GT) and the Ea value for remineralization, in addition to
the organic matter burial flux. For organic matter that is refractory at
the sediment surface GT and Ea define the increase with sediment
depth in the reactivity of this material (regardless of the type of remi-
neralization). If sulfate is able to diffuse downward to sediment
depths where there has been this appreciable increase in organic
matter reactivity, then bacterial sulfate reduction will oxidize this or-
ganic matter, and if reactive organic matter still remains after com-
plete sulfate depletion, then methanogenesis will occur. In such a
situation, as methane is produced it will diffuse upwards where it is
consumed by microbes that mediate AOM. This shifts the SMTZ up-
wards and as this occurs the relative importance of sulfate reduction
coupled to organic matter oxidation above the SMTZ decreases (since
temperatures get lower as you move upward). With this, the relative
importance of methanogenesis then increases in the deeper, warmer
sediments. Under steady state conditions, the combined effect of this
is a deep methanogenic reaction zone separated by a region of up to
several hundred meters thick, in which methane diffuses upwards
to be oxidized by downwardly diffusing sulfate.

This is illustrated in Figs. 2 and 3 in a model run (Ea=200 kJ -
mol−1) that includes methanogenesis and AOM. These results still
show a deep zone of organic matter remineralization as in Fig. 1 al-
though as noted above, methanogenesis is the terminal remineraliza-
tion process here. The maximum rate of methanogenesis occurs at a
sediment depth of ~900 m, more than 700 m below the SMTZ at
~130 m, and ~60% of the methanogenesis in these model sediments
occurs between 720 and 960 m. At the same time, virtually all of the
sulfate reduction occurs by AOM, with less than a few percent occur-
ring through direct organic matter oxidation (Table 2). Increasing kT
(2 °C) 10- or 100-fold (to 10−6 and 10−5 kyr−1) results in sediment
profiles with near-identical general shapes, but which are shifted up-
wards: the SMTZ shifts from ~130 to 100 to 80 m, and the center of
the zone of methane production moves from ~900 to 600 to 360 m
(Fig. 4; also see Section 4.3 for a further discussion of the trends in
this figure). The model profiles shown in Figs. 2–4 are broadly consis-
tentwith those observed across awide range of continentalmargin sed-
iments (Borowski et al., 1999; Dickens, 2001; Hensen and Wallmann,
2005; Niewöhner et al., 1998; Sivan et al., 2007), suggesting that this
model provides a plausible first-order explanation for the factors

controlling such porewater profiles in these settings (also see addition-
al discussions Sections 4.2 and 4.4).

Based on these model results, organic matter that is refractory at
sea floor temperatures is buried in sediments and not degraded by
sulfate reducing bacteria above the SMTZ, but is degraded deeper in
the sediments by methanogens. At first glance, such an observation
appears to “violate” a fundamental tenet of sediment biogeochemis-
try, the concept of biogeochemical zonation (Claypool and Kaplan,
1974; Froelich et al., 1979). Based on this concept, the degradation
of the same type of organic matter should occur by sulfate reduction
before methanogenesis (i.e., higher up in the sediment column) since
sulfate reduction yields a greater amount of free energy per mole of
organic matter that is oxidized than does methanogenesis. While
this type of separation/zonation is seen in shallow coastal sediments
(e.g., Alperin et al., 1992; Dale et al., 2008; Martens et al., 1998), it
does not occur this way in certain deeply-buried marine sediments.
Here, increasing temperature (with increasing sediment burial) al-
lows organic matter that is refractory at sea floor temperatures to by-
pass extensive remineralization by sulfate reduction in shallow
sediments with lower temperatures, followed by remineralization in
deeper sediments with higher temperatures.

4.2. Linear sulfate gradients

A linear least squares fit to the model sulfate data in Fig. 2A from
25 m below the sediment surface down to just above the SMTZ yields
a line with a very high r2 value (=0.999, see Fig. 3A). Model sulfate
profiles shown in Fig. 4 or discussed in Table 2 also have similar
high r2 values (N0.998) in this general region of the sediments.
There is, however, some curvature in these profiles, particularly
near the sediment surface, due to the decrease in porosity with sedi-
ment depth, and its resulting decrease in the magnitude of the sulfate
diffusion coefficient (see Eq. (9) and Lerman, 1977). This effect is
most pronounced in the upper ~10–20 m of these profiles, since the
porosity attenuation coefficient α used in Eq. (7) is 0.05 m−1, imply-
ing that the e-folding depth for a porosity decrease is 20 m. Also, de-
spite the subtle curvature in profiles such as that in Fig. 2A, a linear
least square fit to all of the sulfate data from the sediment surface
to the SMTZ yields a line with an r2 value that is only slight dimin-
ished (=0.996) from that for the data in the sulfate reduction zone
below 25 m. Similarly, the slopes for the two best-fit lines are virtual-
ly identical.

On depth scales of several 10s of meters not all continental margin
sulfate profiles show this high degree of linearity (Borowski et al.,
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1999), and some profiles show either smooth or “kinked” concave up
profiles for reasons beside porosity variations. In particular, this may
be due to non-steady state effects associated with large scale sedi-
ment slumping (slides) possibly in combination with changing deep
methane fluxes (Hensen et al., 2003). Similarly, sulfate profiles may
also show smooth or kinked concave down profiles. One possible ex-
planation for these profiles is “high” rates of sulfate reduction coupled
to organic matter oxidation near the sediment surface with lower
rates of AOM at depth (Borowski et al., 1999).

To examine these latter types of profiles, I first note that model
calculations presented so far assume there is only one type of refrac-
tory organic matter deposited in the sediments, and that this material
becomes more reactive with depth due to increasing temperature. In

addition, even with a value of kT (2 °C) equal to 10−5 kyr−1

(≡10−8 yr−1), this material is still several orders of magnitude less re-
active than “typical” organic matter than undergoes remineralization in
the upper few meters of most continental sediments (Middelburg,
1989; Wallmann et al., 2006).

Therefore in the set of calculations shown in Fig. 5 I have included
a second model equation for a more reactive fraction of organic mat-
ter that degrades near the sediment surface. Both equations are based
on Eq. (5), one for a reactive “G1” fraction and the second for a refrac-
tory “G2” fraction, each with different kT (2 °C) and Ea values. Similar-
ly, the equations for sulfate and methane now include terms for
sulfate reduction and methanogenesis coupled to the remineraliza-
tion of each of these two types of organic matter. For example, the
sulfate equation in this 2-G model is now written as,

∂S
∂t ¼

1
φ

∂
∂z φDs

∂S
∂z

� �
− 1

φ
∂
∂z φνSð Þ− kT;1L1IG1S

Km þ S
−

kT;2L1IG2S
Km þ S

−kaomSM:

ð18Þ

In these calculations I have assumed that the G2 organic matter
has a kT,2 (2 °C) value equal to 10−5 kyr−1 and an Ea of
200 kJ mol−1. For the more reactive (G1) organic matter fraction un-
dergoing remineralization I assumed that the initial age of this mate-
rial in surface continental margin sediments is 500–1000 yr
(Middelburg, 1989;Wallmann et al., 2006), and using the Middelburg
power model (Middelburg, 1989) this predicts a k value for this G1

material (assumed to be equal to kT,1 (2 °C) in the model) on the
order of 10−4 yr−1 (≡0.1 kyr−1). The e-folding depth for the remi-
neralization of this material is roughly equal to ω /k, or ~1–10 m for
typical continental margin sedimentation rates of ~0.1–1 m kyr−1.
Rate constants and e-folding depths such as these are often seen in
many continental margin sediments (Boudreau, 1997; Wallmann
et al., 2006). Based on arguments presented in Section 2, I have also
assumed that this G1 material has an Ea for remineralization of
100 kJ mol−1, although given the relatively small e-folding depth
for its remineralization, the temperature effect on remineralization
is minimal. Also, shown in Fig. 5 is an additional set of calculations
in which I have assumed kT,1 (2 °C) for this G1 fraction is ten times
smaller (10−2 kyr−1) with a corresponding 10-fold increase in the
e-folding depth for its remineralization.
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As seen in Fig. 5, when the amount of G1 organic matter is greater
than that of the G2 material (model runs L and O in this figure) the
model sulfate profile is concave down, roughly over the depth range
in which the G1 material is remineralized. When the amount of re-
fractory G2 material is greater than the reactive G1 material the sul-
fate profiles are highly linear over essentially the complete sulfate
reduction zone (e.g., model run N), including here the shallow por-
tion of the sediments where sulfate reduction coupled to organic mat-
ter oxidation is occurring.

In general, the ability to detect curvature near the sediment sur-
face in pore water sulfate profiles from cores that may extend over
several 100 m requires collection of pore water samples with the

proper resolution to distinguish meter-scale features near the sedi-
ment surface. Low sample density (compared to that in the model
runs presented here) plays a role in possibly obscuring any curvature
near the sediment surface in real sulfate profiles in deeply-buried
sediments, as does pore water sampling and/or analytical errors or
uncertainties (Burdige and Komada, 2011). Similar factors may also
impact the ability to detect subtle curvature in sulfate profiles over
the larger depth scale of the total zone of sulfate reduction (e.g., see
Fig. 4 or model runs O or P in Fig. 5).

Model results similarly predict curvature in sulfate profiles just
above the zero sulfate concentration in the STMZ where AOM occurs
(e.g., see Fig. 3). The concave-down nature of the sulfate model profiles

Table 2
A summary of model results illustrating the relationship between key model input parameters and biogeochemical zonation and processes in deeply-buried marine sediments.

Runa kT (2 °C)
(kyr−1)

Ea
(kJ mol−1)

G0

(mg gdw−1)
GT

(°C m−1)
zAOM

b

(m)
zMP

c

(m)
Mmax

d

(mM)
ΔzMA

e

(m)
ΔzMA

f

(m)
ΔzMA

g

(m)
AOM:SRR ratioh Js:Jm ratioi

Changes in Ea
A 5×10−7 150 4 0.03 126 894 131 768 786 921 0.99 0.97
B 5×10−7 200 4 0.03 108 694 115 586 601 696 1.00 0.97
C 1×10−6 150 4 0.045 93 573 93 480 480 482 0.99 0.98
D 1×10−6 200 4 0.045 84 447 79 363 364 370 0.99 0.98

Changes in kT
Ej 1×10−7 200 4 0.03 128 898 132 771 792 947 1.00 0.98
B 5×10−7 200 4 0.03 108 694 115 586 601 696 0.99 0.97
Fk 1×10−6 200 4 0.03 100 614 106 514 526 594 0.99 0.97
Hk 1×10−5 200 4 0.03 78 356 68 278 282 299 0.96 0.97
C 1×10−6 150 4 0.045 93 573 93 480 480 482 0.99 0.98
I 1×10−5 150 4 0.045 76 331 60 255 256 256 0.96 0.98

Changes in GT

F 1×10−6 200 4 0.03 100 614 106 514 526 594 0.99 0.97
D 1×10−6 200 4 0.045 84 447 79 363 364 370 0.99 0.98
J 1×10−6 150 4 0.03 114 794 121 680 692 773 0.99 0.97
C 1×10−6 150 4 0.045 93 573 93 480 480 482 1.00 0.98

Change in TOC loading
C 1×10−6 150 4 0.045 93 573 93 480 480 482 0.99 0.98
K 1×10−6 150 8 0.045 50 573 204 523 527 570 1.00 0.98

2-G models
Hl 1×10−5 200 4 0.03 78 356 69 278 282 299 0.96 0.97
L (G1) 0.01 100 8 0.03 63 356 72 293 285 254 0.27 0.96

(G2) 1×10−5 200 4
M (G1) 0.01 100 6 0.03 47 356 74 309 287 196 0.39 0.93

(G2) 1×10−5 200 6
N (G1) 0.01 100 4 0.03 39 356 155 317 320 340 0.56 0.93

(G2) 1×10−5 200 8
O (G1) 0.1 100 8 0.03 77 356 69 280 283 294 0.23 0.97

(G2) 1×10−5 200 4
P (G1) 0.1 100 4 0.03 42 356 154 314 319 366 0.53 0.93

(G2) 1×10−5 200 8

a All other model input parameters used in these model runs were those used for model run E shown in Fig. 2. Also note that some model runs are listed multiple times (under
different sub-sections of this table) to illustrate the trends being presented here.

b zAOM is the depth at which the maximum rate of AOM occurs, determined by direct examination of model results (depth profiles of AOM).
c zMP is the depth of the maximum methane production rate, determined by direct examination of model results (depth profiles of methane production).
d Mmax is the maximum methane concentration, determined by direct examination of model results (depth profiles of methane concentrations).
e Based on direct model-derived values of zMP and zAOM listed here (i.e., ΔzMA=zMP−zAOM).
f Determined with Eq. (21a).
g Determined with Eq. (21b).
h The depth-integrated rate of AOM divided by the depth-integrated rate of total sulfate reduction, defined as:

∫
�
kaomSM

�
dz=∫ kT L1IGS

Km þ S
þ kaomSM

� �
dz:

Both integrals were solved by trapezoidal approximations using numerical model solutions and model input parameters in Tables 1 and 2.
i The diffusive flux of sulfate into the SMTZ (Js) divided by the diffusive flux of methane into the SMTZ (Jm). Concentration gradients were determined by linear least squares

fitting of the sulfate or methane data immediately above or below the SMTZ (defined here by zAOM), respectively, before obvious curvature was seen in the model data within
the SMTZ (see Section 4.2 for details).

j These model results are shown in Figs. 2–4.
k These model results are shown in Fig. 4.
l This model result is listed here for comparison since the organic matter undergoing remineralization in this 1-G model run has the same characteristics as the G2 fraction in

these 2-G model runs.
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near the SMTZ (due to downward diffusion and sulfate consumption by
AOM) is consistent with the analogous concave-up methane profiles
(due to upward diffusion and consumption by AOM), seen both in
model runs here and in methane profiles from coastal sediments (e.g.,
Reeburgh, 2007). An examination of field data from deeply-buried sed-
iments (Borowski et al., 1999) does not provide strong evidence for cur-
vature in sulfate profiles in the SMTZ, and factors similar to those
described above that can obscure curvature in sulfate profiles near the
sediment surface may play a role here as well.

Overall then, what is often seen in many continental margin sedi-
ments are linear sulfate profiles roughly from the sediment surface to
the SMTZ (Borowski et al., 1996, 1999; Dickens, 2001; Hensen et al.,

2003; Niewöhner et al., 1998). Such profiles occur on depth scales
of several meters to N100 m (i.e., the depth of the SMTZ), as is seen
in the model profiles shown here. A “traditional” view of such profiles
is that sulfate diffuses through the upper sediments with little or no
apparent sulfate reduction occurring at the expense of sediment
organic matter oxidation until the SMTZ, where sulfate is then used
in AOM. Consistent with this explanation are the results in Table 2
for the 1-G model runs which show that here less than ~5% of the
total sulfate reduction occurs at the direct expense of organic matter
oxidation; the remaining N95% occurs via AOM.

In contrast though are the 2-G model runs in Fig. 5 where a signif-
icant fraction of the sulfate reduction does not occur by AOM, and
some sulfate reduction coupled to organic matter oxidation also oc-
curs in regions of the sediments where the profiles are linear. Here
linearity in pore water profiles ultimately results from a region in
the sediments in which diffusion alone occurs, although the location
of the linear region does not identically match the region in the sed-
iments in which no in situ reactions occur. Similar conclusions were
also reached in studies of sulfate reduction and AOM in shallow
(b5 m) sediments in Santa Monica Basin in the California Borderlands
region (Burdige and Komada, 2011). An important finding that comes
from both sets of observations is that the development of a sub-sur-
face reaction zone isolated from surface sediment processes plays a
crucial role in the occurrence of linear sulfate profiles seen over
wide a range of depth scales in both inner and outer continental mar-
gin sediments, even when the majority of the sulfate reduction in the
sediments does not occur at the expense of AOM.

In Fig. 3B it can also be seen that the gradients of both sulfate and
methane into the SMTZ are highly linear, and that the ratio of the
downward diffusive flux of sulfate and the upward diffusive flux of
methane into the SMTZ is essentially 1. For all of the 1-G model
runs in Table 2 this ratio is 0.97–0.98, consistent with the stoichiom-
etry of AOM (Eq. (2c)) and with the lack of organic matter oxidation
through sulfate reduction at depth in these sediments. For the 2-G
model runs this ratio appears to be very slightly, but consistently,
lower (0.93) when the depth of the SMTZ (as expressed by zAOM) is
shallower than ~50 m. The reasons for this are not clear, although ef-
fects due to porosity variations in shallow sediments may play a role.

In the literature linear sulfate gradients are often taken as indirect
indicators of the occurrence of methane gas hydrates (Borowski et
al., 1999; Davie and Buffett, 2003a). While this can be the case (see
Section 4.4) the results in this section also demonstrate that this may
not always the case. Furthermore, in the model used here the observed
linear sulfate gradients are linked to in situ methane production by
methanogenesis which is driven, albeit on extremely long time scales,
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by surface organic carbon fluxes and organic matter burial. However in
addition to dissolved methane produced by in situ methanogenesis,
deeply-buried marine sediments can also contain “ancient” biogenic
methane derived from older (and deeper) gas deposits (Bohrmann
and Torres, 2006; Davie and Buffett, 2003b; Fehn et al., 2000; Paull
et al., 1994) or thermogenic methane produced by abiotic catagenic
processes (Bohrmann and Torres, 2006; Roussel et al., 2008). Catagen-
esis, though, only becomes significant at temperatures greater than
~50 °C (Hunt, 1996), and therefore for typical geothermal gradients
in continental margin, or open ocean, sediments (i.e., ~0.03–
0.04 °C m−1) thermogenic methane production will only become im-
portant at sediment depths greater than at least ~1–1.5 km. Thus in
the model simulations presented here, I do not consider thermogenic
methane production, although in future work with this model it may
be important to also consider this type of methane production. Ques-
tions about the sources of the methane that lead to linear sulfate and
methane gradients will be re-examined in Section 4.4.

In coastal or inner continental shelf settings where the depth of
SMTZ is on the order of only a few meters or less linear sulfate gradi-
ents are also linked to AOM in sediments (Berelson et al., 2005;
Jørgensen and Parkes, 2010) although here the source of the methane
does not always appear to be in situ methanogenesis. Instead, the
methane may have an “external” source, which might include geolog-
ic hydrocarbon reservoirs derived from ancient source rocks, or gas
hydrate deposits that ultimately derive from deeper gas deposits
(Burdige and Komada, 2011). Elucidating the relationships between
such similar linear sulfate profiles in shallow sediments and more
deeply-buried sediments will require further field and modeling
studies.

4.3. Controls on the depth zonation of biogeochemical processes in deeply
buried sediments

The trends in Fig. 4 are part of a broader set of observations sum-
marized in Table 2 which illustrate how key model input parameters
impact biogeochemical processes in deeply-buried sediments. For the
1-G model results, increasing Ea, kT (2 °C), or GT all result in organic
matter becoming more reactive at shallower depths, and this results
in a decrease of the depth of maximum methane production (zMP),
an increase in the pore water methane gradient, and a decrease in
the maximum methane concentration (Mmax) seen at depth in the
sediments. Since the upward flux of methane drives the observed
AOM in the model results, these observed trends in methane profiles
result in a general increase in the amount of AOM, which is evidenced
by a shallowing of the depth at which the maximum rate of AOM oc-
curs (zAOM), an increase in the maximum rate of AOM at zAOM, and an
increase (steepening) in the pore water sulfate gradient.

In contrast to these trends, an increase in carbon loading has no
impact on zMP (which is controlled by Ea, GT and kT (2 °C)), but does
increase the maximum rate of methanogenesis and the value of
Mmax. This then increases the pore water methane gradient, and
hence causes a decrease in zAOM. Similar trends are also seen when
comparing the 2-G model results with run H from the 1-G models,
since GT is the same in all of these cases and the Ea and kT (2 °C) for
the organic matter in run H is the same as that for the G2 organic mat-
ter in the 2-G model runs. The factors controlling the depth of zAOM in
the 2-G model runs are a bit more complex, since this depth depends
on both the upward flux of methane (driven by the remineralization
of the G2 organic matter at depth), as well as consumption of sulfate
in the shallow sediments associated with the remineralization of G1

organic matter by sulfate reduction.
In all but the carbon loading scenario, changes in zAOM and zMP track

one another, although they do not change equally, and their difference
(ΔzMA≡zMP−zAOM) becomes smaller as each depth shallows. Given that
the “cause and effect” amongst all of these quantities (e.g., zAOM, zMP,

andMmax) is not necessarily straight-forward, the following simple cal-
culation can be used to explore these trends in zAOM and zMP.

The explanation starts with the conceptual model in Fig. 6, which
assumes that there is a linear sulfate gradient from the sediment sur-
face to the SMTZ, and that we can use zAOM to define the depth of the
SMTZ. I similarly assume there is a linear methane gradient from the
SMTZ to zMP and that the methane concentration at zMP is Mmax.
While these assumptions are not entirely correct, an examination of
Figs. 2–5 suggests that they are nevertheless fairly reasonable.

At the SMTZ the upward flux of methane (JM) balances the down-
ward flux of sulfate (JS), i.e., JM=− JS, and,

φDs
dS
dz

¼ −φDm
dM
dz

: ð19Þ

Based on the assumptions above, the two derivatives can be approx-
imated as,

dS
dz

≈ 0−So
zAOM−0

ð20aÞ

dM
dz

≈ Mmax−0
zMP−zAOM

ð20bÞ

(recall S0 is the bottom water sulfate concentration). Applying
Eqs. (20a) and (20b) to Eq. (19) leads to the following two equations
for ΔzMA,

ΔzMA ¼ zMP
1

1þ γ
ð21aÞ

ΔzMA ¼ zAOM
1
γ

ð21bÞ

where

γ ¼ Ds

Dm

So
Mmax

: ð22Þ

Fig. 6. A conceptual model illustrating the approximate relationship between the depth
zonation of AOM and methane production in deeply-buried sediments. The symbols
used here are defined in the text (see Section 4.3).
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For a given set of parameters, the results in Table 2 show that in
general, Mmax decreases as zMP or zAOM decrease. Since all of the
other terms on the right hand side of Eq. (22) are essentially constant,
this implies that γ will similarly increase. Furthermore, because γ is a
positive number, both 1

γ and 1
1þγ will then decrease as either zMP or

zAOM decrease (become shallower). As a result, ΔzMA will therefore
decrease as either depth decreases, but by a lesser amount.

Not only does this qualitatively explain the trends in ΔzMA based
directly on the model results, but values of ΔzMA determined with
either Eqs. (21a) or (21b) agree well with these values of ΔzMA

obtained directly from model results. This observation also appears
to be roughly true for both the 1-G and 2-G model results. For the
2-G model runs this suggests that the assumption upon which
Fig. 6, and ultimately Eqs. (21a) and (21b), are based are not signifi-
cantly impacted by organic matter remineralization processes occur-
ring near the sediment surface.

The depth of the SMTZ (≈zAOM) is itself largely controlled by the
upward methane flux JM, and a re-examination of Eqs. (16) and
(17) shows that there is roughly an inverse relationship between
zAOM and JM (Borowski et al., 1996):

zAOM≈
−φDsSo

JM
: ð23Þ

As discussed above, the magnitude of JM is controlled by parame-
ters that ultimately control the depth distribution and magnitude of
methane production in the deep sediments.

4.4. Pore water advection in deeply-buried sediments

In many deeply-buried sediments, especially those associated
with methane gas hydrates, the net pore water flow appears to be up-
wards (Davie and Buffett, 2003b; Egeberg and Dickens, 1999; Hensen
and Wallmann, 2005). The causes of this upward advection include
thermally-driven (geothermal) fluid flow, subduction-driven fluid
expulsion in accretionary prism sediments, or nonsteady or nonuni-
form compaction of sediments that results in pore water overpres-
sure (Buffett and Archer, 2004). In a modeling study of methane gas
hydrate distribution in marine sediments, estimates of the global hy-
drate inventory were shown to be fairly sensitive to the rate of this
fluid flow (Buffett and Archer, 2004).

Model results that include upward advection are shown in Fig. 7. The
model parameters used here are identical to those used in the model
run in Fig. 2, with the exception that here gross pore water advection
is upwards (uo=−0.03 m kyr−1) as is net pore water advection
(ν ranges from −0.008 to −0.011 m kyr−1). In contrast, ν ranges
from +0.03 to +0.021 m kyr−1 in Fig. 2 where pore water advection
is downward and driven solely by sediment accumulation and compac-
tion. The inclusion of upward advection shifts the SMTZ from ~130 m to
~40 m (see similar model results in Hensen andWallmann, 2005), and
also appears to produce sulfate profiles that are slightlymore linear (i.e.,
there is less curvature in the profile in Fig. 7 near the sediment surface
as compared to Fig. 2). However, the depth distribution ofmethane pro-
duction is unchanged by upward advection, since the rate of methano-
genesis is controlled by Ea, kT (2 °C), and GT, all of which were the same
in both sets of model runs.

In these calculations with upward advection, the ratio of the
downward diffusive sulfate flux to the upward diffusive methane
flux at the SMTZ is 0.95, only slightly lower than it is for the model
runs in Table 2. This occurs despite the presence of upward pore
water advection augmenting diffusive methane transport into the
SMTZ. For the advection rate used here a Peclet number analysis
(Boudreau, 1997) over the length scale of solute transport into the
SMTZ demonstrates the predominance of diffusive over advective
transport into the SMTZ. For this reason we would therefore not

expect this diffusive flux ratio to be significantly impacted by pore
water advection of this magnitude.

4.5. Application to methane gas hydrate-containing sediments

In certain deeply-buried sediments, pore water methane concen-
trations approach in situ saturation values either due to in situ
methanogenesis and/or methane input from deeper sediments.
When methane saturation is reached, methane gas hydrates can
form (Bohrmann and Torres, 2006). The depths where gas hydrates
formwill depend on the sediment depth at which the pore waters be-
come saturated with methane and the lower boundary of the gas hy-
drate stability zone (GHSZ). This latter boundary depends on
sediment temperature (controlled by the geothermal gradient), the
in situ sediment hydrostatic pressure, and where these properties
fall on the pressure vs. temperature stability fields for free gas or
gas hydrate in equilibrium with dissolved methane (Bohrmann and
Torres, 2006; Davie et al., 2004).

This last set of model calculations takes into account methane re-
moval from pore waters (into either free methane gas or methane gas
hydrates), to examine its relationship to the temperature-dependent
remineralization processes discussed here. The results of these calcu-
lations will be compared with field data from the Blake Ridge on
the southeast US continental margin, collected during ODP Leg 164
(Borowski, 2004; Dickens, 2001; Dickens et al., 1997; Paull et al.,
1996, 2000; Ruppel, 1997). The sediments here are in water depths
of ~2800 m, and contain gas hydrate below sediment depths of
~190 m. The lower boundary of the GHSZ in these sediments is
~450 m. Ratemeasurements suggest the occurrence ofmethanogenesis
in the GHSZ (Wellsbury et al., 1997), and δ13C and δD values of the
methane found in the gas hydrates indicate that the gas is primarily of
biogenic origin (Borowski et al., 1997; Hoehler et al., 2000). However,
there is still uncertainty as to whether the methane found in the
hydrates was produced by in situ methanogenesis in the GHSZ, or has
migrated upward from deeper, and older, gas deposits (Borowski,
2004; Fehn et al., 2000; Paull et al., 1994; Wallmann et al., 2006).

To carry out these model calculations, the diagenetic equation for
pore water methane (Eq. (4)) was modified to take into account
methane removal into either gas hydrate or free gas, as:

∂M
∂t ¼ 1

φ
∂
∂z φDm

∂M
∂z

� �
− 1

φ
∂
∂z φνMð Þ þ fSkTL2IG−kaomSM−kmr M−Meq

� �
:

ð24Þ

In the new term added to this equation,Meq is the depth-dependent
methane solubility concentration, which varies with sediment depth
due to bottom water temperature, the sediment geothermal gradient,
and water column depth (i.e., hydrostatic pressure).Meqwas calculated
as outlined in Davie et al. (2004). The rate constant for methane remov-
al, kmr, has the following formulation (Torres et al., 2004),

kmr ¼
0; if M bMeq
kmr ; if M≥Meq:

�
ð25Þ

In the current modeling effort, I have not attempted to differenti-
ate between methane removal from the pore waters into gas hydrate
or into free gas, nor have I considered methane cycling around the
base of the gas hydrate stability zone between methane in pore wa-
ters, gas hydrates, or the free gas phase (Hensen and Wallmann,
2005; Paull et al., 1994; Torres et al., 2004).

The results in Fig. 8 represent eyeball fits of the model to pore
water sulfate and methane results from ODP Leg 164, site 994 on
the Blake Ridge (Borowski et al., 2000). Wherever possible, reported
literature values were used to constrain model input parameters
(Table 3). However for some parameters, (e.g., Ea) this was not possi-
ble. These results appear to somewhat sensitive to the choice of uo,
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the gross rate of pore water advection at the sediment surface (see
Eq. (15)). Results with uo=−0.10 m kyr−1 provide a good fit to the
pore water sulfate data and reproduce the general trend in the meth-
ane data, although there is a ~5 m offset between the model-derived
methane profile and the actual data. In contrast, results with uo=
−0.06 m kyr−1 more closely reproduce the methane data below
the SMTZ, but predict a sulfate profile below ~10 m that is steeper
than the actual data. At the present time it is difficult to ascertain
the cause(s) of these differences.

These estimates of pore water advection are at low end of other
model-derived estimates for Blake Ridge sediments that range from
0.12 to 0.25 m kyr−1 (Davie and Buffett, 2003a; Egeberg and Dickens,
1999;Wallmann et al., 2006). However, there are significant differences
among thesemodels both in terms of their formulation and structure, as
well as the specific pore water solutes being examined in each case,
making a direct comparison of these results difficult. Calculations
using the model presented here with uo=−0.20 m kyr−1 (results
not shown), produce a sulfate profile that is far too steep than is ob-
served in the porewater data, and amethane profile that is ~10 moffset
above the actual data. These model results also predict that the upper
boundary of the gas hydrate containing sediments occurs at 140 m sed-
iment depth (versus the observed value of 190 m).

At the same time, two other aspects of the model results pre-
sented here agree well with observations from Blake Ridge sedi-
ments. The first is shown in the left panel of Fig. 8 where it can be
seen that methane production peaks at a sediment depth of ~450 m.
This agrees well with results which show that potential rates of mi-
crobial activity in Blake Ridge sediments increase dramatically
below ~300 m, and that processes such as methanogenesis from

bicarbonate (CO2 reduction) show a broad maximum between 370
and 500 m (Wellsbury et al., 1997). It has been proposed that these
maxima may be the result of microbial activity being stimulated
around the base of the Blake Ridge hydrate-containing sediments at
~450 m (Wellsbury et al., 1997). However the results presented
here suggest that increasing temperature with sediment depth and
its effect on organic matter reactivity and remineralization is also a
plausible explanation for this distribution of microbial activity in the
deep region of these sediments.

The results in the right panel of Fig. 8 also show that the methane
pore water profile intersects themethane solubility curve at a sediment
depth of ~185 m (model run with uo=−0.10 m kyr−1) or ~210 m
(model run with uo=−0.06 m kyr−1). Since methane gas hydrate is
stable in Blake Ridge sediments at sediment depths above ~450 m,
this cross-over point is the model-derived, upper boundary of hy-
drate-containing sediment. Results from ODP Leg 164 (Paull et al.,
2000) suggest that this boundary occurs at a sediment depth of
~190 m, in excellent agreement with the model results presented here.

As noted above, an important question in the study of gas hydrates
in sediments such as those on the Blake Ridge is the source of
the methane found in the hydrates. Stable isotope results suggest a
largely biogenic (rather than thermogenic) origin for this methane
(Bohrmann and Torres, 2006). However, questions still remain as
to whether this methane is: (1) produced in situ in or near the
GHSZ; and/or (2) results from upward migration of biogenic methane
(either as rising gas bubbles or as dissolved methane in the pore
waters) from deeper ancient gas deposits, that then condenses to
form gas hydrate when the methane reaches the GHSZ (Torres et
al., 2004). Models in which organic matter degradation is assumed
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to show a simple decrease in reactivity with increasing age or burial
(Wallmann et al., 2006) largely favor the second explanation, in
part because these models are unable to bury sufficient amounts of
young, “labile” organic carbon deep enough in the sediments to

minimize diffusive loss of methane versus incorporation into gas hy-
drate deposits. A variety of other approaches argue for at least some
of the hydrate being formed in situ by methanogenesis in the GHSZ
(Davie and Buffett, 2003b; Paull et al., 1994).

Table 3
Parameters used in the fit to the Blake Ridge results.1

Parameter Value Comments

G0 10 mg C gdw−1 TOC values in Blake Ridge sediments range from ~10–23 mg C gdw−1 (Paull et al., 1996).
ω∞ 0.051 m kyr−1 This value was determined by assuming steady state compaction from the sediment surface to the base of the sediment column, i.e., ω∞ ¼

ωo 1−φoð Þ= 1−φ∞ð Þ (see Section 3.1). The initial and final porosities (0.82 and 0.49 respectively) are defined below and ω0 was taken to be
0.143 m kyr−1, the average Holocene sedimentation rate for the Blake Ridge region (Borowski, 2004). Pliocene and Miocene sedimentation
rates in the Blake Ridge region (sediment depths of several hundred meters) range from ~0.02 to 0.3 m kyr−1 (Borowski, 2004), consistent
with this value of ω∞.

uo −0.10 m kyr−1 The “best fit” value for the sulfate data
−0.06 m kyr−1 The “best fit” value for the methane data (see Section 4.4 for details)

GT 0.041 °C m−1 The value used here was increased from the measured geothermal gradient (~0.036 °C m−1) to adjust for the discrepancy between the depth
of the bottom of the gas hydrate stability zone predicted by this lower geothermal gradient (~530 m) and the observed depth of this lower
boundary at ~450 m (for details, see Davie and Buffett, 2003b).

kT (2 °C) 1.11×10−5 kyr−1 The average “best-fit” to the data for both uo values. For specific fits with either uo value this rate constant varied (relative to the value shown
here) by± 0.3×10−5 yr−1.

kAOM 10 mM−1 kyr−1 From Hensen and Wallmann (2005).
kmr 1 kyr−1 This rate constant was set so that it is large enough to enforce thermodynamic equilibrium in the sediments (i.e., hydrate forms when the

methane concentration is greater than or equal to Meq) but not too large as to lead to instability in the numerical solution to the model
equations (see related discussions in Davie and Buffett, 2001).

Ea 140 kJ mol−1 The average “best-fit” to the data for both uo values. For specific fits with either uo value Ea varied (relative to the value shown here) by
±50 kJ mol−1.

BWT 3 °C From Paull et al. (1996).
φ 0.49–0.82 Porosity data from site 994 (Paull et al., 1996)were fit to a double exponential function, yielding the following best-fit curve,φ=0.49+0.13e−0.421z+

0.2e−0.0024z (r2=0.721, n=193). Note that a double exponential provided a better fit to thefield data than did the single exponential used in the other
model results.

1 All parameters are defined in Section 3.1.
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In its current format, the model presented here is unable to criti-
cally examine all of these problems, in part because the model does
not directly account for solid phase gas hydrate accumulation, nor
does it consider gaseous methane fluxes from below the GHSZ. Nev-
ertheless, calculations presented in Appendix A do allow me to exam-
ine at least some key aspects of this problem. These calculations
suggest that in situ methanogenesis in Blake Ridge sediments can
produce a steady-state inventory of ~20–40 Gt methane as gas hy-
drate. Estimates in the literature of this inventory range from 8 to
52 Gt methane (Torres et al., 2004), suggesting that in situ methano-
genesis in the GHSZ can play an important role in supplying the
methane found in Blake Ridge gas hydrates.

Based on arguments presented elsewhere (Davie and Buffett,
2001) steady-state models such as the one presented here are likely
to reflect average environmental conditions in the sediments being
examined on time scales of ~106 yr. However in many settings gas
hydrates appear to be in non-steady state over 10s to 100s of thou-
sands of years (Dickens, 2001; Hensen et al., 2003), often-times
due to the response of the hydrate deposits to past climate change
(Ruppel, 1997). Future studies using an expanded version of this
model have the potential to address problems such as these, although
the results presented here provide a reasonable and relatively
straight-forward basic explanation for linkages between the deep
marine biosphere, methane gas hydrates in marine sediments, and
the occurrence of linear pore water sulfate profiles.

5. Conclusions

Assuming that the temperature dependence of sediment organic
matter remineralization can be described by the Arrhenius equation,
model results show that organic matter which is highly refractory at
deep-sea seafloor temperatures (~2–3 °C) becomes reactive towards
remineralization at sediment depths of several hundred meters due
to burial and heating by the natural geothermal gradient. This results
in a spatial separation between organic matter remineralization in
near-surface sediments and remineralization in a deep reaction
zone. In this deep reaction zone organic matter is degraded by metha-
nogenesis, and above this there is a relatively large region in the sed-
iments in which methane diffuses upwards to be oxidized by
downward diffusing sulfate. Model calculations and field observa-
tions from outer continental margin sediments indicate that this sul-
fate methane transition zone (SMTZ) occurs at sediment depths of
~20 to N50 m, and sulfate profiles between the sediment surface
and the SMTZ are often highly linear. These model calculations there-
fore provide a simple mechanistic explanation for the occurrence of
linear pore water sulfate profiles that are common in many of these
sediments. Linear sulfate gradients are often taken as an indirect indi-
cator of gas hydrate occurrence although model results presented
here suggest that this does not necessarily always have to be the
case. This spatial separation of remineralization processes is in
sharp contrast to nearshore marine sediments, where methanogen-
esis occurs immediately below the zone of sulfate reduction.

Application of the model developed here to gas hydrate-containing
sediments on the Blake Ridge predicts pore water (methane and
sulfate) profiles that are in good agreement with actual data. Model
results predict a broad maximum in the rates of methanogenesis in
these sediments at a sediment depth of ~400 m, consistent with mea-
sured potential rates of microbial processes in Blake Ridge sediments.
An estimate of the upper boundary of the gas hydrate containing sedi-
ments based on these model results is in excellent agreement with
field observations. Model results also suggest that in situ methanogen-
esis in the gas hydrate stability zonemay play an important role in sup-
plying the methane found in Blake Ridge gas hydrates. Continued
development of this model should allow for a better understanding of
the dynamics and biogeochemistry of gas hydrates.

In a more general sense, processes occurring in deeply-buried
marine sediments appear to impact the global carbon and sulfur
cycle on a number of different time scales (D'Hondt et al., 2002;
Schrenk et al., 2010) although many of the details of how this occurs
remain to be worked out. The model results presented here provide a
mechanism by which surface organic matter fluxes can provide the
energy required by microbial communities in deeply buried marine
sediments. These observations should therefore greatly aid in further-
ing our understanding of these unique environments.
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Appendix A

To estimate the contribution of in situ methanogenesis to the
methane found in gas hydrates in Blake Ridge sediments, I first esti-
mate the residence time of material in the hydrate-containing region
of the sediments (i.e., between sediments depths 190 m and 450 m).
Assuming steady state compaction, the mass flux through the sedi-
ments will be constant with depth (see Eq. (13) and associated dis-
cussions), and therefore sediment input or removal to this region of
the sediments is:

ω∞ 1−φ∞ð ÞρdsA ðA:1Þ

where A is the sediment surface area on the Blake Ridge
(=26,000 km2; Dickens et al., 1997). The inventory of sediment in
the gas hydrate-containing region of the sediments is approximately:

LA 1−φavg

� �
ρds ðA:2Þ

where L=450–190=260 m and φavg is the average porosity be-
tween sediment depths 190 and 450 m (=0.58). Dividing Eq. (A.2)
by (A.1) yields τ, the residence time of material in the gas hydrate-
containing region of the sediments, or

τ ¼ L
ω∞

1−φavg

1−φ∞

� �
ðA:3Þ

using the values listed here and in Table 3, τ=4240 kyr.
Next, I estimate the depth-integrated in situ rate of methane gas

hydrate production. In the model described in the text, methane in
deep sediments is produced by methanogenesis and consumed by
AOM; there is also an upward flux of methane into the model sedi-
ments from below the lower model boundary (=800 m) due to net
upward pore water advection. The depth-integrated rate of methane
production is given by:

DIMP ¼ φ∫fSkTL2G dz ðA:4Þ

while the depth-integrated rate of AOM is,

DIAOM ¼ φ∫kaomSM dz ðA:5Þ

(see Eqs. (3)–(5) for details). Both integrals were solved by trapezoi-
dal approximations using numerical model results and model input
parameters in Table 3. The upward advective flux of dissolved
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methane is given by:

UMF ¼ φ∞ω∞ þ uoφoð ÞMmax ðA:6Þ

and again was determined with numerical model results and model
input parameters in Table 3.

For model run BR-10 (uo=−0.1 m kyr−1), the values of DIMP,
DIAOM, UMF are 28.9, 10.4 and 10.7 mmol m−2 yr−1 (respectively).
For model run BR-12 (uo=−0.06 m kyr−1), these same values are
28.9, 8.7 and 4.6 mmol m−2 yr−1.

The difference between DIMP+UMF and DIAOM is assumed here
to represent methane that is “lost” due to hydrate formation (=GHF).
In this calculation I initially assumed that methane produced in situ
below the GHSZ (see Fig. 8) is eventually transported upwards into
the GHSZ and incorporated into gas hydrate. With this assumption,
GHF equals 29.2 mmol m−2 yr−1 (model run BR-10), with 73% of
this hydrate formation resulting from in situ methanogenesis (versus
upward advective flux from sediments below 800 m). For model run
BR-12, GHF equals 24.8 mmol m−2 yr−1, with 86% of this hydrate for-
mation resulting from in situ methanogenesis. If, on the other hand, I
assume that only methane produced within the hydrate-containing
sediments (i.e., between the sediment depths 190 and 450 m) contrib-
utes to the gas hydrate inventory, then for bothmodel runs the values of
GHF are reduced by ~50%.

Finally, with these results the methane gas hydrate inventory in
Blake Ridge sediments due to both in situ methanogenesis and up-
ward advective flux of dissolved methane is given by,

GHF×A×τ: ðA� 7Þ

For model run BR-10 (uo=−0.1 m kyr−1) this value is 51.5 Gt
methane, while for run BR-12 (uo=−0.06 m kyr−1) it is 43.7 Gtmeth-
ane. Interestingly however, when I separate out the relative contribu-
tions of in situ methanogenesis and upward advection from below
800 m, in situ methanogenesis in both cases is responsible for the pro-
duction of ~40 Gt methane (37.6 and 37.7 Gt methane respectively).
These values would be decreased roughly in half (~20 Gt CH4) if I as-
sume that only methane produced within the hydrate-containing sedi-
ments contributes to the gas hydrate inventory.
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