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Abstract

Seven sediment cores were taken in the Sea of Okhotsk in a south-north transect along the slope of Sakhalin Island. The retrieved
anoxic sediments and pore fluids were analyzed for particulate organic carbon (POC), total nitrogen, total sulfur, dissolved sulfate, sul-
fide, methane, ammonium, iodide, bromide, calcium, and total alkalinity. A novel method was developed to derive sedimentation rates
from a steady-state nitrogen mass balance. Rates of organic matter degradation, sulfate reduction, methane turnover, and carbonate
precipitation were derived from the data applying a steady-state transport-reaction model. A good fit to the data set was obtained using
the following new rate law for organic matter degradation in anoxic sediments:

Kc
Rroc = -k, - POC
POC ™ ¢(DIC) + C(CHy) + K¢

The rate of particulate organic carbon degradation (Rpoc) was found to depend on the POC concentration, an age-dependent kinetic
constant (k,) and the concentration of dissolved metabolites. Rates are inhibited at high dissolved inorganic carbon (DIC) and
dissolved methane (CHy4) concentrations. The best fit to the data was obtained applying an inhibition constant K¢ of 35 + 5 mM. The
modeling further showed that bromide and iodide are preferentially released during organic matter degradation in anoxic sediments.
Carbonate precipitation is driven by the anaerobic oxidation of methane (AOM) and removes one third of the carbonate alkalinity
generated via AOM. The new model of organic matter degradation was further tested and extended to simulate the accumulation of
gas hydrates at Blake Ridge. A good fit to the available POC, total nitrogen, dissolved ammonium, bromide, iodide and sulfate data
was obtained confirming that the new model can be used to simulate organic matter degradation and methane production over the
entire hydrate stability zone (HSZ). The modeling revealed that most of the gas hydrates accumulating in Blake Ridge sediments are
neither formed by organic matter degradation within the HSZ nor by dissolved methane transported to the surface by upward fluid
flow but rather through the ascent of gas bubbles from deeper sediment layers. The model was further applied to predict rates of
hydrate accumulation in Sakhalin slope sediments. It showed that only up to 0.3% of the pore space is occupied by gas hydrates
formed via organic matter degradation within the HSZ. Gas bubble ascent may, however, significantly increase the total amount of
hydrate in these deposits.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction over the past decades (Berner, 1980; Boudreau, 1997 and
references therein). They decrease with age of the degrad-

Degradation rates of particulate organic matter (POM) ing POM and with sediment depth because labile fractions

in marine surface sediments have been studied in detail  are preferentially consumed reducing the overall reactivity
of the remaining POM fractions (Westrich and Berner,

1984). Various kinetic models have been introduced to con-

" * Corresponding author. sider the age effects on degradation rates. These include
E-mail address: kwallmann@ifm-geomar.de (K. Wallmann). multi-G models where POM is divided into two or three

0016-7037/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.gca.2006.06.003


mailto:kwallmann@ifm-geomar.de

3906 K. Wallmann et al. 70 (2006) 3905-3927

fractions of different reactivity each being degraded with its
own kinetic constant (Westrich and Berner, 1984;
Boudreau, 1996b; Luff et al., 2000) and reactive continuum
models, which consider sedimentary POM to be composed
of an unlimited number of different fractions each having
its own reactivity (Middelburg, 1989; Boudreau and Rud-
dick, 1991). The concentration of terminal electron accep-
tors used in microbial POM degradation (e.g., sulfate in
anoxic marine sediments) are often considered in the kinet-
ic equations applying Monod terms (Rabouille and Gail-
lard, 1991). It has also been shown that sedimentary
organic matter degrades more efficiently under oxic than
anoxic conditions (Hedges et al., 1999; Kristensen and Hol-
mer, 2001). However, the concentrations of degradation
products, such as methane or CO,, accumulating in the
pore waters of anoxic sediments were not taken into ac-
count even though simple thermodynamic reasoning (Le
Chatelier’s principle) would suggest that the gain in Gibb’s
free energy and, hence, the degradation rates should be
diminished by the accumulation of metabolites.

The kinetics of POM degradation in anoxic sediments
have recently gained renewed interest because methane
gas hydrates are formed in these sedimentary environments
often by microbial rather than thermogenic degradation
processes (Kvenvolden and Lorenson, 2001). Gas hydrates
might have had a significant effect on the global carbon cy-
cle and climate of the geological past if they are indeed as
abundant as commonly assumed (Dickens et al., 1995).
However, an updated estimate of global hydrate abun-
dance gave very low numbers suggesting that the effects
of hydrates on climate might have been grossly over-stated
(Milkov, 2004). State-of-the-art models of biogenic meth-
ane and hydrate formation use rather simple kinetic formu-
lations (Rempel and Buffett, 1998; Davie and Buffett, 2001,
2003a). They have been applied to estimate the global
abundance of biogenic gas hydrates in marine sediments
(Buffett and Archer, 2004; Archer and Buffett, 2005). The
outcome of these models may, however, be significantly en-
hanced applying improved rate laws for POM degradation.

Anoxic marine sediments occur along productive conti-
nental margins. Methane formation rates are especially
high where sedimentation rates are enhanced by the deliv-
ery of fine-grained riverine particles. The north-eastern
slopes of Sakhalin Island are an important example for this
kind of setting. The productivity of the area located in the
northern Sea of Okhotsk is very high and the adjacent
Amur River delivers abundant clay minerals so that slope
sediments composed of fine-grained terrigenous matter,
biogenic opal and POM accumulate at high rates. Sedimen-
tation rates are as high as 1 m kyr~! and seismic data indi-
cate the occurrence of gas hydrates (Liidmann and Wong,
2003).

In this paper, we present and evaluate sediment and
pore water data from the slope of Sakhalin Island. We
demonstrate that rates of sulfate reduction and methane
generation depend not only on the reactivity of buried
POM but also on the concentrations of methane and

dissolved inorganic carbon prevailing in the pore waters
of these organic matter-rich deposits. Based on these obser-
vations, we develop a new kinetic rate law for the degrada-
tion of organic matter in anoxic sediments. Subsequently,
this rate law is further tested and applied to simulate gas
hydrate formation in Blake Ridge and Sakhalin slope
sediments.

2. Study area

Sedimentary processes in the Sea of Okhotsk were inten-
sively studied within the joint Russian-German project
KOMEX (Kurile-Okhotsk Sea Marine Experiment). Sakh-
alin Island is situated at the north-western boundary of the
Sea of Okhotsk, a large marginal sea located in the north-
western Pacific (Fig. 1). During the cold season, the Sea of
Okhotsk is largely covered with sea-ice. Primary produc-
tion is low during winter and summer but very intense dur-
ing spring and autumn (Broerse et al., 2000). The spring
bloom is dominated by diatoms whereas the autumn peak
is mainly caused by calcareous plankton. During spring
and early autumn, primary production calculated from re-
mote sensing data is high with an average of
120-160 g C m 2y~ ' (Antoine et al., 1996). The annual ex-
port production derived by inverse modeling of nutrient
and oxygen profiles in the water column amounts to more
than 72 g Cm 2y~ ! (Schlitzer, 2000). The East Sakhalin
Current flows southwards along the Sakhalin coast trans-
porting cold surface waters and Amur River water from
north to south. The northern slope and shelf of Sakhalin
Island are strongly influenced by fresh water and sediment
input from the adjacent Amur. Here, primary production is
at its maximum and may reach values of up to
250 gCm 2y ! during the warm season (Antoine et al.,
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Fig. 1. Map of the study area and sampling sites (3-4, SO178 3-4 KAL; 2-
4, LV28 2-4 SL; 10-6, SO178 10-6 SL; 13-6, SO178 13-6 KL; 29-2, SO178
29-2 KL; 20-2, LV28 20-2 KL).
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1996). Sedimentation is dominated by biogenic opal and
terrigenous inputs from the Amur River. The Holocene
sedimentation rates are as high as 100 cmky ' in the
northern slope area and decrease towards the south by
one order of magnitude (Wong et al., 2003).

Gas hydrates, free gas and mud diapirism have been im-
aged by seismic reflection data (Liidmann and Wong,
2003). The total amount of methane preserved in the hy-
drate stability zone and trapped as free gas beneath the
bottom simulating reflector (BSR) was estimated to
17 4+ 14 x 10" m?® for the north-western Sea of Okhotsk
(Lidmann and Wong, 2003). A BSR—marking the bound-
ary between the hydrate stability zone and underlying gas-
bearing sediments—was found throughout the entire
northern slope area off Sakhalin Island (Liidmann and
Wong, 2003). Hydro-acoustic anomalies (“flares’) caused
by rising methane gas bubbles and enhanced methane con-
centrations in bottom waters demonstrate active gas vent-
ing processes at numerous sites along the northern slope
(Obzhirov et al., 2004). Methane gas hydrates were sam-
pled repeatedly in surface sediments of active vent sites at
the northern slope area and stable isotopic data indicate
their dominantly biogenic origin (Ginsburg et al., 1993;
Matveeva et al., 2003).

3. Sampling and analytical techniques

Samples were taken during joint Russian-German
expeditions with RV Akademik M. A. Lavrentyev in
August-September 1998 (LV28) and RV SONNE in
July-September 2004 (SO178). Sediments were taken using
different coring techniques and instruments including a
gravity corer (SL), a piston corer (KL), and a Kasten corer
(KAL). Core recovery was 5-24 m, depending on location
and coring gear (see Table 1 and Fig. 1).

Sediment cores were cut into meter pieces and stored in
the cold room at 4 °C. Subsequently, they were opened
with a saw and immediately sub-sampled every 0.1-1 m.
At each depth position, 50 cm® of wet sediment were taken
for pore water sampling, and 5 cm?® for the determination
of physical properties (water content, porosity). Wet sedi-
ments were also transferred to gas-tight vials to determine
the methane concentration using the head-space technique
(Niewohner et al., 1998). Pore waters were separated from
the sediment matrix via squeezing in a cold room at 4 °C

Table 1
List of coring stations in geographic order going from south to north
along the Sakhalin slope

Station Location Water Recovery
depth (m) (m)
SO178 3-4 KAL 48°11.83'N 146°08.74E 1602 10.0
LV28 2-4 SL 48°22.73'N 146°02.22'E 1265 6.0
SO178 10-6 SL 49°44.88'N 146°00.48'E 613 11.5
SO178 13-6 KL 52°43.88'N 144°42.65'E 713 23.7
SO178 29-2 KL 53°50.00'N 144°14.23'E 771 243
LV28 20-2 SL 54°26.52'N 144°04.09'E 685 5.9

temperature and 2-4 bar using a polypropylene apparatus
pressurized by argon and equipped with 0.45 um cellulose
acetate membrane filters. All vials used for pore water stor-
age were previously washed with acid and Milli-Q water to
prevent sample contamination. As pore water samples rap-
idly lose alkalinity and Ca during storage, these parameters
were determined within a few hours after sampling while
sub-samples for sulfide determination were taken within
two hours after squeezing and conserved with zinc-acetate
solution.

Samples for dissolved calcium (Ca) in pore water were
analyzed by complexometric titration of 1 ml of pore water
dispensed in 10 ml de-ionized water (Grasshoff et al., 1983).
The Brinkman/Dosimat 665 motor-driven piston burette
reproducible to +0.001 ml in the delivered volume was ap-
plied for analysis. Based on analysis in pore water repli-
cates analytical precision of +7 umol/kg (n=238) for
calcium in pore water was achieved in this study. Ca was
also measured using ICP-AES. The results of the two-inde-
pendent methods usually agreed within 1% when the titra-
tion was performed within a few hours after sampling and
when sub-samples for on-shore ICP-AES analysis were
taken and acidified within the same short period of time.
Prolonged storage without acid addition reduced the dis-
solved Ca concentrations significantly due to CaCOj
precipitation.

Samples for total alkalinity (TA) in pore water were
analyzed by direct titration in an open cell of 1 ml of pore
water dispensed in 10 ml deionized water with 0.02 N HCI
using Bruevich’s method (Ivanenkov and Lyakhin, 1978).
The acid was standardized daily with Na,CO;5; solution
prepared from crystals dried at 280 °C and dissolved in
CO,-free deionized water. To remove CO, and H,S during
titration, the samples and standards were flushed with a
continuous stream of pure nitrogen. A mixture of methy-
lene blue and methyl red was used as indicator and titration
was completed when the green color of the solution turned
to light-pink (pH of the end point is equal to 5.4-5.5). The
method is convenient to work with small sample volumes
and avoids the errors caused by H,S oxidation during titra-
tion. Replicate measurements (n = 8) indicated an analyti-
cal precision of 410 umol/kg for total alkalinity in pore
waters. Replicate measurements of pore water samples over
a time span of several hours revealed that the total alkalin-
ity of anoxic pore water samples is not stable but decreases
with time. The two most important reactions that cause
alkalinity reduction are carbonate precipitation and sulfide
oxidation. Carbonate precipitation is induced by the loss of
CO; and H,S from the pore waters to the atmosphere and
the resulting shift in the dissolution/precipitation equilibri-
um. Sulfide oxidation consumes alkalinity via acid produc-
tion. The sulfide oxidation rate and its impact on total
alkalinity were tested under shipboard conditions using a
30 mM solution of Na,S in 0.5 M NaCl. The initial pH
was adjusted to 7.1 with concentrated HCI and the solution
was titrated repeatedly at room temperature (24-25 °C).
The data showed that total alkalinity is reduced by about
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5% within a few hours. Thus, total alkalinity of anoxic
samples was determined as fast as possible (within 2 h)
after pore water retrieval.

Sulfide samples were conserved with zinc acetate gelatin
solution (23.8 mM in Zn acetate) adding 4 ml solution to
I ml pore water. The gelatin inhibits the precipitation of
sulfide by fixing sulfide in a colloidal ZnS solution. The
resulting colloidal solution was mixed with 40 pul pheny-
lene-diamine and 40 pul FeCl;#*6H,O and the absorbance
was measured after 10 min to 1 h at 670 nm using a Hitachi
UV/VIS Spectrometer. A linear calibration curve was ob-
tained in the concentration range of 0-57 uM ZH,S. The
sulfide standard solution was titrated with sodium thiosul-
fate to determine the true concentration of the standard.
Samples were diluted into the calibration range before re-
agent addition.

Dissolved ammonium was measured applying a stan-
dard photometric procedure on a Hitachi UV/VIS Spec-
trometer. The analysis of nutrient concentrations was
disturbed in anoxic samples with high £H,S concentra-
tions. Thus, sulfide-bearing samples were acidified with
HCI (20 pl conc. HCI per 3 ml sample) and bubbled with
nitrogen gas prior to analysis. By this procedure sulfide
was converted into hydrogen sulfide and stripped from
the solution. For the ammonium determination, 1 ml water
sample or standard were diluted with 4 ml Milli-Q water
and 0.2ml phenol solution were added. After 2 min
0.1 ml citrate buffer and 0.2 ml DTT reagent were added
and the samples were kept at room temperature protected
from sunlight for about 24 h before the absorbance was
measured at 630 nm.

Dissolved chloride, bromide, iodide, and sulfate were
determined using ion-chromatography. We wused a
Methrom ion-chromatograph equipped with a convention-
al anion-exchange column and carbonate-bicarbonate
solution as solvent. UV-detection was used for the
determination of iodide while a conductivity sensor was
applied for the measurement of the other anions. Standard
deviations were found to be 1% for chloride, 2% for sulfate,
and 5% for bromide and iodide.

Squeezed sediment samples were freeze-dried and
ground in an agate mortar for further analysis. Desalting
with distilled water was avoided because this procedure
reduces the C and S contents of the solids due to the leach-
ing of dissolved organic carbon and oxidized sulfur com-
pounds. The chloride contents in dried and ground
aliquots were determined by extraction with distilled water
and titration with AgNOj; solution to calculate the contri-
bution of dissolved and exchangeable salts to the total mass
and to the total sulfur content. The fine-grained sediments
contained 2-3 wt% Cl mainly as exchangeable ion (Sayles
and Mangelsdorf, 1977) whereas the sand sediments usual-
ly contained less than 0.5 wt% CI from desiccated pore
water. In this paper, the exchangeable salts are regarded
as integral part of the solid sediment and the small salt con-
tribution from pore water preserved after squeezing was
ignored in the calculation of dry weights and solid phase

concentrations. Only the sulfur data were corrected
because pore water and exchangeable sulfate contributed
significantly to the total sulfur in dried samples. The sulfate
content was calculated using the sulfur/chlorine ratio previ-
ously determined in the corresponding pore water sample
and the chloride concentration in the dried sample. It
was subtracted from the sulfur concentration in dried sed-
iments to calculate the sulfur concentrations in the solid
phase.

Total C, N, and S were determined by combustion of
squeezed sediment samples and gas-chromatographic
detection of CO,, N», and SO, produced in the combus-
tion process using a Carlo-Erba element analyzer (NA
1500). Additional samples were repeatedly acidified with
HCI and desiccated till complete dryness to release CO,
from carbonate minerals. The residues were analyzed
for C to determine the contents of particulate organic
carbon. The carbonate content was determined from
the difference between total and organic carbon. Sedi-
ment and soil standards with certified concentrations of
C, N, and S were analyzed during each run (marine sed-
iment MAG-1, United States geological Survey; soil stan-
dard 1, HEKAtech GmbH). The recovered values were
always within the certified range. Replicate measurements
of sediment samples (n =35) revealed the following rela-
tive standard deviations: POC: 1%; CaCOs: 2%; N: 3%;
and S: 5%.

4. Numerical modeling procedure

A numerical transport-reaction model was developed
and applied to simulate the degradation of particulate
organic matter (POM) in anoxic marine sediments. The
model calculates the concentration—depth profiles of 3 solid
species (particulate organic carbon, particulate organic
nitrogen, and adsorbed ammonium) and 7 dissolved spe-
cies (sulfate, methane, ammonium, bromide, iodide, dis-
solved inorganic carbon, and calcium). Major processes
considered in the model are POM degradation via sulfate
reduction, methanogenesis, anaerobic oxidation of meth-
ane (AOM), carbonate precipitation, and ammonium
adsorption. A detailed description of the model is given
in Appendix A.

Partial differential equations for solids and solutes were
set-up following the classical approach used in early dia-
genesis modeling:

Solutes:
oC 0(@-Ds-¥) dd-v-C)
ot Ox B Ox +o-R (1)
Solids:
oG o((1—-o)-w-G)
(-0 F =22 (-g) R ()

where x is depth, ¢ is time, @ is porosity, C is the concen-
tration of dissolved species in pore water, v is the burial
velocity of solutes, G is the concentration of solids in dry
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sediments, w gives the burial velocity of solids, and R
defines the reactions occurring in the simulated sediment
column. The model considers the decrease in porosity with
sediment depth, advective transport of solutes and solids
via burial and steady-state compaction, molecular diffusion
of dissolved species and various microbial and chemical
reactions.

The sampling gear and the sub-sampling procedure
adopted in our study are not well suited to resolve concen-
tration gradients within the top few decimeters of the sed-
iment column where the transport of solids and solutes is
accelerated by bioturbation and bioirrigation. Hence, these
biogenic transport processes were neglected in the model-
ing. Our data showed steep concentration gradients be-
tween the uppermost sampling points and no indication
of deep reaching mixing thus confirming our modeling ap-
proach (Figs. 2-7).

A novel rate law was introduced to describe the effect of
metabolite concentrations on the anaerobic degradation of
particulate organic carbon (POC) in anoxic marine
sediments:

R Ke
"¢~ C(DIC) + C(CHy) + K¢

where Rpoc is the POC degradation rate, C(DIC) is the
concentration of dissolved inorganic carbon (CO;+
HCOj; + CO,) in the considered depth interval, C(CHy)
is the ambient methane concentration in pore waters,
k. is an age-dependent kinetic constant, POC is the
POC concentration and K¢ is a Monod constant
describing the inhibition of POC degradation by DIC
and CHy4. The age effects on POC degradation are con-
sidered using the approach introduced by Middelburg
(1989). Ages were calculated from sediment depth and
burial rate. The rate law predicts that the microbial deg-
radation of organic matter is inhibited by metabolites
accumulating in adjacent pore fluids since the Gibb’s
free energy available for the microbial metabolism is re-
duced in the presence of high concentrations of reaction
products.

A new approach was developed to derive sedimentation
rates from a nitrogen mass balance at steady-state. The
fluxes of total particulate nitrogen and dissolved ammoni-
um at sediment depths below the bioturbated and bio-irri-
gated zones are given by:

-k, - POC, (3)

Flux of N:
JPN:¢'W'I"(N)'N, (4)
Flux of NHy:
dC(NH
JNH4 = (UC(NH4)_DS(T4)>7 (5)

where J is the flux (in mmol N cm ™2 yr~ '), N is the concen-
tration of total particulate nitrogen including both ad-
sorbed ammonium and organic nitrogen in wt%, r (N) is
a unit conversion factor for solids defined in the appendix
(see Table Al), and C(NHy) is the ammonium concentra-

tion in pore waters (in mmol cm ). Considering two differ-
ent sediment layers situated at shallow depth (x = S) and
close to the base of the core (x = L), the mass balance
for nitrogen at steady-state reads as:

In(S) = JIn(L) +JInn, (S) — Inn, (L) = 0. (6)

Inserting the flux definition into the mass balance and con-
sidering also the definitions given in Table A1, an equation
for the sedimentation rate w, can be derived as:

Dy (08 (1) - 9(1)° — LR (5) - a(s)’)
ds-(1—d,)-(N(L

(2 @) - (C(NHL)(L) — C(NHL)(S))|
(7)
where Dy, is the coefficient for molecular diffusion of
ammonium (cm”yr '), ds is the density of dry solids
(2.5 gem %) and @y is porosity at large depth (see Appendix
A for further definitions). Appropriate functions are fitted
through the data so that porosity, N and ammonium con-
centrations and the first derivative of C(NHy) with respect
to depth can be derived from the data at two different
depth positions (S an L) and inserted into the equation
to yield sedimentation rates for each of the investigated
cores (in cm yr ).
A simple exponential function was used for data fitting:

wy =

y=y;+ 0o —yp) e, (8)

where y is the depth-dependent variable (porosity, ammo-
nium, N), yrand y, are the values of the variables at large
depth and at the surface, respectively, and a is an attenua-
tion coefficient. Sedimentation rates derived by this novel
approach are very suitable for steady-state modeling be-
cause they are internally consistent with the model
assumptions.

Constant concentrations of dissolved species were pre-
scribed at the upper and lower boundary of the model col-
umn (Dirichlet boundary conditions) while the vertical
distribution of solids was simulated applying Dirichlet con-
ditions at the upper boundary. The upper boundary of the
model domain is situated not directly at the sediment/water
interface but at the transition between oxic and suboxic
surface layers affected by bioturbation and bioirrigation
and the underlying anoxic sediment column. Undisturbed
surface sediments were collected with a multi-corer along
the Sakhalin slope and pore water analysis revealed nitrate
penetration depths of only 2-8 cm (Biebow and Hiitten,
2000). Hence, anoxic conditions prevailed already at shal-
low sediment depths. In most sediment cores we found sig-
nificant gradients of dissolved species at the lower
boundary indicating that dissolved species released in deep-
er sediment horizons were transport to the surface via dif-
fusion. We applied Dirichlet rather than imposed flux
(Neumann) conditions at the lower boundary to consider
the effect of these solutes on the simulated pore water pro-
files. Concentrations of dissolved species used as boundary
values were taken from our data set using samples taken at
the uppermost and deepest points of the studied sediment
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Fig. 2. Data (solid squares) and model results (solid lines) for core SO178 3-4 KL. Top row: Concentrations of sulfate (SO,), total dissolved sulfide
(TH,S = H,S + HS™) and methane (CHy) in pore water. Second row: Concentrations of bromide (Br), ammonium (NH,) and iodide (I) in pore water.
Third row: Concentrations of dissolved inorganic carbon (DIC =COs>~ +HCO;™ + CO,) calculated in the model, total alkalinity
(TA ~ HCO;™ +2C05* + HS™) measured in pore fluids, dissolved calcium (Ca) in pore water, and porosity of bulk sediments. Bottom row:
Concentrations of particulate organic carbon (POC), total nitrogen (N = organic N + adsorbed NHy) and total sulfur (S) in sediments. Pore water
concentrations are given in mmol dm—> (mM) or pmol dm > (uM) and are related to the pore water volume while solid phase concentrations are given in
weight-percent (wt%) with respect to the weight of dry solids. The broken lines represent functions fitted through the ammonium and total nitrogen data to

derive sedimentation rates.

cores. Upper boundary values for solids were also taken
from the data.

Finite difference techniques (the method-of-lines code)
which have been successfully applied in previous models
of early diagenesis (Boudreau, 1996b; Luff et al., 2000;
Luff and Wallmann, 2003) were used to solve the model.
The set of 10 partial differential equations defining the
model (one for each species) is converted into a large

number of ordinary differential equations (ODE) giving
the temporal change of species concentrations at each
depth interval. A centered finite difference scheme was
used for dissolved species while an upward scheme was
applied for the transport of solids. The ODE system
was set-up on an uneven grid with high resolution at
the surface. It was solved and run into steady-state using
the NDSolve object of MATHEMATICA Version 5. A
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Fig. 3. Data (solid squares) and model results (solid lines) for core LV28 2-4 SL. For further information see legend of Fig. 2.

typical model run took about one minute on a Pentium 4
PC. MATHEMATICA notebooks containing the
complete model code can be obtained from the first
author upon request.

5. Results and discussion
5.1. Sedimentation rates

Patterns and rates of sedimentation in the Sea of
Okhotsk rates have been studied by sediment coring
(Gorbarenko et al.,, 2002) and seismic stratigraphy
(Lidmann and Wong, 2003; Wong et al., 2003). These
studies show that Holocene sedimentation rates are as high

as 50-140 cm kyr ' at the northern Sakhalin slope and
decrease by about one order of magnitude towards the
southern slope area. On-board observations during cruise
SO178 confirmed these general trends (Dullo et al., 2004).
In the southernmost core SO178 3-4 KL, a tephra layer
(K2, age 26 kyr) was found at a sediment depth of
153 cm indicating a sedimentation rate of about
6 cm kyr'. Considering, however, that the upper decime-
ters of this particular core were lost during coring, the sed-
imentation rate is probably higher than indicated by the
uncorrected depth of the tephra layer. In core SO178 10-
6 SL located further to the northern, the upper 200-
220 cm of the sediment column were probably deposited
during the Holocene indicating a sedimentation rate of
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Fig. 4. Data (solid squares) and model results (solid lines) for core SO178 10-6 SL. For further information see legend of Fig. 2.

about 20 cm kyr~'. In the northern core SO178 13-6 KL,
the top 10-20 m of the sampled sediments are apparently
of Holocene origin indicating sedimentation rates as high
as 100-200 cm kyr~! (Dullo et al., 2004). It was, however,
difficult to develop a good stratigraphy for the slope sedi-
ments because of their low carbonate contents and the
varying input of terrestrial materials by ice-rafting, erosion
of adjacent shelf deposits, and the Amur River.

Hence, we developed a new approach to derive sedimen-
tation rates from a nitrogen mass balance at steady-state.
Sedimentation rates (Table 2) were derived from ammoni-
um, particulate nitrogen, and porosity data as outlined in
Section 4. The calculations were done repeatedly using dif-
ferent concentrations measured within the uppermost and

lowermost meter of the sediment column. At stations
SO178 13-6 KL and SO178 29-2 KL, we considered only
the upper 10 and 15 m of the sediment column, respective-
ly, because POC and solid N concentrations increased be-
low these depths indicating enhanced POM depositional
rates in the underlying sediments. The resulting values de-
pend on the chosen depth level but were found to fall with-
in the error range given in Table 2.

The calculated sedimentation rates confirm both the
order of magnitudes and the regional trend previously
observed. Sedimentation rates are low in the southern slope
area and strongly increase towards the north due to en-
hanced marine productivity and supply of suspended mat-
ter by the Amur River. The good correspondence between
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Fig. 5. Data (solid squares) and model results (solid lines) for core SO178 13-6 KL. For further information see legend of Fig. 2.

our results and the previous estimates confirms the validity
of the new approach. Sedimentation rates derived from the
nitrogen mass balance are particularly well suited for stud-
ies on early diagenesis because they provide rates appropri-
ate for steady-state modeling.

5.2. Kinetics of organic matter degradation

Solid phase and pore water data give evidence for high
rates of organic matter deposition and degradation in the
investigated slope sediments (Figs. 2-7). Concentrations
of particulate organic carbon (POC) and total nitrogen
(NV) increased towards the north due to the enhanced pro-
ductivity and high sedimentation rates in the northern

slope area. A strong south-north gradient in organic mat-
ter supply and degradation is also seen in the shoaling of
the sulfate penetration depth caused by enhanced rates of
microbial sulfate reduction. At the southern stations
(SO178 3-4 KL and LV28 2-4 SL) sulfate penctrates to
the base of the cores and dissolved methane was not detect-
ed. Other electron acceptors such as oxygen, nitrate, man-
ganese and iron oxides were probably consumed within the
top few decimeters so that the decrease in dissolved sulfate
with depth and the curvature of the sulfate profile reflect
the rates of organic matter degradation in the southern
cores. In core SO178 10-6 SL, sulfate was depleted at
1050 cm sediment depth (Fig. 4). Below that depth, meth-
ane concentrations rapidly increased towards the base of
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the core. The AOM layer at around 1000 cm sediment
depth is also marked by a strong increase in dissolved
sulfide concentration. In the northern cores (SO178 13-6
KL, SO178 29-2 KL, and LV28 20-2 SL) sulfate is already
consumed at shallow depths (2-5 m) and methane concen-
trations start to increase below the sulfate penetration
depth.

The initial age of organic matter (a) and the constant for
the inhibition of organic matter degradation by dissolved

inorganic carbon and methane (K¢) were constrained using
the decrease in POC and N with sediment depth and the cur-
vature of the dissolved ammonium and sulfate profiles (see
Section 4). The initial age needed to calculate the depth
and age-dependent kinetic constant k, (Middelburg, 1989)
controls the interfacial gradients in POC and N. Hence, a,
was varied until the model reproduced the gradients mea-
sured in the top meter of the sediment cores. The resulting
values (300-3000 yr, Table 2) reflect the age of organic
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matter buried below the bioturbated surface layer which was
not resolved by the data and the model. A very large value
(ap =30 000 yr) was used for core SO178 3-4 KL, because
the upper decimeters of that particular core were lost during
sampling by over-penetration of the coring device. The value
of the inhibition constant (Kc) was determined using the
curvature of the sulfate and ammonium profiles and the

gradients in POC and N in the deeper sediment layers. Sul-
fate is consumed not only via organic matter degradation
but also during AOM. Hence, sulfate data were only applied
to constrain organic matter degradation rates in methane-
free cores (SO178 3-4 KL and LV28 2-4 SL). Modeled rather
than measured concentrations of dissolved inorganic carbon
(DIC) and methane were considered in the modeling of
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Table 2

Parameter values derived by fitting the model to the data

Parameter (symbol) SO178 LV28 SO178 SO178 SO178 LV28 ODP 997

3-4 KAL 2-4 SL 10-6 SL 13-6 KL 29-2 KL 20-2 SL

Sedimentation rate (cm kyr ') 10+1 10+5 1345 93+2 115+ 5 90 +3 22%

Initial age of POM (qq in yr) 30,000 3000 1000 300 1000 580 2E+5

Monod constant for the inhibition of 30 40 30 40 30 40 35
POM degradation by DIC and CHy (K¢ in mM)

Monod constant for the inhibition of 1.0 1.0 1.0 1.0 1.0 1.0 1.0
CH, formation by SOy (Kso, in mM)

Kinetic constant for AOM (kaon in cm® yr~! mmol ™) 1.0 1.0 30 10 1.0 20 1.0

Constant for ammonium adsorption (kaps in cm> g™!) 1.7 1.7 1.7 1.7 0.3 1.7 0.6

Atomic N/C ratio for POM degradation (rn) 16/106 16/106 16/106 16/106 16/106 16/106 16/106

Atomic I/C ratio for POM degradation (ry) 1.2E-3 1.5E-3 3.5E-3 8.0E-3 8.0E-3 1.0E-2 2.8E-3

Atomic Br/C ratio for POM degradation (rg;) 2.0E-3 4.0E-3 3.0E-3 7.0E-3 7.0E-3 4.0E-3 4.0E-3

% Sedimentation rate at Site 997 taken from (Davie and Buffett, 2001).

organic matter degradation since most of the dissolved meth-
ane and some of the dissolved CO, were lost during sampling
due to the decrease in pressure upon core retrieval. Methane
concentrations at the core base were varied until the resulting
AOM rates produced sulfate penetration depths consistent
with the data. DIC concentrations at the core base were set
according to the measured values of total alkalinity. The
resulting K¢ values fall into a narrow range of 3040 mM
indicating that the kinetic rate law defined in Eq. 3 is well
suited to describe the inhibiting effect of DIC and methane
on organic matter degradation over a large range of sedimen-
tary environments (Table 2).

The sensitivity of the model results with respect to the
value of the inhibition constant (Kc¢) is shown in Fig. 7.
The best fit to the data was obtained using Kc =40 mM.
Two additional model runs were performed applying Kc
values of 4 mM (dotted lines) and 400 mM (broken lines).
The other model parameters were not changed in these
model runs but maintained at the values listed in Table 2.
Organic matter degradation rates were diminished applying
the reduced K¢ value because the degradation rates were
now suppressed already at low concentrations of DIC
and methane. Consequently, the concentrations of POC
and N increased at the core base while the concentrations
of dissolved metabolites were substantially reduced. A
large K¢ value decreased the solid phase concentrations
at the core base and substantially increased the curvature
of the metabolite profiles. Not only the ammonium pore
water data but also the profiles of DIC, bromide and iodide
were strongly affected by the variation of the inhibition
constant. The well constrained iodide data thus give further
evidence for the inhibition of organic matter degradation.
The strong sensitivity of the model results with respect to
the value of the inhibition constant and the good fit ob-
tained in the standard run (K¢ = 40 mM) demonstrate that
the data set used in this study can be explored to both trace
the inhibition of organic matter degradation by metabolites
and constrain the inhibition constant.

In the following, the new kinetic model is compared with
previous models of organic matter degradation. Multi-G
models have been commonly used to simulate the

degradation of organic matter in marine sediments (Wes-
trich and Berner, 1984; Boudreau, 1996b; Luff et al.,
2000). In these models, the organic matter is separated into
several fractions with different reactivity. Here, a 2-G mod-
el is tested where the organic matter is assumed to be com-
posed of a labile (G1) and a more refractory fraction (G2).
The rate of organic carbon degradation is calculated as:

Reoc = ki - Gi + ky - Gy, )

and the particulate organic carbon concentration is defined
as:

POC = froc - Gi + (1 = froc) - Ga. (10)

The parameters of the kinetic model were constrained by
fitting the model to the pore water and solid phase data
of core LV28 2-4 SL. The best fit was obtained applying
ki1 =3 x10~*yr~! as kinetic constant for the labile fraction
and k, = 5x 107® yr! for the refractory fraction assuming
that 20% of the total organic carbon occur in the labile
form (fpoc = 02)

The other commonly used type of kinetic rate law con-
siders organic matter to be composed of a very large num-
ber of different molecules each having its own reactivity.
The first and most popular version is Middelburg’s age-de-
pendent model:

X\ —0.95
Rroc = k- POC = 0.16 - (ap+2) - POC. (11)

It predicts that the reactivity of organic matter decreases
continuously with age and sediment depth and serves as
base for the new kinetic model presented in this paper.
Both traditional models assume that degradation rates
are not affected by the pore water composition whereas
the new kinetic rate law presented in this paper predicts
that rates are suppressed by the accumulation of dissolved
metabolites.

Fig. 8 compares the results obtained with 2-G kinetics,
the age-dependent approach and the new rate law. The ful-
ly anoxic core LV28 20-2 SL was used for these simulations
because this core was sampled with the highest depth
resolution. The parameter values applied in the previous
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while the bottom panels depict the results obtained with the new rate law.

standard model run (Table 2) were also used in these addi-
tion model simulations. Constant gradients rather than
prescribed concentrations were, however, applied at the
lower boundary to better evaluate the prognostic capacity
of the different kinetic models. In other words, the concen-
tration gradients of dissolved species in the last interval of
the model column (n) were now set to the value calculated
for the overlying depth interval (n — 1).

oc, . oC
ox (n) = ox
Applying the kinetic parameters derived from core LV28 2-
4 SL to core LV28 20-2 SL, the 2-G model was not able to
reproduce the data (Fig. 8). A good fit was, however, ob-
tained when the kinetic constants were adjusted to
ki=1x10"yr™" and k, =8x10"%yr~'. The organic
matter at the northern site LV28 20-2 SL was, thus, more
reactive than the sedimentary organic matter retrieved at
the southern station LV28 2-4 SL. This significant differ-
ence in reactivity probably reflects the large contrast in sed-
imentation rate between the two sites. At the southern

(n—1). (12)

location sedimentation was low (10cm kyr ') whereas
the northern station receives more terrigenous sediments
from the adjacent Amur River inducing a much higher sed-
imentation rate (90 cm kyr~'). The age of sedimentary
organic matter at a given depth level, therefore, increases
towards the south. Since, the reactivity of organic matter
decreases with sediment age, the kinetic constants are lower
at the southern station. Several authors recognized that the
reactivity of organic matter during anaerobic degradation
depends on sedimentation rate (Boudreau, 1997). Thus,
Tromp et al. (1995) provided an empirical equation relating
the kinetic constant for POC degradation via sulfate reduc-
tion to sedimentation rate. This equation correctly predicts
that the reactivity of organic matter increases with sedi-
mentation rate but does not consider the decrease in reac-
tivity with sediment depth observed in our data. The 2-G
model applied here mimics the decrease in reactivity with
sediment depth. It proved to be a useful tool to fit pore
water and solid phase data. The best-fit values for the
kinetic parameters differed, however, considerably among
individual cores. To this date, no a priori method is avail-
able for predicting the rate constants of organic matter deg-
radation in anoxic sediments over a wide range of
sedimentary environments and sediment depths. The avail-
able multi-G models are, hence, not suitable for prognostic
modeling.

Degradation rates predicted by the age-dependent mod-
el without inhibition term were too high over the deeper
part of the sediment column (Fig. 8). An increase in the ini-
tial age ag from the standard value (580 yr) to 2000 yr re-
duced the overall degradation rates but could not mimic
the strong decrease in degradation with sediment depth ob-
served in the data. The original model was mainly calibrat-
ed using short sediment cores with low dissolved metabolite
concentrations (Middelburg, 1989). The data and modeling
presented in this paper indicate that organic matter is more
slowly degraded in anoxic sediments with high metabolite
concentrations than predicted by Middelburg’s model for
a given sediment age.

The new rate law introduced in this paper produced an
excellent fit to the data also with the constant gradient
condition applied at the lower boundary (Fig. 8). The
good fit obtained in the previous standard simulation with
a constant ammonium concentration prescribed at the
base of the core is, thus, not a result of the lower bound-
ary condition but rather reflects the inherent reactivity of
organic matter in core LV28 20-2 SL. In contrast to the
previous kinetic models, the new model correctly predicts
organic matter degradation rates in anoxic slope deposits
over a wide range of sedimentation rates and sediment
depths.

5.3. Bromine and iodine cycling
Dissolved bromide and iodide concentrations in the

pore water increased with sediment depth and towards
the north (Figs. 2-7). Both halogens are released into the
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pore water by the microbial degradation of POM. The pore
fluids were significantly enriched in dissolved bromide.
Bromide release rates were calculated from the POC degra-
dation rates applying Br/POC ratios (rg,) that produced a
good fit the pore water profiles. The resulting values
(rgr = 2-7x 1073; Table 2) were on average higher than
the plankton ratio (2.2 x 10~%). Previous work showed that
atomic Br/POC ratios in surface sediments (0.3-2x 10~%)
are lower than the plankton ratio and decrease with depth
implying a preferential degradation of Br-bearing organic
matter (Martin et al., 1993). This preferential release of
bromide is confirmed by our data.

Extremely high iodide concentrations of more than
0.8 mM were found at the base of core SO178 29-2 KL
(Fig. 6). Comparable concentrations were previously found
in sediment cores retrieved by deep-sea drilling albeit at
much larger sediment depth (Martin et al., 1993; Egeberg
and Dickens, 1999). The high iodide concentrations reflect
the enormous burial flux of organic matter in the northern
slope region produced by a combination of very high mar-
ine productivity and intense terrigenous sedimentation.
Atomic ratios between the release of iodide and inorganic
carbon (ry) were determined by fitting the model to the
data. They were found to increase towards the north by
one order of magnitude (Table 2). All ratios were signifi-
cantly higher than the atomic I/POC ratio of plankton
(1.4x10~* Elderfield and Truesdale, 1980) indicating
additional iodine sources or the preferential degradation
of iodine-bearing organic compounds. Previous studies
showed that iodide released at depth diffuses to the sedi-
ment surface to be taken-up at the oxic interface by micro-
bially mediated redox processes (Kennedy and Elderfield,
1987). Oxic surface sediments attain very high I/POC ratios
in the solid phase (up to 3 x 10~%) due to the uptake of io-
dide from the pore water (Kennedy and Elderfield, 1987).
Moreover, previous pore water data suggest that I is pref-
erentially released into solution during microbial degrada-
tion processes. Hence, I/POC regeneration ratios of 0.1—
34 x 10~ were found in oxic to suboxic marine surface sed-
iments (Kennedy and Elderfield, 1987). The values derived

for our anoxic slope cores (1-10 x 10~?) fall into this range
(Table 2). They indicate that the preferential release of
iodide is not limited to the more oxidizing surface sedi-
ments but occurs also in deeper anoxic layers. The regular
increase in these ratios towards the more productive
northern slope indicates that high regeneration ratios are
maintained in strongly anoxic sediments receiving a large
flux of marine organic matter.

5.4. Sulfur cycling

Dissolved sulfate and sulfide profiles and concentrations
of total sulfur in the solid phase were used to characterize
the turnover of sulfur in the studied anoxic sediments (Figs.
2-7). Among these parameters, dissolved sulfate is most
suitable for the modeling since sulfide is partly lost during
core retrieval and pore water separation while pyrite for-
mation may start already within the bioturbated surface
layer not resolved by the model (Fossing et al., 2000). Solid
phase sulfur concentrations were indeed high in the upper-
most sediment samples (Figs. 2-7) reflecting the formation
of pyrite in reactive surface sediments. Dissolved sulfide
profiles showed distinct maxima in the sulfate-methane
transition zone where sulfide was rapidly produced by
AOM. In contrast, the dissolved sulfide concentrations
were low and close to the detection limit in methane-free
sediments indicating that sulfide produced during sulfate
reduction via organic matter degradation was almost com-
pletely removed from the pore water by the formation of
pyrite and other authigenic sulfur phases.

The benthic sulfate fluxes at the sediment surface
(Table 3) ranging in between 10 and 200 mmol m 2 yr~!
are a measure for the total sulfate consumption in sedi-
ments underlying the bioturbated surface layer. These
fluxes increase towards the north due to enhanced rates
of organic matter sedimentation. They are similar to those
reported for other reactive continental margins such as
the western Argentine Basin (Hensen et al., 2003), and
the Black Sea (Jorgensen et al., 2001). The benthic fluxes
are driven by sulfate reduction via organic matter

Table 3

Depth-integrated turnover rates and fluxes (in mmol m~2 yr™!) calculated in the model and length of the sediment column considered in the modeling

(in m)

Rate/flux SO178 LVv28 SO178 SO178 SO178 LV28 ODP 997
3-4 KAL 2-4 SL 10-6 SL 13-6 KL 29-2 KL 20-2 SL

Length of model column 10 6 12 11 15 5.7 451

POC degradation 12.7 39.5 68.3 325 207 233 27.2

PON degradation 1.91 5.96 10.3 49.1 313 35.2 4.11

POI degradation 0.015 0.059 0.239 2.60 1.66 2.33 0.076

POBr degradation 0.025 0.158 0.205 2.28 1.45 0.934 0.108

SO, reduction via POC degr. 6.08 19.0 31.6 122 76.9 104 2.76

Methane formation 0.25 0.76 2.50 40.4 26.7 13.0 10.8

AOM 0.205 0.467 16.1 78.5 59.0 454 10.5

Ammonium adsorption 0.071 0.101 0.319 6.00 1.68 5.48 3.00

CaCOj; precipitation —0.48 3.38 —0.54 29.6 15.5 21.6 n.d.

Benthic SO, flux 10.4 27.9 47.9 201 136 149 13.4

POC burial 36.2 58.8 69.5 662 772 641 303

N burial 4.06 4.00 6.67 76.0 85.7 68.1 37.7
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degradation and AOM. Depth-integrated rates of these
processes increased towards the north (Table 3). In the
three northern cores, sulfate was consumed via organic
matter degradation at a mean rate of 101+
23mmolm 2yr ! while the average AOM rate was
61 +17mmol m 2yr~'. Hence, about 40% of sulfate
was consumed by AOM in the northern slope area. The
fraction of sulfate being consumed by AOM rather than
organic matter degradation seems to be highly variable
at different continental margin sites. Thus, Fossing et al.
(2000) and Jergensen et al. (2001) performed sulfate
reduction rate measurements in continental margin sedi-
ments off Namibia and in the Black Sea showing that
only a minor portion of the depth-integrated sulfate con-
sumption is due to AOM. In contrast, Niewohner et al.
(1998) observed linear sulfate gradients in surface sedi-
ments at the U.S. North Atlantic and Namibia continen-
tal margins overlying major gas hydrate deposits and
concluded that sulfate reduction is almost completely
driven by AOM at these sites. The significant curvature
in the sulfate, ammonium, bromide and iodide profiles
observed in the sediments off Sakhalin (Figs. 2-7) demon-
strates, however, that organic matter degradation contrib-
utes significantly to the overall sulfate reduction in these
slope deposits.

5.5. CaCOj3 turnover

Solid phase concentrations of CaCOj3; were low over the
entire slope area ranging in between 0 and 2 wt% with a
mean value of 0.5 wt% in the sampled slope sediments
(data not shown). Pore water profiles of dissolved Ca indi-
cate, however, that both carbonate dissolution and precip-
itation may occur in anoxic slope deposits off Sakhalin
(Figs. 2-7). In the southernmost core (SO178 3-4 KAL)
Ca concentrations increased with depth suggesting a depth
integrated CaCOj5 dissolution rate of 0.48 mmol m 2 yr~"
(Table 3). Core LV28 2-4 SL experienced CaCOj precipita-
tion over the entire core length (Fig. 3) while the dissolved
Ca profile in core SO178 10-6 SL suggests CaCO; dissolu-
tion in the upper layers and CaCOj; precipitation at the
base of the core (Fig. 4). The northern cores (Figs. 5-7)
showed signs of CaCO; precipitation in the upper ~15m
followed by CaCOj; dissolution in the deeper layers.

Carbonate dissolution/precipitation are manly driven by
the release of CO, and HCO; during the anaerobic degra-
dation of organic matter and the oxidation of methane.
During degradation of organic matter (here represented
as simple carbohydrate C(H,O)) via sulfate reduction
both CO, and HCO;  are released while sulfide is fixed
in pyrite:

7/2C(H,0) + Fe** +2S0,%" = 2HCO,™ + 3/2C0,
+ FCSQ + 5/2H20

Fe?* may either originate from the microbial reduction of
iron oxides or iron-bearing clay minerals and carbonates.

Models show that CaCOs is dissolved at low rates and dur-
ing the initial phase of sulfate reduction while CaCO; pre-
cipitation prevails at high rates of sulfate reduction via
organic matter degradation (Boudreau and Canfield,
1993). These model predictions are confirmed by some of
our data showing CaCOj; dissolution at low sulfate reduc-
tion rates (core SO178 3-4 KL) and in the upper section of
the sulfate reduction zone (core SO178 10-6 SL).

During AOM, carbonate alkalinity is generated and
bisulfide accumulates in the pore water:

CH,4 + SO,*” = HCO,” + HS™ + H,0

Hence, AOM induces CaCO; precipitation in marine sedi-
ments (Wallmann et al., 1997; Luff and Wallmann, 2003).
The pore water data clearly show that Ca concentrations
always decrease towards the base of the sulfate-bearing
zone confirming that CaCOj is precipitated during the
anaerobic oxidation of methane. The average depth-inte-
grated rate of carbonate precipitation in the three northern
cores is 22+ 7mmolm Zyr ' while the AOM rate
amounts to 61 + 17 mmol m 2 yr~' in these cores (Table
3). The data hence suggest that one third of the carbonate
alkalinity generated via AOM is removed from the pore
water via authigenic CaCOj; precipitation. A similar pro-
portion was previously found at active cold vent sites where
methane-charged fluids ascend to the sediment surface
(Luff et al., 2004).

In the underlying zone, methane and CO, are generated
during the degradation of organic matter:

2C(H,0) = CO, + CH,4

Carbonates should hence be dissolved in the methanogenic
zone as indeed suggested by the increase in dissolved Ca to-
wards the base of cores SO178 13-6 KL and SO178 29-2
KL (Figs. 5,6). We observed however a remarkable in-
crease in total alkalinity within the methanogenic zone
which is probably not driven by the degradation of organic
matter or the dissolution of CaCOj; but rather by the chem-
ical weathering of silicate phases as previously observed in
other anoxic marine sediments (Aloisi et al., 2004; Maher
et al., 2004).

5.6. Organic matter degradation and gas hydrate formation
at Blake Ridge

Gas hydrate formation at Blake Ridge, a large drift
deposit located at the passive continental margin of the
south-eastern United States, has been studied in detail dur-
ing ODP Leg 164 (Dickens et al., 1997). According to the
ODP data, hydrates occupy in between 4% and 7% of pore
space in these sediments between 186 and 451 mbsf. The
excellent set of pore water data retrieved from Site 997
has been used repeatedly to constrain the velocity of up-
ward fluid flow, rates of methane oxidation and gas hy-
drate formation and the hydrate distribution in these
deposits. Egeberg and Dickens (1999) used the curvature
of the bromide and iodide pore water profiles and the
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dissolved Br/I ratio to constrain the velocity of upward flu-
id flow as 0.2 mm yrfl. This values should, however, be
considered as a maximum estimate since pore water burial
and the in situ production of halogens from organic matter
degradation processes were neglected by the authors. They
further used the dissolved chloride profiles to derive rates
of gas hydrate formation. These rates were not related to
the organic carbon data and the concentrations of dis-
solved metabolites in pore fluids but were prescribed as a
rather arbitrary source function satisfying the chloride
observations. Davie and Buffett published a series of pa-
pers on the rates and mechanisms of hydrate formation
at Black Ridge (Davie and Buffett, 2001, 2003a,b). They
finally concluded that the Blake Ridge observations (dis-
solved sulfate and chloride profiles, gas hydrate concentra-
tions) can be explained by microbial methane production
within the lower part of the HZS combined with an inflow
of fluids (0.23 mm/yr) transporting methane and acetate
from the deep underground into the HSZ (Davie and Buff-
ett, 2003b). Since an unreasonable large fraction of sedi-
mentary organic matter has to be degraded to produce
the observed hydrate accumulation, inflowing acetate rath-
er than POC might be the main substrate for methane pro-
duction at this site (B. Buffett, pers. communication).

We used Site 997 to test our new kinetic model on a well
studied reference location and to calculate rates of methane
production and hydrate precipitation within the HSZ. In
contrast to previous modeling studies at Blake Ridge, we
evaluate the entire biogeochemical data set including con-
centration profiles of dissolved metabolites (ammonium,
bromide, and iodide), dissolved sulfate, particulate organic
carbon, and total nitrogen (Fig. 9). Based on this compre-
hensive approach, the gas hydrate formation through
organic matter degradation was quantified much more reli-
ably than in previous model studies. The model was mod-
ified to consider the specific conditions at Blake Ridge
(Appendix B). Thus, organic matter concentrations mea-
sured in surface sediments are significantly lower than
those observed at large sediment depths (see POC and N
in Fig. 9). This important observation strongly suggests a
decrease in organic matter deposition over time. To mimic
this non-steady-state situation, we applied a time-depen-
dent POC concentration at the top of the model column.
Interfacial POC concentrations were kept constant at a val-
ue of 1.6 wt% over a period of 5 Myr and were forced to
decrease linearly over the last 0.7 Myr of the model period
to a modern value of 0.65 wt%. Sedimentation rates and
temperature gradients were taken from Davie and Buffett
(2001) while pressures were calculated from water and
sediment depths assuming hydrostatic conditions.
Moreover, hydrate precipitation, upward fluid flow, and
the temperature effect on molecular diffusion were included
in the extended model version applied to Blake Ridge
(Appendix B).

The best fit to the data was obtained with the set of
parameter values listed in Table 2 and an interstitial fluid
flow velocity of 0.12mmyr~' at the sediment surface.

The initial age of the decaying organic matter was set to
a high value since the almost linear sulfate profiles at Blake
Ridge suggest low rates of organic matter degradation in
surface sediments. Black Ridge is a sediment drift that con-
sists of hemipelagic silt and clay-rich contourite deposits
originating from northern continental slope areas (Paull
et al.,, 2000). Late Quaternary sedimentation rates are
about one order of magnitude lower than the average sed-
imentation rate applied in the modeling (Paull et al., 2000).
The high initial age may thus reflect the slow deposition of
reworked old organic matter at the sediment surface. The
good fit to the pore water and sediment data (Fig. 9) shows
that the kinetic model can be used to constrain rates of
organic matter degradation and microbial methane forma-
tion not only in surface sediments of the Sakhalin slope
area but also over the entire HSZ of Blake Ridge and pre-
sumably other continental margin sites.

Rates of biogenic methane production decreased over
time due to the diminished deposition of organic carbon
at the top of the model column (Fig. 10). The rate profile
at 0.7 Myr represents the steady-state attained after the
interfacial POC concentration was maintained at a con-
stant value of 1.6 wt% over a period of 5 Myr. The subse-
quent decrease in the interfacial POC values induced a
significant drop in methane production over the top
200 m of the sediment column. The rate maximum was
shifted from 22 m at 0.7 Myr to 28 m sediment depth for
the modern situation since the reduced methane production
allowed for a deeper penetration of dissolved sulfate.
Methane production was suppressed in the sulfate-bearing
surface layer and decreased below the rate maximum due
to the low reactivity of old organic matter and the increas-
ing concentrations of DIC and methane. The shallow rate
maximum is a result of the new kinetic law applied in the
model. It induces a significant methane production at shal-
low depth which does not directly contribute to the forma-
tion of hydrates since methane is lost by rapid diffusion
into the adjacent sulfate-bearing layer where methane is
consumed by anaerobic oxidation.

Hydrate concentrations calculated in the model are at
least one order of magnitude lower than the values ob-
tained during ODP drilling. This significant difference sug-
gests that most of the hydrate-bound methane is neither
formed by in situ organic matter degradation nor trans-
ported to the HSZ by the ascent of methane-charged fluids.
Gas bubbles ascending from deep sediments were recently
found to deliver abundant methane to the HSZ at Hydrate
Ridge (Torres et al., 2004). A similar process may also take
place at Blake Ridge. Thus Gorman et al. (2002) presented
seismic data suggesting that gas bubbles from below the
HSZ migrate upwards into the HSZ at Blake Ridge. Flem-
ings et al. (2003) showed that lithostatic gas pressures pre-
vail in the interconnected gas column formed below the
HSZ at Site 997. They propose that this over-pressured
gas reservoir may exceed the strength of the sediment
above driving fractures that vent methane gas into the
HSZ. Our model analysis supports this view and implies
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Fig. 9. Data (solid squares) and model results (solid lines) for ODP Site 997. Top row: Temperature (7), pressure (P), and porosity. Second row:
Concentrations of dissolved sulfate (SO,4, note that only the upper 35 m of the sediment column are plotted since sulfate is depleted in deeper sediment
layers), concentrations of dissolved inorganic carbon (DIC), dissolved methane (CHy, solid line: calculated concentrations, broken line: solubility of gas
hydrates). Third row: Dissolved ammonium (NH,), bromide (Br), and iodide (I). Bottom row: Concentrations of particulate organic carbon (POC), total
nitrogen (N = organic N + adsorbed NH,) and gas hydrates (GH, given in % of pore volume filled by hydrate).

that most of the Blake Ridge hydrates are formed by
bubble ascent.

5.7. Gas hydrate formation in Sakhalin slope sediments
The new kinetic model was applied to quantify rates of

gas hydrate formation via organic matter degradation
along the Sakhalin slope. Modeling was performed for

slope sediments located at a constant water depth of
700 m. Lidmann and Wong (2003) estimated an average
geothermal gradient of 33 4+ 9 °C km™! from seismic BSR
observations in the northern slope area. Considering the
ambient bottom water temperature (2 °C) and hydrostatic
loading, this estimate implies that the thermodynamically
controlled transition from pure hydrate to free gas should
occur at a sediment depth of 300 m (Tishchenko et al.,



3922 K. Wallmann et al. 70 (2006) 3905-3927

Rate (nmol dm? yr'1)
0 50 100 150 200 250

100 +

200 -

Depth (m)

300 -

400

Fig. 10. Rates of biogenic methane production in Blake Ridge sediments
as calculated in the non-steady-state model. Rate profiles are plotted for
four different times. The highest values were attained at 0.7 Myr before
present after a constant POC concentration of 1.6 wt% was applied over a
period of 5Myr at the top of the model column. Subsequently the
interfacial POC value was linearly reduced to a modern value of 0.65 wt%.
In response to this model forcing rates of methane production significantly
decreased over time.

2005). The model was hence run for a column extending
from the sediment surface to a depth of 300 m covering
the entire HSZ. The porosity profile was adjusted to fit
ODP observations in diatomaceous clayey silt sediments
as summarized in Einsele (2000). The inhibition constant
was varied over two orders of magnitude to investigate
the effect of metabolite inhibition on gas hydrate formation
while the sedimentation rate was varied in between 10 and
100 cm kyr ™" in order to mimic the south-north gradient in
sediment accumulation. Equations and parameter values
applied in the modeling are presented in Appendix B.

A first set of steady-state models was run applying a sed-
imentation rate of 50 cm kyr ™', an interfacial POC concen-
tration of 1.5wt% and an initial age of 1000 yr. No
external pore water flow was prescribed so that solutes
were transported via diffusion, burial and compaction,
only. A constant gradient condition was applied at the low-
er boundary and the inhibition constant (K¢) was varied in
between 3.5 and 350 mM (Fig. 11). Applying a high K¢ val-
ue of 350 mM, concentrations of dissolved methane and
DIC have only a small effect on organic matter degrada-
tion. Consequently, POC concentrations decrease rapidly
with depth and considerable amounts of gas hydrate accu-
mulate in the model column. Hydrate concentrations
increase with depth and reach a maximum value of
2.1 vol% at the base of the core. Applying a small K¢ value
of 3.5mM, organic matter degradation is already sup-
pressed at low metabolite concentrations. Methane produc-
tion and hydrate formation are, thus, inhibited and
dissolved methane is under-saturated with respect to gas
hydrate over the entire model column. Using the previously
derived K¢ value of 35 mM, hydrates start to accumulate
below a sediment depth of 78 m and reach a maximum
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Fig. 11. Inhibition of gas hydrate formation in Sakhalin slope sediments.
Top row: Temperature (7), pressure (P), and porosity. Second row:
Concentrations of dissolved sulfate (SO, note that only the upper 20 m of
the sediment column are plotted since sulfate is depleted in deeper
sediment layers), concentrations of dissolved inorganic carbon (DIC),
dissolved methane (CHy). Third row: Rate of methane formation (Ryy,
note the logarithmic scale), concentrations of particulate organic carbon
(POC) and gas hydrates (GH, given in % of pore volume filled by hydrate).
Dotted line: Kc=3.5mM; solid line Kc=35mM (standard value);
broken line: K¢ = 350 mM.

concentration of only 0.23 vol% at 300 m depth. The
strong sensitivity of hydrate accumulation towards the
K¢ value clearly demonstrates that the amount of gas hy-
drate formed within the hydrate stability zone is regulated
by the extent of metabolite inhibition.

The effect of sedimentation rate on hydrate accumula-
tion was tested in a second set of model runs. The inhi-
bition constant was set to the value previously derived by
the systematic evaluation of pore water and sediment
data from the Sakhalin slope (Kc =35 mM) and the sed-
imentation rate was varied in Dbetween 10 and
100 cm kyr ' applying the same set of parameter values
as in the previous sensitivity test. Both, the thickness of
the hydrate-bearing zone and the average hydrate concen-
tration in that zone strongly increase with sedimentation
rate (Fig. 12). Below a sedimentation rate of 30 cm kyr ',
methane production rates are too low to induce hydrate
formation. The steady increase in hydrate accumulation
with sedimentation rate is caused by the age-dependent
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Fig. 12. Gas hydrate formation in Sakhalin slope sediments as a function
of sedimentation rate. (A) Thickness of the hydrate-bearing layer (hydrate
concentration >0.001 vol%). (B) Mean gas hydrate concentration in the
hydrate-bearing layer (given in % of pore volume filled by hydrate).

reactivity of organic matter. In rapidly accumulating sed-
iments, young organic matter is buried to large sediment
depths so that abundant methane is formed also in deep
layers where the diffusive loss of methane is minimized by
low methane gradients.

The model predicts that hydrates do not form along
the southern slope of Sakhalin where sedimentation is
low whereas hydrates should accumulate in the northern
slope area. Liidmann and Wong (2003) detected a strong
BSR in the entire northern slope region and an overly-
ing broad zone of ~180 m thickness in which the ampli-
tudes of the reflectors were significantly reduced. They
proposed that finely dispersed gas hydrate reduced the
reflection coefficients and estimated an average hydrate
filled pore volume of 3-10% in this hydrate-bearing
zone. Hydrate concentrations calculated in our model
are one order of magnitude lower than this rough esti-
mate. If the estimate based on seismic data would hold,
the model would imply that less than 10% of the hy-
drate accumulating in the slope deposits is formed by
the degradation of organic matter within the hydrate
stability zone. More than 90% would be delivered to
the near-surface sediments by methane ascending from
deeper layers. In the northern Sakhalin slope area
numerous gas escape structures were imaged using seis-
mic techniques (Liidmann and Wong, 2003). Seafloor
observations, hydro-acoustic surveys, and methane mea-
surements in the water column showed that gas bubbles
are released in the northern slope area at more than 100
different locations (Obzhirov et al., 2004; Shoji et al.,
2005). At these sites gas hydrates are found in shallow
surface sediments (Ginsburg et al.,, 1993; Matveeva
et al., 2003). It thus seems to be likely that most of

the hydrates accumulating within the HSZ of the north-
ern Sakhalin slope are formed by gas bubbles ascending
from deep sedimentary layers situated below the BSR.

6. Conclusions

The new kinetic rate law of organic matter degradation
presented and successfully tested in this paper has pro-
found implications for microbial degradation processes
in deep anoxic marine sediments. The rate law predicts
that organic matter degradation is severely hindered in
anoxic sediments where high dissolved metabolite concen-
trations accumulate while organic matter of the same age
may be degraded at a considerably higher rate if the dis-
solved metabolites (DIC and methane) are removed from
the system. Degradation should thus proceed more rapid-
ly in sediments with high porosity since dissolved species
are rapidly lost to the overlying water by molecular diffu-
sion in these “open” systems. Ancient organic matter con-
served over extended periods of time in deep sediment
layers may also be degraded when the diffusive loss is pro-
moted by low modern depositional rates or the erosion of
surface sediments. The removal of dissolved metabolites
by seawater inflow and sediment reworking (erosion and
re-deposition) should also enhance microbial degradation
rates.

In contrast to other more detailed models of microbial
respiration (Jin and Bethke, 2003) and organic matter deg-
radation (Wirtz, 2003), the new empirical rate law does not
resolve the complex microbial mechanisms involved in the
anaerobic degradation of organic matter. It has rather been
designed as a simple tool for the prognostic modeling of
organic matter degradation, sulfate reduction and methane
formation in anoxic sediments on large spatial and tempo-
ral scales. The model is based on the age-dependent kinet-
ics introduced by Middelburg (1989) and converges to this
model at low metabolite concentrations. Thus, the degra-
dation rates in fully anoxic sediments with DIC and CHy4
concentrations of 100 mM, each, are reduced by 85%
through metabolite inhibition whereas degradation in oxic
sediments with DIC concentration of 2 mM are diminished
by only 5% through the new inhibition term at a given POC
concentration and sediment age. As the original age-depen-
dent model has been tested and calibrated over a wide
range of sedimentary environments, the new model should
also correctly predict organic matter degradation in other
settings such as oxic deposits at the deep-sea floor. It is,
however, not well suited to predict organic matter degrada-
tion rates within the top 10 cm of the sediment column,
since the age of organic matter is not well defined in these
bioturbated surface layers.

The new rate law predicts that most of the hydrates
found in marine sediments are not formed by organic mat-
ter degradation within the hydrate stability zone but rather
by the ascent of fluids and gases. Significant concentrations
of gas hydrates (>1 vol%) may thus only accumulate where
fluids or methane gas bubbles originating from deeper
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sediment layers are transported into the hydrate stability
zone. Recent model estimates of the global hydrate abun-
dance rely heavily on the kinetic rate law of organic matter
degradation applied in the modeling procedure (Buffett and
Archer, 2004; Archer and Buffett, 2005). Our model results
show that the rates of methane formation in the hydrate
stability zone have been over-estimated by these previous
models. Hence, the new rate law presented in this paper
would yield much lower estimates of the global hydrate
abundance if applied in this model concept. It should how-
ever be noted that gas ascent from below the BSR was not
considered in these previous models (Buffett and Archer,
2004) while our analysis of the Blake Ridge and Sakhalin
slope data implies that gas ascent could be a common pro-
cess at many continental margin sites.

Sediment temperature may also affect the rate of micro-
bial methane generation. Wellsbury et al. (1997) showed
that the microbial production of acetate is dramatically in-
creased when sediments are heated. The highest acetate
production was observed at temperatures of 20-60 °C
and field data from Blake Ridge showed that most of the
methane generated below the BSR is formed by microor-
ganisms using acetate as substrate. Temperatures within
the HSZ are usually lower than 20 °C. Considering an aver-
age thermal gradient of 30 °km ™', the experiments imply
that methane production may be much higher in deeper
sediment layers (~0.5-2 km depth) underlying the HSZ.
Field data demonstrate that free gas produced in these deep
layers may ascend to the surface to form gas hydrates. The
conditions allowing for the rise of gas bubbles through sed-
iments are, however, poorly understood. It is usually as-
sumed that an interconnected network of gas bubbles
occupying at least 10% of the pore space has to be formed
to fracture the sediment and drive gas towards the seafloor
(Buffett and Archer, 2004). New experimental studies
show, however, that fine grained sediments act as elastic
solids which are easily fractured by individual gas bubbles
(Boudreau et al., 2005). It may thus be possible that gas
bubbles rise to the surface without forming an intercon-
nected network in the subsurface source area. Current esti-
mates of the regional and global abundance of gas hydrates
are not reliable because the methane production rates in
deep and warm sediment layers underlying the HSZ are un-
known and the upward transport of methane into the HSZ
has only been studied at very few locations. More reliable
model-based estimates will only emerge after the tempera-
ture effect on microbial methane formation and the mech-
anisms of gas bubble ascent through sediments have been
studied in more detail.
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Appendix A. Modeling procedure used in the evaluation of
the Sea of Okhotsk data

In the following, details of the modeling procedure are
presented and discussed while model equations are summa-
rized in Tables A1-A3. All depth-dependent variables are
listed in Table Al. Porosity is assumed to decay exponen-
tially with depth (x) due to steady-state compaction

Table Al
Depth-dependent constitutive equations used in the modeling

Parameter Constitutive equation
Porosity Q=P+ (Py— P -e ™
Molecular diffusion in sediments Ds = @*- Dy
Burial of solids =wll=gr)

Drwy

Burial of pore water

v
@
Age-dependent kinetic constant ky =0.16 - (ao + ﬁ) 09

for POM degradation
Factor converting G (wt%) in
C (mmol cm™3)

 104ds-(1-)
r'="Mwao

Table A2

Rate laws used in the modeling

Rate Kinetic rate law

Sulfate reduction Rsg =0.5 ﬁ -r(POC) - Rpoc
Methanogenesis Rvy=05- ﬁi‘&oa -r(POC) - Rpoc

Anaerobic oxidation of methane
PON degradation

Raom = kaom - C(SO4) - C(CH,)
_ 14,16

RpoN = 15 * 195 - RpoC

Raps = kaps - (1 — o)

Rcaco; = kcaco, - (C(Ca) — C(Ca)ops)

Ammonium adsorption

CaCOj; precipitation

Table A3
Rate expressions applied in the differential equations

Rates
R(POC) = _RPOC

Species

Particulate organic
carbon (POC)
Particulate organic
nitrogen (PON)
Adsorbed ammonium (ADS)
Sulfate (SOy4)
Methane (CHy)
Bromide (Br)
Ammonium (NHy)
Todide (I)
Dissolved inorganic carbon
(DIC = CO5*>~ + HCO;™ + CO»)
Calcium (Ca)

R(PON) = _RPON

R(ADS) = +Raps - &5~

R(SO4) = —Rsr — Raom

R(CH4) = +Rwm — Raom

R(Br) = +I"B,- . r(POC) . RPOC
R(NH4) = +r(PON) - Reon — Raps
R(I) = +r1 . r(POC) . Rpo(‘

R(DIC) = +}’(POC) - Rpoc + Raom
7RM — r(CaCO3) -RC/(.(;()3

R(Ca) = —r(CaCO;) . RCaCO;
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(Berner, 1980) where the initial porosity at zero depth (@),
the porosity at infinite depth (®,), and the attenuation coef-
ficient (p) are derived from the data applying non-linear fit-
ting techniques. Molecular diffusion coefficients (D) are
calculated for the prevailing temperature (2 °C) and salinity
(35) using equations given in Boudreau (1997). Dissolved
inorganic carbon (DIC) is transported using the diffusion
coefficient of HCOj; because bicarbonate is the major
DIC species at the near-neutral pH conditions prevailing
in anoxic sediments. Archie’s law is applied to consider
the effects of tortuosity on diffusion and to calculate the
coefficients for diffusion in sediments (Ds). The applied
coefficient (#* corresponding to m = 3 in Archie’s law) is
a good approximation for the fine-grained and water-rich
sediments of the study area (Ullman and Aller, 1982). Buri-
al of solids and pore water is calculated considering steady-
state compaction (Berner, 1980). Sedimentation rates (w,)
are calculated using nitrogen mass balances as outlined in
Section 4. The age-dependent kinetic constant for POC
degradation is taken from Middelburg (1989) while the ini-
tial age (ap) is determined by fitting the model to the data.
Concentrations of dissolved species (C in mmol cm® of
pore water) are related to the corresponding concentrations
of solid species (G given in wt%) using conversion factors
(r) which include the depth-dependent porosity, the aver-
age density of dry solids (d; = 2.5 gcm>) and the appro-
priate molecular weights (MW) of C and N. These
factors are applied to calculate the release and consump-
tion of solutes resulting from the turnover of solids (Tables
A2 and A3).

Kinetic rate laws are defined using Monod kinetics
and applying appropriate stoichiometric coefficients
(Table A2). The rate of sulfate reduction is related to
the POC degradation rate (Rpoc) considering that reduc-
tion rates decrease at very low sulfate concentrations
(Kso, = 1 mM). Methane formation is inhibited in the
presence of sulfate and is driven by POC degradation.
The anaerobic oxidation of methane (AOM) is assumed
to follow second order kinetics depending on both sul-
fate and methane concentrations (Luff and Wallmann,
2003). The value of the kinetic constant (kaon) is de-
fined by fitting the model to the sulfate and methane
data. Degradation of particulate organic nitrogen
(PON) is linked to POC degradation considering Red-
field stoichiometry and the appropriate N:C weight ratio
(14/12).

Ammonium adsorption can be modeled as a linear equi-
librium reaction where the depth-independent equilibrium
constant Kaps is defined as the ratio between adsorbed
ammonium (ADS in mmol NHj (g dry solids)~") and dis-
solved ammonium (C(NH4) in mmol NH4 (cm® pore
water) ') at equilibrium (Berner, 1980). In fine-grained
marine sediments Kaps attains a value of 1.7 cm® g*1
(Mackin and Aller, 1984). We prefer to model ammonium
adsorption using a kinetic approach because the equilibri-
um approach would demand the use of rather complicated
differential-algebraic equations. The kinetic constant is,

however, set to a large value (kaps = 1 mM yr!) so that
equilibrium between dissolved and adsorbed ammonium
is always maintained (ADS/C(NH,4) = Kaps).

Carbonate precipitation in anoxic sediments has been
modeled successfully by different authors using numerically
rather demanding procedures (Luff and Wallmann, 2003;
Luffet al., 2004). It is controlled by pH and saturation states
of pore waters which are calculated only with a considerable
numerical effort (Boudreau, 1987; Van Cappellen and
Wang, 1996). Here, we prefer to use a rather simple ap-
proach to avoid extensive integration times. Carbonate pre-
cipitation is driven by the measured calcium concentrations
in pore water. For this purpose appropriate functions are
fitted through the Ca data to obtain representative concen-
trations for each depth interval (C(Ca)ogs). The rate is set
proportional to the difference between modeled (C(Ca))
and measured concentrations (C(Ca)ops) and a large value
is assigned to the corresponding kinetic constant
(kcacos = 0.05 wt% CaCO; yrfl) so that concentrations
calculated in the model are always very close to measured
values.

Reaction rates are combined appropriately to define
reaction terms which are applied in the differential equa-
tions for each solid and dissolved species (Table A3).
Conversion factors (r) are introduced to maintain the
correct dimensions for solid and dissolved species con-
centrations. Stoichiometric coefficients are used to derive
the release rates of metabolites (ammonium, bromide,
and iodide) from POC degradation rates. Finally, the
reaction terms are combined with other terms describing
the transport of solids and solutes (see Section 4) and the
resulting system of differential equations is solved to cal-
culate the concentration—depth profiles of 10 species at
steady-state.

Appendix B. Modeling of gas hydrate formation

The model described in Appendix A was extended and
modified in order to simulate gas hydrate formation at
Black Ridge (ODP Site 997) and in Sakhalin slope deposits
(Table A4). Since the model columns extend over several
100 m, the effect of sediment temperature on diffusion
was considered. Molecular diffusion coefficients were calcu-

Table A4
Equations used in the modeling of gas hydrate formation

Parameter Constitutive equation
Molecular diffusion in sediments  Dg = #ﬁ(d’)
Upward fluid flow and v =2t

pore water burial
Rate of hydrate formation

It [M>1]

Csat

Csat

Ran = kon - (S5~ 1)

Rate of hydrate dissolution
1If [M < 1]

Csat

Rgup = kaup - (1 - L(CCH‘)) - G(GH)

'SAT

ds-(1-?)

Factor converting wt% in vol% FGH = g
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lated as a function of sediment temperature (Boudreau,
1997) and hence increased with sediment depth. Moreover,
the effect of porosity on diffusion was considered using the
logarithmic equation given by (Boudreau, 1996a) rather
than applying Archie’s Law since the former equation is
valid over a wider range of sediment compositions and
porosities (Boudreau, 1997). Dissolved inorganic carbon
(DIC) was transported applying the mean diffusion coeffi-
cient of HCO;™~ and CO, since CO, is a major species un-
der the acidic conditions prevailing in deep methanogenic
sediments. Upward fluid flow was considered in the Blake
Ridge simulation, only, using the approach described in
Luff and Wallmann (2003). The interstitial velocity at zero
depth (vy) was varied to fit the pore water data.

Gas hydrate was precipitated from the pore solution when
the concentration of dissolved methane calculated in the
model surpassed the solubility of gas hydrates (Csat). We
used a kinetic approach to simulate hydrate precipitation
and dissolution (Torres et al., 2004) and a modified Pitzer-
approach for the calculation of hydrate solubility
(Tishchenko et al., 2005). The kinetic constant for hydrate
precipitation was set to a large value (kgy=2X
1072 wt% yr!) to prevent over-saturation with respect to
gas hydrate. Hydrates were allowed to dissolve in under-sat-
urated pore solutions applying a corresponding kinetic con-
stant of kgyp = 2 x 1072 wt% yr~'. Hydrate concentrations
(G(GH)) were initially calculated in wt% and were subse-
quently converted into percent of pore volume filled by hy-
drate considering the density of dry sediments
(ds=2.5 g cm ) and gas hydrates (dgi = 0.916 g cm™>).

Boundary conditions for dissolved species applied at the
base of the model column have a strong effect on the
amount of hydrate formed in the model sediments. At
Blake Ridge, we prescribed constant concentrations at
the base of the hydrate stability zone corresponding to
the values measured at that depth (451 m). Only for dis-
solved methane, the lower boundary value was calculated
assuming equilibrium with pure methane gas hydrate (type
I, Tishchenko et al., 2005). In the prognostic modeling of
hydrate formation in Sakhalin slope deposits, we applied
constant gradient conditions for SO4 DIC, and CHy4
Eq. (12). With this approach methane and DIC continu-
ously produced in deeper sediment sections situated below
the base of the model column (300 m), is allowed to enter
the model domain via molecular diffusion.
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