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We studied microbially mediated diagenetic processes driven by carbon mineralization in subseafloor
sediment of the northeastern Bering Sea Slope to a depth of 745 meters below seafloor (mbsf). Sites U1343,
U1344 and U1345 were drilled during Integrated Ocean Drilling Program (IODP) Expedition 323 at water
depths of 1008 to 3172 m. They are situated in the high productivity “Green Belt” region, with organic carbon
burial rates typical of the high-productivity upwelling domains on western continental margins. The three
sites show strong geochemical similarities. The downward sequence of microbially mediated processes in the
sediment encompasses (1) organoclastic sulfate reduction, (2) anaerobic oxidation of methane (AOM)
coupled to sulfate reduction, and (3) methanogenesis. The sediment contains two distinct zones of diagenetic
carbonate formation, located at the sulfate–methane transition zone (SMTZ) and between 300 and 400 mbsf.
The SMTZ at the three sites is located between 6 and 9 mbsf. The upward methane fluxes into the SMTZ are
similar to fluxes in SMTZs underlying high-productivity surface waters off Chile and Namibia. Our Bering Sea
results show that intense organic carbon mineralization drives high ammonium and dissolved inorganic
carbon (DIC) production rates (N4.2 mmol m−3 y−1) in the uppermost 10 mbsf and strongly imprints on the
stable carbon isotope composition of DIC, driving it to a minimum value of−27‰ (VPDB) at the SMTZ. Pore-
water calcium and magnesium profiles demonstrate formation of diagenetic Mg-rich calcite in the SMTZ.
Below the SMTZ, methanogenesis results in 13C-enrichment of pore-water DIC, with a maximum value of
+11.9‰. The imprint of methanogenesis on the DIC carbon isotope composition is evident down to a depth of
150 mbsf. Below this depth, slow or absent microbially mediated carbon mineralization leaves DIC isotope
composition unaffected. Ongoing carbonate formation between 300 and 400 mbsf strongly influences pore-
water DIC and magnesium concentration profiles. The linked succession of organic carbon mineralization and
carbonate dissolution and precipitation patterns that we observe in the Bering Sea Slope sediment may be
representative of passive continental margin settings in high-productivity areas of the world's ocean.
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1. Introduction

The Bering Sea is regarded as a region of effective carbon
sequestration, due to its highly efficient biological pump involving
high biogenic opal fluxes, especially along the Bering Sea Slope
(Takahashi, 1998, 1999). Sediment collected from the northeastern
Bering Sea Slope affords an opportunity to study the fate of buried
organic carbon associated with microbially mediated processes in the
subsurface sediment of a very high productivity region. In particular,
this deep sediment represents an excellent environment to evaluate
biogeochemical processes and diagenetic carbon mineralization in a
passive continental margin setting. In this setting, upward-migrating
fluids from underlying seawater and brine reservoirs do not interrupt
the succession of diagenetic processes associated with carbon burial,
as often observed at active continental margins (e.g., Ocean Drilling
Program (ODP) Leg 201 (D'Hondt et al., 2004)).

Microbially mediated processes significantly affect the subseafloor
carbon cycle in the following ways. (1) Organic matter break-down
and subsequent terminal electron accepting processes (TEAP), such as
organoclastic sulfate reduction, affect pore-water pH, and thus, the
saturation state of sedimentary carbonate phases. The reaction
byproduct bicarbonate takes part in diagenetic carbonate formation
(e.g., Ben-Yaakov, 1973; Boudreau and Canfield, 1988; Soetaert et al.,
2007; Jourabchi et al., 2008). (2) During hydrogenotrophic and
acetoclastic methanogenesis, hydrogen and acetate deriving from
hydrolysis and fermentation of organicmatter are utilized, and carbon
dioxide (CO2) and methane (CH4) are produced (Martens and Berner,
1974; Sansone and Martens, 1981; Whiticar et al., 1986; Ferry, 1992;
Whiticar, 1999):

CO2 þ 4H2→CH4 þ 2H2O ðR1Þ

CH3COOH→CO2 þ CH4 ðR2Þ

Dissolved inorganic carbon (DIC) consumed during hydrogenotrophic
methanogenesis originates from production by TEAP. (3) The
anaerobic oxidation of methane (AOM) coupled to sulfate reduction
consumes methane, and releases bicarbonate. This process, following
the net reaction (Boetius et al., 2000; Hoehler et al., 1994; Valentine
and Reeburgh, 2000; and reference therein),

CH4 þ SO
2−
4 →HCO

−
3 þ HS

− þ H2O ðR3Þ

facilitates authigenic carbonate formation (e.g., Aloisi et al., 2002; Luff
and Wallmann, 2003; Moore et al., 2004; Ussler and Paull, 2008).

Carbon cycling in subsurface sediment (N1.5 m sediment depth) is
mediated by an active microbial community (D'Hondt et al., 2002,
2004; Parkes et al., 2005; Schippers et al., 2005; Jørgensen et al.,
2006). Few studies have investigated the linkages between organic
carbon mineralization, methane oxidation and diagenetic carbonate
formation in the subseafloor biosphere (e.g., Kelts and McKenzie,
1982; Moore et al., 2004; Meister et al., 2007), particularly below the
depth of sulfate depletion.

In this study, we present high-resolution measurements of
several chemical properties at three sites on the Bering Sea Slope
drilled to N700 meters below the seafloor (mbsf) by IntegratedOcean
Drilling Program (IODP) Expedition 323. These data include
dissolved chemical concentrations (dissolved inorganic carbon
(DIC), sulfate, ammonium, calcium, magnesium, methane), solid-
phase chemical concentrations (total organic carbon (TOC) and total
inorganic carbon (TIC)), and the stable carbon isotope composition of
DIC. These data, integrated with physical property data, allow us to
calculate reaction rates and fluxes of pore-water constituents. We
discuss the sequence of biogeochemical processes in the sediment
with special focus on the extent of biologically catalyzed organic
matter mineralization and its linkage to sedimentary inorganic
carbon cycling. We examine microbially mediated processes and the
fate of reaction byproducts such as DIC, throughout the sediment
column.

2. Background

2.1. Study area

TheBering Seamarks the northernmost part of the PacificOcean. It is
enclosed by the Alaskan Peninsula to the east and northeast, the
Aleutian Archipelago to the south, and the Russian mainland and
Kamchatka Peninsula to thewest (Fig. 1). Its area is equally divided into
a deep basin to the west and a large continental shelf (N500,000 km2)
that covers the eastern part of the Bering Sea. Present-day water
circulation in the Bering Sea follows a cyclonic gyre fed by the Alaskan
Coastal Current (ACC) and the Alaskan Stream, which enter northward
through the Aleutian Islands (Reed, 1990; Stabeno et al., 2002; Ladd and
Stabeno, 2009). The Alaskan Stream extends into the Bering Slope
Current (BSC), which flows northeastward along the eastern Bering Sea
Shelf and represents the eastern boundary current of the Bering Sea
Gyre (Stabeno et al., 1999, 2009; Johnson et al., 2004).

These hydrodynamic conditions are integral to the existence of the
Bering Sea Green Belt, a band of very high biological productivity
along the continental shelf break, which is among the world's most
productive oceanic regions (see Kinder and Coachman (1978);
Okkonen et al. (2004); Springer et al. (1996); for review). Productivity
in the Green Belt is sustained by the BSC, which delivers nitrate-rich
deep waters to the photic zone. Macronutrients are also provided by
surface waters from the Bering Sea basin to the west, and dissolved
iron is delivered from bottom waters of the outer shelf (Aguilar-Islas
et al., 2007). Estimates of annual primary production in the Green Belt
are N170 g C m−2 y−1 (Hansell et al., 1993; Sambrotto et al., 2008).
The high productivity of the Green Belt is in contrast to large areas of
the open Bering Sea, which show characteristics of a High-Nutrient-
Low-Chlorophyll (HNLC) region, and the Bering Sea Shelf, which is
described as a nitrate-limited, iron-replete system (Banse and English,
1999; Moore et al., 2002; Tyrrell et al., 2005; Aguilar-Islas et al., 2007;
Sambrotto et al., 2008).

2.2. Study sites and sediment composition

We present results from three sites drilled during IODP Expedition
323 along the northeastern Bering Sea Continental Slope in the
Bering/Arctic Gateway region. This area is influenced by the Green
Belt (Fig. 1). Sites U1343 and U1344 were cored to 745 mbsf and Site
U1345 was cored to 150 mbsf. The seafloor of Site U1343 is located at
1952 m below sealevel (mbsl). Its sediment consists of alternating
siliciclastic-rich and mixed siliciclastic-biogenic (diatom-bearing to
diatom-rich) lithologies. Sedimentation rates at Site U1343 range
from 21 to 58 cm ky−1. Site U1344 is located at 3172 mbsl. Its
sediment is silt with varying amounts of sand, clay, and diatoms and
minor amounts of ash, foraminifers, nannofossils, and sponge
spicules. Sedimentation rates range from 29 to 89 cm ky−1. The
water depth of Site U1345 is 1008 mbsl. Its sediment is siliciclastic
with varying amounts of diatoms and minor amounts of foraminifers
and calcareous nannofossils. This site has a mean sedimentation rate
of ~28 cm ky−1. Cored sediment at Sites U1343 and U1344 spans the
early Pleistocene to Holocene. Sediment at Site U1345 was deposited
from the middle Pleistocene to the Holocene (Expedition 323
Scientists, 2010).

3. Methods

3.1. Sample acquisition and processing

Sample acquisition and analyses of solid-phase, pore-water and
hydrocarbon gas during IODP Expedition 323 followed standard
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ODP protocols (Gieskes et al., 1991; Pimmel and Claypool, 2001).
All sediment depths in this study are reported in corrected core
composite depth below seafloor (CCSF-B) reported in meters below
seafloor (mbsf). The CCSF-B depth scale corrects for effects of core
expansion and incomplete core recovery, so the length of the cored
section is the same as the drilled depth. Hence, it allows for
measurements from multiple holes to be used on a common depth
scale, and provides an accurate depth scale for absolute calculations
of sedimentation rates and fluxes (Mix et al., 2003). The top 8 mbsf
of the sediment at Site U1343 and the top 12 mbsf at Sites U1344
and U1345 were sampled at 25-cm intervals. The sampling interval
was increased to between 70 cm and 150 cm down to a depth of
~34 mbsf at all three sites. At greater depth, one sample was taken
every core (at ~9.5 m intervals), except for the interval deeper than
370 mbsf at Site U1344, where one sample was taken every other
core. Pore-water was extracted from whole rounds using a
Manheim-type hydraulic press (Manheim et al., 1994). Whole-
round squeeze cakes were used for solid-phase analyses. Dissolved
inorganic carbon (DIC) was measured using a UIC 5011 CO2

coulometer. Sulfate, calcium, and magnesium concentrations were
determined with a Dionex ICS-3000 ion chromatograph. Ammoni-
um concentrations were determined spectrophotometrically (Shi-
mazu UV mini 1240 UV-Vis spectrophotometer), based on the
method of Solórzano (1969). Total carbon (TC) content was
determined using a Thermo Electron Flash EA 1112 Element
Analyzer. Total inorganic carbon (TIC) content was determined
with a UIC 5011 CO2 coulometer. Total organic carbon (TOC) was
calculated as the difference between TC and TIC. Coefficients of
variation for dissolved chemical concentrations except ammonium
and for solid-phase measurements were b2%. The coefficient of
variation for ammonium analyses was 0.5%.

Stable carbon isotope composition of DIC was determined on a
Gasbench II (Thermo) coupled to a DELTA V plus IRMS (Thermo),
according the method of Torres et al. (2005). The DIC carbon isotope
composition is reported in delta notation relative to Vienna Pee Dee
Belemnite Standard (VPDB), on a scale normalized by assigning
consensus values of−46.6‰ to the reference material L-SVEC lithium
carbonate and +1.95‰ to the reference material NBS-19 calcium
carbonate (Coplen et al., 2006). Both materials were used as internal
standards during the analysis. The standard error (1σ) of the
measurement was less than 0.05‰ for δ13C.

At Site U1343, samples for hydrocarbon gas analyses were taken
only after core transport and opening in the cold lab. At Sites U1344
and U1345, high-resolution sampling for hydrocarbon gas analyses in
the uppermost 15 mbsf took place on the catwalk of the JOIDES
Resolution. For Site U1345, the dissolved methane profile is smooth
across the SMTZ and above (Fig. 2), indicating that in situ gas
concentrations were below sea-surface saturation concentrations. The
noisy profiles just below the SMTZ at Sites U1343 and U1344 and for
greater depths at all three sites suggest that cores from deeper strata
lost significant gas during core recovery, because the gas content
exceeded the sea saturation concentration under sea-surface condi-
tions. For this reason, methane data from Sites U1343 and U1344were
excluded from numerical modeling. Solid-phase as well as pore-water
shipboard data will be available in the DSDP/ODP/IODP Janus data
base and in the IODP Expedition 323 proceedings. The DIC carbon
isotope composition for all three sites is presented in Table S1 as
supplementary material to this manuscript.



Fig. 2. Pore-water sulfate (SO4
2−) and methane (CH4) concentrations with depth for the top 12 m of the sediment column at Sites U1343, U1344, and U1345. The grey bars show the

inferred depths of the sulfate-methane transition zones (SMTZ).
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3.2. Flux and reaction rates

We calculated fluxes of DIC, methane, sulfate, calcium, and
magnesium using Fick's First Law,

J = −ϕDs
∂C
∂x ; ð1Þ

where J is flux, ø is measured porosity,Ds is the temperature-corrected

bulk sediment diffusion coefficient, and
∂C
∂x is the vertical gradient of

the dissolved constituent (Berner, 1980). Ds was calculated from
Ds=Doϕavg

2 , where Do is the free diffusion coefficient in water (Ullman
and Aller, 1982; Boudreau, 1997). By executing the program PROFILE
(Berg et al., 1998), rates of reaction were quantified for DIC and
ammonium using numerical solutions to the one-dimensional mass
conservation equation,

d
dx

ϕ Ds + DBð Þ dC
dx

� �
+ ϕα Co−Cð Þ + R = 0; ð2Þ

where DB is temperature-corrected biodiffusivity, C is the pore-fluid
solute (DIC or ammonium) concentration, Co is the bottom-water
solute concentration, x is depth, α is the irrigation coefficient, and R is
the net rate of production (or consumption if R is negative) of DIC or
ammonium per unit volume of sediment (Berg et al., 1998). DB was
used to correct for temperature dependency of molecular diffusion as
the program PROFILE only allows for a fixed value for Ds/ϕ2 (P. Berg,
pers. comm.). Temperature correction is based on measured geother-
mal gradients of 49.0 °C km−1 at Site U1343 and 48.5 °C km−1 at Site
U1345 (Expedition 323 Scientists, 2010). We assumed no irrigation
(i.e. α=0) and steady state conditions for all concentration profiles.
Pore-water profiles from Site U1344 revealed variation in the
concentration of the measured pore-water constituents that could
not be resolved by this modeling procedure. Consequently, this site
was excluded from geochemical modeling. Based on our modeling
results for DIC, which show that main DIC production is confined to
the top 70 m of the sediment, we distinguish between the processes
occurring in the top 70 mbsf and the deeper sediment layers in the
results and discussion section.

The organic carbon burial rate for the last 0.3 Ma at all three sites
was calculated using average sedimentation rates, wet bulk density,
porosity and total organic carbon content. Sediment age was
determined from the average last occurrence of Spongodiscus sp. at
each site (Expedition 323 Scientists, 2010).
3.3. Ion activity product (IAP) of dolomite

The ion activity product (IAP) for dolomite at Sites U1343 and
U1344 was calculated using an approach similar to Moore et al.
(2004). The pore-water CO3

2− concentration was determined from the
pore-water calcium concentration, assuming equilibrium between the
solid-phase calcite and pore-water CO3

2−, using a log Ksp-calcite of
−8.48. The log IAP of dolomite was then established from the
calculated value for [CO3

2−] and the pore-water magnesium and
calcium concentrations, assuming that concentrations equal ion
activity for depths below the SMTZ (Moore et al., 2004). The
calculated values for the log IAP of dolomite for Sites U1343 and
U1344 are presented in Table S1 as supplementary material to this
manuscript.

4. Results and discussion

4.1. Biogeochemical processes at the sulfate-methane transition zone
(SMTZ)

Pore-water sulfate concentration profiles from Sites U1343,
U1344, and U1345 exhibit a near-linear decrease in the top 6 to
9 mbsf, accompanied by an increase in methane concentration at the
depth of sulfate depletion (Figs. 2 and 3). In ocean-margin sediment,
sulfate reduction coupled to AOM leads to the formation of a SMTZ in
the top meters of the sediment column (D'Hondt et al., 2002). At the
Bering Sea sites, the upward diffusing methane is provided by
methanogenesis in deeper sediment rather than by a deep (thermo-
genic) reservoir, as these sites show predominately biogenic hydro-
carbon ratios, with a methane/ethane ratio of N10,000 (Expedition
323 Scientists, 2010). As at other high-productivity continental
margins, burial of organic carbon at these sites is sufficient to sustain
high microbial metabolic activity driving sulfate depletion and the
onset of methanogenesis (see Mitterer (2010); for review).

High-resolution pore-water data from Site U1345 allow us to
constrain biogeochemical fluxes associated with the SMTZ (Fig. 3).
The calculated downward sulfate and upwardmethane fluxes into the
SMTZ do not follow a 1:1 stoichiometry, which would theoretically be
expected based on Reaction R3. The methane flux accounts for only
77% of the sulfate flux into the SMTZ. This difference between sulfate
andmethane fluxes can be attributed to either 1) methane loss during
core recovery and sample processing leading to underestimation of
methane concentrations at depth (Paull et al., 2000), or 2)
organoclastic sulfate reduction impinging on the pore-water sulfate
concentration profile (Kastner et al., 2008).
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To assess these alternatives, we calculated carbon mass balance,
based on the fluxes of DIC across the SMTZ and taking into account DIC
removal by authigenic carbonate formation. Similar approaches have
been used by Snyder et al. (2007) and Wehrmann et al. (2009). Our
mass balance calculation shows that some methane was probably lost
during coring and sampling procedures.

The net change of DIC across the SMTZ (ΔDIC-Prod) is calculated as:

ΔDIC�Prod = FDIC�Shallow–FDIC�Deep−FCarb ð3Þ

where FDIC-Shallow is the (upward) flux of DIC above the SMTZ, FDIC-Deep
is the (upward) flux of DIC into the SMTZ, and FCarb is the sum of the
downward fluxes of calcium (FCa) and magnesium (FMg). This
calculation gives a value for ΔDIC of −32.6 mmol m−2 y−1 based on
the fluxes displayed in Fig. 3. This value is in good agreement with the
calculated flux of sulfate into the SMTZ of 32.8 mmol m−2 y−1,
because the change of DIC across the SMTZ (ΔDIC-Prod) equals the flux
of sulfate into the SMTZ (FSO4) if sulfate reduction coupled to AOM is
the dominating process removing sulfate, thus producing DIC in a 1:1
stoichiometry.

We compare the upward methane fluxes into the SMTZ at Site
U1345 to fluxes determined for ODP Leg 201 Site 1227 (Biddle et al.,
2006) and StationGeoB7186 (Treude et al., 2005),whichunderlie high-
productivity surface water along the Peruvian and Chilean shelf, and
Station GeoB 3718, which underlies Namibian upwelling on the African
continental slope (Niewöhner et al., 1998) (Table 2). The methane
fluxes at the Bering Sea Slope sites are well within the range of fluxes
determined for these mid- to low-latitude high-productivity upwelling
areas. Notably, the methane fluxes are one to two orders of magnitude
lower than methane fluxes determined for active continental margin
settings where methane ascends from deep biogenic and thermogenic
methane sources by advective transport, e.g., Hydrate Ridge
(8690 mmol m−2 y−1; Luff and Wallmann, 2003). Nonetheless, given
that methane at the Bering Sea Slope sites is predominately of biogenic
origin, our results highlight the importance of methanogenesis in the
deep biosphere of high primary productivity regions.
Table 1
Site location, water depth, average sedimentation rate for the last 0.3 Ma, organic carbon b
approximate bottom water oxygen (O2) concentration (*based on Garcia et al. (2006)) for

Site Location Water depth
[mbsl]

Average sedimentation
for last 0.3 Ma [cm ky−

U1343 57°33.4156′N/175°48.9951′W 1952 29
U1344 59°3.0005′N/179°12.2011′W 3172 41
U1345 60°9.2003′N/179°28.2127′W 1008 28
4.2. Organic matter mineralization

Pore-water ammonium and DIC concentration profiles from Sites
U1343, U1344, and U1345 reflect high rates of microbially mediated
organic carbon degradation. Ammonium is among the best indicators
for the magnitude of organic matter degradation because only a
limited number of processes consume dissolved ammonium in
subsurface sediment. Ammonium can be removed from solution by
adsorption onto mineral particles (Müller, 1977; Mackin and Aller,
1984). This process is less important in aged compared to fresh
marine sediment (Hensen and Wallmann, 2005). Recent geochemical
evidence suggests that it may also be removed by sulfate-reducing
ammonium oxidation (Schrum et al., 2009). At Sites U1344 and
U1345, ammonium increases from low values near the sediment–
water interface to an interval where the concentration gradients are
minimal, followed by a pronounced increase very close to the depth
where sulfate concentrations approach zero, suggesting that sulfate-
reducing ammonium oxidation may be a sink for ammonium at some
Bering Sea sites.

More specifically, ammonium concentrations at Sites U1343 and
U1344 increase with depth from 0.09 mM near the sediment–water
interface to maximum values of 13.3 mM at 570 mbsf and 11.6 mM
at 660 mbsf depth, respectively (Figs. 4a and b). At Site U1345,
ammonium concentrations increase throughout the sediment column
to a maximum value of 9.1 mM at 139 mbsf (Fig. 4). At Sites U1343
and U1345, high rates of ammonium production are confined to the
uppermost 10 mbsf of sediment, with maximum production rates in
the top 3.1 m and 5.5 mbsf (Fig. 4a and c), respectively. At Site U1343,
ammonium production rates of ~0.014 mmol m−3 y−1 occur from 10
to 30 mbsf, below which rates decrease by one order of magnitude.
Similarly, ammonium production rates at Site U1345 indicate a sharp
decrease in production to rates b0.01 mmol m−3 y−1 below 10 mbsf.
The downward decreases in ammonium production rates can be
attributed to decreasing consumption of organic matter, as organic
concentration and organic matter reactivity decrease with increasing
sediment age (Middelburg, 1989; Boudreau and Ruddick, 1991).
urial rates, the present depth of the sulfate-methane transition zone (SMTZ), and the
the three investigated sites.

rate
1]

Organic carbon burial
rate [mmol m−2 y−1]

Present depth
of SMTZ [mbsf]

Approx. bottom water
O2 concentration* [μmol]

171 ~8.3 ~65.9
251 ~8.1 ~89.3
199 ~6.3 OMZ

image of Fig.�3


Table 2
Water depth, present depth of the SMTZ and upward flux of methane (CH4) into the SMTZ at Site U1345, ODP Leg 201 Site 1227 (Biddle et al., 2006), Station GeoB 7186 (Treude et al.,
2005), and Station GeoB 3718 (Niewöhner et al., 1998).

Site Location Water depth
[mbsl]

Present depth of
SMTZ [mbsf]

Upward flux of CH4 into the
SMTZ [mmol m−2 y−1]

U1345 Bering Sea Slope 1020 ~6.3 25.3
1227 Peruvian shelf 427 ~40 16
GeoB 7186 Chilean continental margin 1168 2.9 25.4
GeoB 3718 Namibian continental slope 1312 ~6 30.2
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Total organic carbon (TOC) contents at Sites U1343, U1344, and
U1345 are mostly between 0.5% and 1% (Fig. 4). Organic carbon burial
rates at the three sites range from 171 to 251 mmol m−2 y−1

(Table 1). These rates are very similar to rates determined for the
Namibian upwelling region (~250 mmol m−2 y−1; Berger andWefer,
2002) and ODP Sites 1227 and 1230 drilled on the Peru Margin
(310 mmol m−2 y−1; D'Hondt et al., 2004).

Site U1343 is characterized by the lowest organic carbon burial
rate of the three sites, followed by Site U1345. Site U1344 has both the
highest sedimentation rate and the highest organic carbon burial rate.
Although its organic burial rate is less than at Site U1344, Site U1345
has the shallowest SMTZ and the highest DIC production rate, most
likely because it underlies the water-column oxygen minimum zone
(OMZ) (Table 1). Under low bottom-water oxygen conditions, organic
matter buried in the underlying sediment gets less degraded, and a
shift from aerobic to more anaerobic degradation pathways occurs
(Canfield, 1994; Hedges and Keil, 1995; Hartnett and Devol, 2003;
Middelburg and Levin, 2009; Vandewiele et al., 2009). The increased
availability of easily degradable organic matter results in higher
organoclastic sulfate reduction rates in the uppermost sediment,
higher rates of methanogenesis, and, in a system dominated by
biogenic methane, a higher upward methane flux at Site U1345.
Elevated anaerobic oxidation rates in the topmost sediment zone at
Site U1345 result in enhanced DIC production compared to Site
U1343. The upward flux of methane is counterbalanced by the
diffusive downward flux of sulfate from seawater. A higher flux of
methane at Site U1345 compared to the other sites is indicated by its
shallower SMTZ, because an increase in the sulfate flux is induced by a
shoaling of the SMTZ (Moore et al., 2004; Sivan et al., 2007).

The finding that U1345, although not characterized by the highest
organic carbon burial rate, has the shallowest SMTZ and highest DIC
production rates suggests that the effect of the OMZ on the
degradability of organic matter exerts a stronger control on the
organic carbon oxidation rates (and ultimately the depth of the SMTZ)
than the overall flux of organic carbon to the sediment at the
investigated sites. Interestingly, the difference in the extent of organic
carbon respiration at the three sites is less apparent below the SMTZ
because geochemical profiles are very similar at Sites U1343 and
U1344. Thus, the influence of the OMZ is most important during early
stages of diagenesis while its signal may ultimately not reach the deep
biosphere.

4.3. Transformations of the dissolved inorganic carbon (DIC) pool

4.3.1. Dissolved inorganic carbon distribution and carbon isotope
composition in the top 70 m

The shape of the DIC concentration profiles and the DIC carbon
isotope composition in the uppermost 70 mbsf of the sediment
column at the three sites are typical formethane-bearing continental
margin sediment (e.g., Luff and Wallmann, 2003; Wallmann et al.,
2006; Snyder et al., 2007). Dissolved inorganic carbon concentra-
tions strongly increase in the top 20 mbsf and reach maximum
values of 59 to 74 mM (Fig. 5). This increase is driven by organic
carbon oxidationwith organoclastic sulfate reduction as the primary
TEAP, and sulfate reduction coupled to AOM at the SMTZ. The SMTZ
often represents an inflection point in the profile due to enhanced
DIC production during AOM (Snyder et al., 2007). At the Bering Sea
Slope sites, this inflection point is not pronounced, presumably
because of high DIC production during fermentation and organo-
clastic sulfate reduction above the SMTZ, as observed in elevated DIC
production rates at shallow depth (Fig. 5). The DIC carbon isotope
composition shows increasing depletion in 13C in the uppermost 5.5
to 8.0 mbsf at all three sites with minimum values of −26.9‰,
−24.0‰ and −25.5‰ at Sites U1343, U1344 and U1345 (Fig. 5),
respectively. Minimum values coincide with the depth of sulfate
depletion at the SMTZ. 13C-depletion of the DIC can be attributed to
carbon isotope fractionation during organic carbon mineralization
by organoclastic sulfate reduction and, more importantly, during
anaerobic oxidation of 13C-depleted methane (McCorkle et al., 1985;
Alperin et al., 1988; Martens et al., 1999).

Below the SMTZ, DIC production can be attributed to fermentation
and subsequent methanogenesis. Both processes release CO2 into the
pore-water DIC pool. At the three sites, elevated ammonium
production rates below the SMTZ (Fig. 4) indicate ongoing fermen-
tation and production of labile organic compounds, such as acetate,
which facilitate high rates of methanogenesis (Reactions R2 and R3).
δ13C values of DIC increase strongly from minimum values b−24‰ at
the SMTZ to maximum values of +11.9‰ at 135 mbsf at Site U1343
and +11.4‰ at 143 mbsf at Site U1344. These values reflect the high
rates of methanogenesis because this process results in the release of
strongly 13C-enriched CO2 (Whiticar, 1999).

DIC production is highest in the uppermost 0 to 12 mbsf at U1343
(1.87 mmol m−3 y−1) and 0 to 8mbsf at U1345 (4.17 mmol m−3 y−1

(Fig. 5)). It is less pronounced in the immediately underlying
sediment (12 to 30 mbsf and 8 to 33 mbsf, at U1343 and U1345
respectively). The decline of DIC production rates with depth can be
attributed to the absence of AOM below the depth of the SMTZ, and a
decline in organic matter reactivity, which controls rates of fermen-
tation and methanogenesis below the SMTZ.

The pore-water calcium and magnesium profiles demonstrate
ongoing carbonate formation in the SMTZ. Calcium concentration
profiles at the three sites correlate well with sulfate concentration
profiles and show an almost linear decrease from near-seawater
values at the sediment surface to values of 2.9 to 3.5 mM at the depth
of the SMTZ (Fig. 6). This decrease in calcium is accompanied by a
subtle decrease in pore-water magnesium concentration (Fig. 6). This
coincident decrease in calcium and magnesium concentrations
suggests formation within the SMTZ of either (1) Mg-rich calcite or
(2) simultaneous dolomite and calcite phases, as previously described
for methane-bearing continental margin sediment (e.g., Kelts and
McKenzie 1982; Meister et al. 2007; Ussler and Paull, 2008). Distinct
diagenetic carbonate layers at the SMTZ are not observed in Bering
Sea Slope sediment because persistent high sedimentation rates at
these sites do not permit maintenance of the SMTZ at a fixed depth for
enough time to precipitate well-developed diagenetic fronts (Ussler
and Paull, 2008). Shallowest occurrences of diagenetic carbonate
layers are at 37.1 mbsf at Site U1343, 52.7 mbsf at Site U1344 and at
43.0 mbsf at Site U1345.
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4.3.2. Dissolved inorganic carbon distribution and carbon isotope
composition in the deep sediment (N70 m)

At Sites U1343 and U1344, DIC concentration profiles show a
pronounced decrease below ~87 mbsf, with concentration minima at
~340 mbsf and ~390 mbsf, respectively (Fig. 5a and b). At Site U1343,
net consumption of DIC is 0.02 mmol m−3 y−1 between 300 and
385 mbsf. Dissolved inorganic carbon consumption in the deep
subseafloor at both sites can be attributed to a second zone of
diagenetic carbonate formation. Subsurface formation of diagenetic
carbonate has been previously described for several sites in high-
productivity continental margin settings, with dolomite as the
principal mineral formed (“organogenic dolomite”; see Compton
(1988), Mazzullo (2000); for review). The formation of carbonatewell
within the methanogenic zone is most likely promoted by marine
silicate weathering which converts CO2 produced during organic
matter mineralization and carbonate formation at shallower depth,
into bicarbonate (Wallmann et al., 2006, 2008). This process also
releases magnesium and calcium ions into the pore-water which may
be bound in the carbonate formation zone.

Near-linear magnesium profiles at these depths (Fig. 6a and b) are
evidence that a Mg-rich carbonate such as dolomite is forming at
~340 mbsf and ~390 mbsf at Sites U1343 and U1344, respectively. In
contrast, calcium concentrations are relatively constant with depth.
The calcium required for carbonate formation probably derives from
silicate mineral weathering but may also originate from in situ
dissolution of previously formed diagenetic carbonate and biogenic
carbonate phases (Baker and Burns, 1985; Compton and Siever, 1986;
Compton, 1988).

To test whether the formation of dolomite is likely we calculated
the log IAP of dolomite which ranges from −15.5 to −17.0 at Sites
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U1343 and U1344 (Fig. 6a and b, Table S1). At the assumed depths of
dolomite formation, values are−16.2 (Fig. 6), which agrees well with
a log Ksp-dolomite value of −16.1 to −16.4 proposed by Moore et al.
(2004) based on pore-water data from sites drilled along the western
Africanmargin during ODP Leg 175. It needs to be noted, however, that
theproposed range for the logKsp-dolomite byMoore et al. (2004) is rather
narrow compared to previous estimates, e.g., of−16.54 for disordered
dolomite to −19.71 for stoichiometric dolomite (Lippmann, 1973;
Stumm and Morgan, 1996). It is nonetheless likely that dolomite is
forming at the predicted depths of carbonate formation. Similar to other
diffusive diagenetic interfaces, the carbonate formation zone probably
moves upward through the sediment column during sediment burial
(Berner, 1980; Burdige, 2006). Based on net DIC consumption in the
deep carbonate formation zone the rates of carbonate formation are
very slow, and the amount of carbonate forming is small compared to
the background sedimentary carbonate content. Nonetheless, these
diagenetic carbonates represent an important sink for DIC in the deep
subseafloor sediment. Below the carbonate formation zone at Sites
U1343 and U1344, calcium concentrations decrease further while
magnesium concentrations slightly increase. These profiles may be
evidence of continued lowrates of dolomitizationof calcitephases in the
deeply buried sediment.

At Site U1343, the depth of dolomite formation might be
influenced by a lithological change. The predicted zone of carbonate
formation is located a few meters above a distinct layer of stiff low-
density clays. This interval could serve as a diffusional boundary layer
and inhibit the downward migration of pore-water constituents. A
similar lithological alteration was not observed at Site U1344
(Expedition 323 Scientists, 2010). A deep carbonate formation zone
is probably also present at Site U1345 below the maximum coring
depth, as DIC and magnesium concentration profiles from this site
also show the characteristic decrease below ~75 mbsf (Figs. 5c
and 6c).

The pore-water DIC profiles at Sites U1343 and U1344 are strongly
controlled by the inferred carbonate formation zone at depth which
acts as a DIC sink. DIC production, by fermentation and methanogen-
esis, does not appear to imprint the pore-water DIC concentration
profile below 150 mbsf, although there is indication for subtle DIC
production between 480 and 750 mbsf based on PROFILE modeling
results (Fig. 5). Thus, at these depths, fermentation and methanogen-
esis occur only at extremely low rates or are entirely absent. Cessation
of methanogenesis at depth has been previously described by Sivan et
al. (2007) for deep sediment from the West African margin drilled
during ODP Leg 175. They attributed the absence of methanogenesis
below 200 mbsf to the decline of organic matter reactivity with depth.
The authors also suggested alternatively that this absence might be
due to a change in microbial community structure or an inhibitory
effect of metabolic products (such as methane) on methanogenic
activity at depth.

The carbon isotope composition of the pore-water DIC shows
continued 13C-enrichment at the three sites from 70 mbsf to
~150 mbsf, indicating ongoing low rates of methanogenesis in this
depth range (Fig. 5). Below 150 mbsf, δ13C values decrease gradually
to −1.1‰ and −0.8‰ in the deepest sediment drilled at Sites U1343
and U1344, respectively (Fig. 5). The observed isotope distribution
results from input of 13C-depleted DIC, derived from (1) dissolution of
biogenic calcite and diagenetic carbonate formed at shallow depth
and (2) continuous exchange between pore-water carbonate and
solid-phase carbonate.

5. Summary and conclusions

Our study shows that organic and inorganic carbon undergo major
transformations during all stages of burial in the deep subseafloor
sediment of the high-productivity Bering Sea. We observe a
characteristic succession ofmicrobiallymediated diagenetic processes
that alter sediment lithology, dissolved chemical profiles and the
carbon isotope composition of DIC. Anaerobic carbon mineralization
occurs in the top meters, most likely with organoclastic sulfate
reduction as the main TEAP. Where upward diffusing methane and
downward diffusing sulfate intercept, sulfate reduction coupled to
AOM drives formation of Mg-rich calcite. Although upward diffusing
methane primarily originates from methanogenesis proceeding at
high rates below the SMTZ, methanogenic rates decline with depth.
Below 150 mbsf, there is no evidence for methanogenesis in the pore-
water DIC signal. The flux of methane into the SMTZ at Site U1345 is
well within the range of fluxes determined for other sites in high-
productivity upwelling areas, underlining the importance of metha-
nogenesis during diagenesis in these continental margin settings.



Ca2+ [mM]
0 3 6 9 12 15

D
ep

th
 [m

bs
f]

100

200

300

400

500

600

700

800

Log IAPdolomite
-17,0-16,6-16,2-15,8-15,4

0

100

200

300

400

500

600

700

800

0 3 6 9 12 15

D
ep

th
 [m

bs
f]

100

200

300

400

500

600

700

800

-17,0-16,6-16,2-15,8-15,4
0

100

200

300

400

500

600

700

800

0 3 6 9 12 15

D
ep

th
 [m

bs
f]

25

50

75

100

125

150

175

200

0 10 20 30 40 50 60 70

25

50

75

100

125

150

175

200

Mg2+ [mM]

Ca2+ [mM] Log IAPdolomiteMg2+ [mM]

Ca2+ [mM] Mg2+ [mM]

0 10 20 30 40 50 60 70

100

200

300

400

500

600

700

800

0 10 20 30 40 50 60 70

100

200

300

400

500

600

700

800

a)

b)

c)

U1343

U1344

U1345

Ca2+ [mM]
0 3 6 9 12 15

sf
]

100

200

300

Log IAPdolomite
-17,0-16,6-16,2-15,8-15,4

00

100

200

300

Mg2+ [mM]
0 10 20 30 40 50 60 70

100

200

300

a)
U1343

0 3 6 9 12 15

sf
]

100

200

300

-17,0-16,6-16,2-15,8-15,4
00

100

200

300

Ca2+ [mM] Log IAPdolomiteMg2+ [mM]
0 10 20 30 40 50 60 70

100

200

300

b)
U1344

0 3 6 9 12 15

bs
f]

25

50

75

0 10 20 30 40 50 60 70

25

50

75

Ca2+ [mM] Mg2+ [mM]c)
U1345

SMTZ

SMTZ

SMTZ

Deep carbonate
 formation zone

Deep carbonate
 formation zone

Fig. 6. Pore-water calcium (Ca2+), andmagnesium (Mg2+) concentrations at a) Site U1343, b) Site U1344 and c) Site U1345 and the ion activity product (IAP) of dolomite with depth
at a) Site U1343 and b) Site U1344. The grey bars show inferred depths of the SMTZ and the deep carbonate formation zone.

259L.M. Wehrmann et al. / Chemical Geology 284 (2011) 251–261
Organic carbon mineralization, methane oxidation, and methano-
genesis are sources of DIC, which diffuses upward within the
sediment and leaves a characteristic imprint on the carbon isotopic
composition of the DIC. A deep zone of diagenetic carbonate
formation strongly influences pore-water DIC and magnesium
concentrations. We hypothesize that dolomite is precipitating in
this zone. Calcium for carbonate precipitation in the deep carbonate
formation zone derives from silicate weathering but may also
constitute a fraction deriving from the dissolution and recrystalliza-
tion of buried biogenic carbonate and diagenetic carbonate phases
precipitated at shallow depth. Comparison to previous studies (e.g.,
Kelts and McKenzie, 1982; Moore et al., 2004) suggests that dolomite
formation below the zone of methanogenesis (where the pore-water
carbonate saturation state favors the formation of dolomite over
calcite) may be a common process at high-productivity continental
margins.

Subtle differences in the extent of organic carbon oxidation at the
three sites probably result from differences in organic carbon burial
rates and bottomwater oxygen concentrations. These signals aremost
pronounced during early diagenesis. Strong geochemical similarities
below the SMTZ at Sites U1343 to U1345 suggest that these inter-site
differences do not significantly affect the succession of organic carbon
mineralization and patterns of carbonate dissolution and precipitation
at depth. The sequence of diagenetic processes and carbon seques-
tration that occurs in the Bering Sea Slope sediment may be
representative of passive ocean-margin sediment underlying high-
productivity surface waters throughout the world's ocean.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.chemgeo.2011.03.002.
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