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Abstract The geochemical cycling of barium was investigat-
ed in sediments of pockmarks of the northern Congo Fan,
characterized by surface and subsurface gas hydrates, chemo-
synthetic fauna, and authigenic carbonates. Two gravity cores
retrieved from the so-called Hydrate Hole and Worm Hole
pockmarks were examined using high-resolution pore-water
and solid-phase analyses. The results indicate that, although
gas hydrates in the study area are stable with respect to pressure
and temperature, they are and have been subject to dissolution
due to methane-undersaturated pore waters. The process sig-
nificantly driving dissolution is the anaerobic oxidation of
methane (AOM) above the shallowest hydrate-bearing

sediment layer. It is suggested that episodic seep events tem-
porarily increase the upward flux of methane, and induce
hydrate formation close to the sediment surface. AOM estab-
lishes at a sediment depth where the upward flux of methane
from the uppermost hydrate layer counterbalances the down-
ward flux of seawater sulfate. After seepage ceases, AOM
continues to consume methane at the sulfate/methane transi-
tion (SMT) above the hydrates, thereby driving the progressive
dissolution of the hydrates “from above”. As a result the SMT
migrates downward, leaving behind enrichments of authigenic
barite and carbonates that typically precipitate at this biogeo-
chemical reaction front. Calculation of the time needed to
produce the observed solid-phase barium enrichments above
the present-day depths of the SMT served to track the net
downward migration of the SMTand to estimate the total time
of hydrate dissolution in the recovered sediments. Methane
fluxes were higher, and the SMT was located closer to the
sediment surface in the past at both sites. Active seepage and
hydrate formation are inferred to have occurred only a few
thousands of years ago at the Hydrate Hole site. By contrast,
AOM-driven hydrate dissolution as a consequence of an over-
all net decrease in upward methane flux seems to have per-
sisted for a considerably longer time at the Worm Hole site,
amounting to a few tens of thousands of years.

Introduction

Continental margin sediments host enormous amounts of
methane in the form of dissolved and free gas, as well as
solid gas hydrates. While numerous studies using different
approaches have attempted to estimate the mass of the
submarine gas hydrate reservoir (e.g., Kvenvolden 1993;
Dickens 2001a; Archer et al. 2009), we still do not know
the precise volume of methane stored within present-day gas
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hydrate systems (for a recent review, see Dickens 2011).
Moreover, gas hydrates are dynamic systems controlled by
the input and output of carbon, but the magnitude of these
fluxes and their evolution over time are also poorly under-
stood and constrained (Dickens 2003, 2011).

Gas hydrates can form within a stability zone (gas hydrate
stability zone, GHSZ) defined by pressure, temperature, and
salinity whenever dissolved methane concentrations exceed
conditions of gas hydrate saturation. The actual amount of
hydrate that forms thus depends on the flux of methane into
and the formation of methane within the GHSZ. The mass and
distribution of hydrates can change over time when variations
in pressure, temperature, and salinity (PTS), as well as in the
methane saturation state of the surrounding fluids and in
methane fluxes occur. The decomposition of gas hydrates
induced by changes in PTS is referred to as dissociation
(e.g., Brewer et al. 2002); the decomposition of gas
hydrates due to methane undersaturation is termed dissolu-
tion (e.g., Egorov et al. 1999; Rehder et al. 2004; Bigalke
et al. 2009; Lapham et al. 2010). Methane undersaturation
in marine sediments can be produced through the sulfate-
dependent anaerobic oxidation of methane (AOM; Lapham
et al. 2010), which was shown to typically occur above and
within gas hydrate-bearing sediments (e.g., Borowski et al.
1996, 1999; Bohrmann et al. 1998; Boetius et al. 2000;
Dickens 2001b; Treude et al. 2003; Orcutt et al. 2004;
Snyder et al. 2007a, b).

AOM is thought to be mediated by a consortium of
methane-oxidizing archaea and sulfate-reducing bacteria
(e.g., Hoehler et al. 1994; Boetius et al. 2000). It commonly
occurs in a distinct sediment horizon, the sulfate/methane
transition (SMT), where both sulfate and methane are con-
sumed to depletion (e.g., Reeburgh 1976; Iversen and
Jørgensen 1985; Niewöhner et al. 1998). The depth of the
SMT is controlled primarily by the upward flux of methane
(Borowski et al. 1999). AOM typically induces the forma-
tion of a suite of authigenic minerals including carbonates
(high Mg-calcite, aragonite, and dolomite; e.g., Bohrmann
et al. 1998; Aloisi et al. 2000; Greinert et al. 2001;
Peckmann et al. 2001; Peckmann and Thiel 2004; Nähr et
al. 2009; Meister et al. 2011) and barite (e.g., Torres et al.
1996a; Castellini et al. 2006; Riedinger et al. 2006; Snyder
et al. 2007a, b). When methane reacts with sulfate at the
SMT, carbonate alkalinity is increased and this leads to
oversaturation with respect to carbonate minerals (e.g.,
Ritger et al. 1987). Diagenetic cycling of barium (Ba) occurs
when barite particles—mostly biogenic barites formed in the
water column in association with the degradation of organic
matter—are buried below the SMT. In the sulfate-depleted
sediments below the SMT, barite is undersaturated, dis-
solves, and Ba2+ is released into the pore water. Barium
ions then diffuse upward into the sulfate zone, and re-
precipitate as authigenic/diagenetic barite slightly above

the SMT in so-called barite fronts (e.g., Torres et al.
1996a; Dickens 2001b; Riedinger et al. 2006). The size of
these diagenetic barite peaks is dependent on the upward
flux of Ba2+ and the period of time the SMT is fixed at a
particular sediment level (e.g., Dickens 2001b; Riedinger et
al. 2006; Snyder et al. 2007a).

As it is essentially impossible to directly measure tempo-
ral variations in sediment methane fluxes and in the depth of
the SMT, authigenic minerals that form in association with
AOM—calcite and barite—have been proposed as valuable
tracers (Dickens 2001b, 2003). Barite has already been
successfully applied as a proxy parameter to constrain
changes in the upward flux of methane from the gas hydrate
system on Blake Ridge (Dickens 2001b; Snyder et al.
2007a), and from Cretaceous black shales in deposits of
the Demerara Rise (Arndt et al. 2009). Recently, Nöthen
and Kasten (2011) used pore-water and solid-phase Sr/Ca
and Mg/Ca ratios to infer the mineralogy of authigenic
carbonates in the sediments of the so-called Kouilou pock-
marks of the northern Congo Fan (Sahling et al. 2008). They
were able to identify active and fossil horizons of carbonate
precipitation, and to reconstruct relative changes in seep
activity. In addition, interstitial and solid-phase Ba data
served to estimate the length of time the SMT has remained
fixed at the present-day depth of the diagenetic barite fronts.

The present study expands on that of Nöthen and Kasten
(2011), using the depth distribution of solid-phase Ba with
the objective to track the net downward movement of the
SMT, thereby giving a time perspective to changes in up-
ward methane flux and in gas hydrate dynamics. For this
purpose, gravity cores were collected from the so-called
Hydrate Hole and Worm Hole pockmarks of the Kouilou
pockmark field. Pore-water and solid-phase data combined
with diffusive flux calculations served to estimate the time
needed to precipitate the observed authigenic barium pools
at each site.

Geological setting

The northern Congo Fan is located on the passive western
African continental margin. It forms part of the “Aptian Salt
Basins” extending from the Cameroon volcanic line in the
north, to the Walvis Ridge in the south (Clifford 1986),
characterized by evaporites up to 1,000 m thick (Emery
and Uchupi 1984). During the middle Cretaceous (Aptian-
Turonian), black shales and bituminous sandstones were
deposited on top of the evaporites, the precursor of the high
hydrocarbon potential of this region. Detailed descriptions
of the regional sedimentological evolution and the main
tectonic features are given in Gay et al. (2006a) and Savoye
et al. (2009). Intensive salt diapirism and raft tectonics
characterize the continental margin (e.g., Brice et al.

Geo-Mar Lett



1982), associated with an upward migration of hydrocar-
bons and fluids.

Today, sedimentation on the northern Congo Fan com-
prises suspended material originating from the Congo River,
as well as high organic matter input resulting from a mixture
of high, river-induced marine productivity (Schneider et al.
1997) and terrestrial matter of various sources (Holtvoeth et
al. 2001, 2003). Sedimentation rates determined by
Schneider et al. (1997) for deposits of the Congo Fan vary
between 3 and 17 cm 1,000 years–1 for the last
200,000 years. For the hemipelagic sediments of the north-
ern Congo Fan at ODP site 1075, sedimentation rates deter-
mined by Wefer et al. (1998) are typically in the order of
10 cm 1,000 years–1.

Seismic and geological data collected during several
research cruises to the Congo Fan have been presented by
Uenzelmann-Neben et al. (1997), Uenzelmann-Neben
(1998), Ondréas et al. (2005), Gay et al. (2007), and Sahling
et al. (2008). During ODP Leg 175, three holes were drilled
north of the Congo Canyon (Wefer et al. 1998). The asso-
ciated geophysical data revealed prominent features of
focused upward fluid migration such as pockmark-like sea-
floor depressions and underlying columnar zones of seismic
amplitude blanking. Furthermore, strong subsurface reflec-
tors associated with these pockmark structures were inter-
preted as most likely representing layers enriched in gas
hydrate or authigenic minerals. Recently, Andresen and
Huuse (2011) reported bottom simulating reflectors associ-
ated with free gas overlain by gas hydrates in the Congo
Fan.

Numerous investigations of pockmarks on the lower
Congo Fan (e.g., Charlou et al. 2004; Ondréas et al. 2005;
Gay et al. 2006a,b, 2007; Pierre and Fouquet 2007; Sahling
et al. 2008; Haas et al. 2010; Nöthen and Kasten 2011) have
revealed their association with morphologically, stratigraph-
ically, or tectonically controlled focused fluid flow. Chemo-
synthetic communities, authigenic carbonates, and gas
hydrates have been described for the giant Regab pockmark
(see Fig. 1), which is 800 m in diameter and located close to
the Congo Canyon (e.g., Charlou et al. 2004; Ondréas et al.
2005; Gay et al. 2006c), and for the Kouilou pockmarks
located north of the Congo Canyon (Sahling et al. 2008;
Haas et al. 2010; Nöthen and Kasten 2011).

Materials and methods

Sampling sites

Pore-water and solid-phase analyses were carried out on two
gravity cores retrieved from the Hydrate Hole (GeoB 6520,
04°48.6S, 09°54.5E) and Worm Hole (GeoB 6521,
04°45.7S, 09°56.3E) pockmarks at an overall water

depth of 3,100 m (Fig. 1) and a bottom water temper-
ature of 3°C. Thus, the sites lie within the gas hydrate
stability field. These are among several prominent pock-
mark structures identified and mapped by echosounder
and seismic surveys on the northern Congo Fan during
RV Meteor cruise M47/3 in June/July 2000 (Spieß and
cruise participants 2002; Fig. 1).

Pore-water and solid-phase sampling and analyses

After retrieval, the gravity cores were cut into 1-m segments
on deck and 5-ml syringe samples were taken from every
cut segment surface for methane analysis. The cores were
then transported into the cold room (~4°C) of the ship where
pore water was extracted by pressure filtration under an
argon atmosphere, using 0.2-μm cellulose acetate mem-
brane filters.

Samples for sulfate determination were diluted 1:20,
stored frozen at −20°C, and analyzed by ion chroma-
tography (HPLC) in the shore-based laboratory at Bre-
men University. For CH4 analyses, syringe samples of
wet sediment (cf. above) were filled into 50-ml septum
vials containing 20 ml of a NaCl (1.2 M)/HgCl2
(0.3 M) solution (Niewöhner et al. 1998). These were
stored cooled (4°C) upside down until analyzed in the
home laboratory where, in each case, 20 μl headspace
gas was injected into a VARIAN 3400 gas chromato-
graph equipped with a flame ionization detector. Pore-
water Ba2+ concentrations were determined by induc-
tively coupled plasma optical emission spectrometry
(ICP-OES) after 1:10 dilution of pore-water aliquots
with 1 M HNO3. Sediment porosity was calculated from
measurements of electrical conductivity performed at
2-cm intervals (cf. Niewöhner et al. 1998; Nöthen and
Kasten 2011).

Total solid-phase Ba was determined as described by
Nöthen and Kasten (2011). In brief, sediment samples were
taken continuously over 2-cm intervals for the Hydrate Hole
core; for the Worm Hole core, samples were taken every
5 cm with cutoff syringes. After freeze drying and grinding
in an agate mortar, in each case about 50 mg bulk dry
sediment was digested with a mixture of ultrapure nitric
(3 ml), hydrochloric (2 ml) and hydrofluoric acid (2 ml),
using the microwave systems MLS Ethos 1600 and MLS
Mega II at ~200°C and ~30 bar. The digested solutions were
fumed off to dryness and the material re-dissolved in con-
centrated nitric acid (0.5 ml) and deionized water (4.5 ml),
homogenized in the microwave system, filled to 50 ml with
deionized water, and the major elements—including
Ba—then analyzed by ICP-OES at a precision better than
3 %. Accuracy was verified using the SDO-8 standard ref-
erence material (produced in 1990 by the State University of
Irkutsk and certified by the Asso Company).
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Calculation of barite precipitation time

To estimate the time needed to produce the observed
solid-phase Ba enrichments in the Hydrate Hole and
Worm Hole cores, the upward diffusive flux of Ba2+

into the sulfate-bearing zone above the SMT was deter-
mined based on the measured Ba2+ concentration gra-
dients in pore water according to the approach applied
by Dickens (2001b), Snyder et al. (2007a), and Nöthen
and Kasten (2011). The diffusive flux was calculated
using Fick’s first law of diffusion:

JBa
2þ ¼ � f � Dsed � dC=dx

where JBa
2+ is the diffusive flux of Ba2+, ϕ the poros-

ity, Dsed the tortuosity- and temperature-corrected diffu-
sion coefficient of Ba2+ in the sediment, calculated from
the diffusion coefficient in free solution (D0) of
147.6 cm2 year–1 (5°C) after Boudreau (1997), and dC/
dx is the concentration gradient of Ba2+ in pore water.
As it is not possible to determine past changes in the
upward Ba2+ gradient, the present-day Ba2+ gradients
recorded at the two sites were used. Calculations are
for Ba solid-phase contents exceeding 0.2 g kg–1, be-
cause this value has been shown to represent the terrig-
enous Ba fraction in the study area (Nöthen and Kasten
2011). As even slight changes in porosity have substan-
tial influence on the calculated enrichment times, a
porosity range of 70–85 % was selected, with a grain
density of 2.2 g cm–3.

Results

Pockmark and core description

The two pockmarks are several hundred meters in diameter,
have central depressions up to 20 m deep, and are charac-
terized by acoustically blanked zones below (Fig. 2). Strong
reflectors partly outcropping at the sediment surface likely
represent hydrates, carbonate-bearing layers, or both.

The core retrieved at Hydrate Hole consists of hemipela-
gic sediments with only minor amounts of small authigenic
carbonate precipitates, mostly close to the sediment surface.
The upper 3.8 m of the core were not affected by degassing
and expansion. Massive pieces of gas hydrate were found
below 5 m sediment depth (Fig. 3a).

Fig. 1 Right Bathymetric map
of the Congo Fan region
(modified after Sahling et al.
2008), with locations of the
ODP Leg drill site 1075 (Wefer
et al. 1998) and the Regab
pockmark. Left Detailed map of
the Kouilou pockmark study
area (modified after Haas et al.
2010), with sampling locations
at the Hydrate Hole (core GeoB
6520–2) and the Worm Hole
pockmarks (core GeoB 6521–2),
as well as the sites studied by
Nöthen and Kasten (2011)

Fig. 2 Digital Parasound sediment echosounder profile running NNE–
SSW across both coring sites (for more information, see main text).
The vertical bars at the coring sites indicate core length; position is
approximate with respect to the echosounder profile
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The Worm Hole core has a length of 11.5 m, and is
characterized by hemipelagic sediments with numerous
layers of massive carbonate precipitates (Fig. 3b). The most
abundant type/morphology of authigenic carbonates were
rounded irregular precipitates of up to a few centimeters in
size. Gas hydrates were not recovered at this site.

The sediments recovered from the Hydrate Hole and
Worm Hole would have an age of approx. 38,000 and
115,000 years, respectively, based on the average sedimen-
tation rate of 10 cm 1,000 years–1 determined by Wefer et al.
(1998; cf. above).

Pore water

At the Hydrate Hole site, interstitial sulfate concentrations
decrease downward from seawater values in the upper part
of the core into an SMT at about 2 m sediment depth
(Fig. 4a). A counter-directed (upward) decline in methane
concentrations into the SMT occurs from below 5 m, where
massive pieces of hydrate were found. At the SMT, sulfate is
not completely depleted but concentrations display a tailing
and remain at about 2 mmol l–1 down to 3.8 m; this could
result from partial oxidation of sulfide during storage. Sim-
ilar to the concentration profile of methane, Ba2+ concen-
trations display an upward decrease from 35 μmol l–1 at
3.8 m to reach complete consumption at about 1 m (Fig. 4b).

The sulfate pore-water profile at the Worm Hole site
shows a kink-type shape with a slight linear decrease in
concentrations within the upper 10.5 m, and a steep decrease
into the SMT located at about 11 m (Fig. 4c). Methane was
not detected in this core. Interstitial Ba2+ concentrations are
higher than at the Hydrate Hole site, and display an upward
decrease from about 100 μmol l–1 at the base of the core to
complete depletion slightly above the SMT (Fig. 4d).

Solid phase

The total solid-phase Ba contents in the upper 2.5 m of the
Hydrate Hole core are overall relatively low, fluctuating at
about 0.2 g kg–1 (Fig. 4b). At 0.2, 0.6, and 1.0 m depth,
slightly elevated values reaching 0.75 g kg–1 are found. A

maximum Ba content of 0.85 g kg–1 defines a sharp peak at
1.7 m, slightly above the SMT.

At the Worm Hole site, where large authigenic carbonate
precipitates occur arranged in layers throughout the core (cf.
above), solid-phase Ba contents are overall substantially
higher than at the Hydrate Hole site (Fig. 4d). Several
pronounced Ba peaks occur above the present-day level of
the SMT, with a maximum Ba content of 20 g kg–1 at 7.2 m
depth. Baseline Ba contents are similar to the Hydrate Hole
core, fluctuating at about 0.2 g kg–1.

Discussion

The low baseline Ba level of 0.2 g kg–1 found in both
investigated pockmark cores corresponds to the terrigenous
Ba contents determined for the study area, contrasting with
substantially higher Ba contents of about 0.8 g kg–1

recorded at a nearby background site not influenced by fluid
seepage (core GeoB 8213–2, cf. Fig. 1; Nöthen and Kasten
2011). This finding suggests that the SMT was located
closer to the sediment surface in the past at both the Hydrate
Hole and the Worm Hole sites, leading to a dissolution and
mobilization of the marine/biogenic Ba fraction. This is
consistent with observations by Nöthen and Kasten (2011)
for other seepage-influenced cores in the vicinity (cf. Fig. 1).
The two cores retrieved from the Hydrate Hole and the
Worm Hole investigated in the present study do, however,
differ markedly from each other with respect to the pres-
ence/absence of gas hydrates, size of authigenic carbonate
nodules, and magnitude of solid-phase Ba enrichments.

The Hydrate Hole pockmark core (Figs. 1 and 2)
contained massive, irregularly distributed gas hydrates
below 5 m sediment depth (Fig. 3a), associated with an
upward-directed flux of methane into the overlying SMT
at about 2.0 m (Fig. 4a), where methane is oxidized anaer-
obically by sulfate. The present-day depth of active authi-
genic barite formation slightly above the SMT at about
1.5 m is evidenced by minima in pore-water Ba2+

(Fig. 4b). The sharp Ba solid-phase peak of 0.85 g kg–1

likely represents the active diagenetic barite front (e.g.,
Torres et al. 1996a).

Fig. 3 Photographs of a
massive gas hydrates found
below 5 m sediment depth in
the Hydrate Hole core, and b
large authigenic carbonate
precipitates typical of the Worm
Hole core
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The Worm Hole pockmark core contained numerous,
large authigenic carbonate nodules (Fig. 3b), and the peak
solid-phase Ba contents are up to 100-fold higher than at the
Hydrate Hole site. Besides the actively forming diagenetic
barite peak at 10.8 m indicated by a Ba content of 4.7 g kg–1,
the Worm Hole core has several pronounced Ba peaks above
the present-day depth of the SMT (Fig. 4d). Maximum
solid-phase Ba contents of up to 20 g kg–1 are substantially
higher than those determined at other pockmark sites in the
vicinity (Nöthen and Kasten 2011), and close to authigenic
Ba contents reported for active mud volcanoes in the Gulf of
Mexico (Castellini et al. 2006).

The authigenic carbonate precipitates as well as the
solid-phase Ba peaks observed above the present-day
SMT depths at the two study sites are further evidence
that this biogeochemical reaction front was situated closer
to the sediment surface in the past. Indeed, Dickens
(2001b) argued that any decrease in the upward flux of
methane should be evidenced by authigenic barite fronts
located above the active depth of the diagenetic barite
front. At the Hydrate Hole site, the small authigenic
carbonate precipitates and Ba enrichments found
(Fig. 4a, b) imply that the SMT was located about 1.8 m
higher up in the past. It is possible that the observed Ba
peaks could at least partly represent residues of biogenic
barite remaining after partial dissolution in sulfate-
depleted sediments. However, the observed concomitant
occurrence of authigenic carbonates and Ba peaks sug-
gests that they rather represent diagenetic barite.

At the Worm Hole site, the depth distribution of the
massive authigenic carbonates as well as the large Ba peaks
suggests that the SMT migrated downward by more than
8 m with time, leaving behind enrichments of authigenic
barite and carbonates. As pointed out by Snyder et al.
(2007a), the depth location of the SMT at seep sites is
determined primarily by the uppermost gas hydrate layer
formed by intense upward methane flux. It is likely that,
after shallow gas hydrates have formed and the SMT is
shifted toward the sediment surface, in situ biogenic meth-
ane formation occurs in the sulfate-depleted sediments be-
low the SMT. However, it is here suggested that this source
of methane is negligible in controlling the depth position of
the SMT compared to the amount of methane supplied from
deeper sources during a seep event, and temporarily trapped
and concentrated in the form of gas hydrate. Furthermore,
organic matter depositing on the Congo Fan is strongly
enriched in terrigenous material (Schneider et al. 1997;
Holtvoeth et al. 2001, 2003), implying that the overall
reactivity of the bulk organic matter for methane formation
is comparatively low. It is therefore argued that the SMT at
the Worm Hole site has experienced a net downward migra-
tion of more than 8 m since the most intense past fluid
migration and hydrate-forming event, which shifted the
SMT close to the (former) sediment surface. It is indeed
possible that the SMT did not migrate downward continu-
ously but rather fluctuated over the examined sediment
interval, considering the episodic nature of seepage at pock-
mark sites and the repeated pulses of upward methane flux

Fig. 4 a Sulfate and methane pore-water profiles, Hydrate Hole core.
b Barium pore-water concentrations (open circles) and solid-phase
contents (solid line), Hydrate Hole core. c Sulfate pore-water profile,
Worm Hole core. d Barium pore-water concentrations (open circles)

and solid-phase contents (solid line), Worm Hole core. Present-day
SMT position: ~2 m for the Hydrate Hole site, and ~11 m for the Worm
Hole site; grey horizontal bars mark depths where carbonate precip-
itates were found
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that are likely to have occurred (e.g., Hovland and Judd
1988; Gay et al. 2007).

The process likely to have caused the observed net down-
ward progression of the SMT after periods of higher upward
methane flux is the undersaturation of methane in the sedi-
ments overlying the gas hydrates, as already pointed out by
Dickens (2001a, 2003). The dissolution of gas hydrates
driven by methane undersaturation of the surrounding bot-
tom waters or pore waters has been the subject of several
studies (e.g., Egorov et al. 1999; Dickens 2001a, 2003;
Rehder et al. 2004; Bigalke et al. 2009). Only recently,
Lapham et al. (2010) presented the first high-resolution in
situ methane pore-water profiles of sediments overlying
deep-sea gas hydrates of the northern Cascadia margin and
the northern Gulf of Mexico. Their measurements revealed
that the pore fluids of sediments immediately surrounding
the gas hydrate deposits were largely undersaturated with
respect to methane concentration in equilibrium with meth-
ane gas hydrate, and that AOM accounted for some of this
undersaturation.

The sulfate and methane pore-water profiles at the
Hydrate Hole site (Fig. 4a) demonstrate that AOM occurs
roughly 3 m above the hydrate-bearing sediments. The
consumption of methane at the SMT establishes a concen-
tration gradient between the uppermost hydrate layer and the
SMT that is steeper than the gradient that would exist
between the hydrate layer and the bottom water in the
absence of AOM. Although this is a theoretical consider-
ation—because AOM always occurs above sediment-
covered marine gas hydrates—it demonstrates that AOM
steepens the upward methane gradient, increases the upward
methane flux from the top of the hydrates, and thereby
drives or at least accelerates hydrate dissolution. Thus, the
upward diffusive escape of methane drives the progressive
dissolution of the gas hydrates from above as long as no
re-charge of the gas hydrates by a new fluid migration event
occurs and nourishes carbonate formation in the overlying
SMT. Based on these considerations it is here proposed that,
although gas hydrates were not found in the Worm Hole
core, they were indeed present at shallow sediment depths at
the Worm Hole site in the past. In fact, the formation of the
observed massive carbonate nodules and the fixation of the
SMT at a particular horizon for a period long enough to
produce the observed strong solid-phase Ba enrichments
would not have been possible in the absence of gas hydrates
in those earlier times.

A downward SMT shift accompanied by diagenetic barite
precipitation has also been suggested by Arndt et al. (2009)
for deposits of the Demerara Rise (equatorial Atlantic, ODP
Leg 207). Authigenic barite enrichments spanning over
several tens to hundreds of meters sediment depth were
interpreted as indicating a more or less continuous down-
ward shift of the SMT with time, driven by decreasing rates

of methanogenesis within deeply buried black shale layers.
Although their system differs significantly from the pock-
mark sites of the present study, this highlights the potential
of Ba to trace the downward migration of the SMT and
changes in the rates of formation and upward fluxes of
hydrocarbons. In contrast to the Demerara Rise study site,
the distinct peaks and extremely high concentrations of Ba
found in the Worm Hole core mark depths where the SMT
would have been fixed for a considerable length of time.
Such a non-continuous downward progression of the SMT
is in accordance with the typically irregular distribution of
hydrates in layers and veins of Kouilou pockmarks exam-
ined to date (Spieß and cruise participants 2002; Sahling et
al. 2008). It is suggested that, after the uppermost hydrate
layer has dissolved (driven/accelerated by AOM), the SMT
will move down and reestablish at greater sediment depth
above the next gas hydrate-bearing sediment horizon, con-
sistent with the conceptual model of Dickens (2001b). The
magnitude of authigenic carbonate enrichment and barite
formation would be a function of the upward flux of Ba2+,
and the amount of time the SMT persisted at a particular
depth above the uppermost hydrate-bearing sediment layer.

For sediments overlying gas hydrates of the deep-sea
Niger Delta, a sub-Recent downward movement of the zone
of AOM has also been suggested by Henderson et al.
(2006). Based on U/Th dating of authigenic carbonates
and modeling of pore-water data, those authors proposed
that SMT migration was induced by responses of that deep-
water gas hydrate reservoir to environmental changes relat-
ed to late Quaternary climate, presumably dissociation of
hydrates during the Holocene thermal maximum. However,
it is here suggested that this explanation is rather unlikely
because, in deep-water environments such as that of the
present study, warming dissociates gas hydrate at the bottom
of the GHSZ, rather than affecting gas hydrate stability at
the top of the GHSZ (Dickens 2001a). Shallow gas hydrates
as found on the deep Congo Fan would therefore not be
impacted (cf. Sultan et al. 2004), and one can exclude that
gas hydrate decomposition at the deep-water Kouilou pock-
mark sites is or was brought about by any changes in
external conditions—and thus is not driven by dissociation.

It has been shown that, at times of vigorous upward fluid
flow, Ba-rich fluids can episodically be expelled into the
bottom water, inducing the formation of barite chimneys or
barite precipitation onto the seafloor (e.g., Torres et al.
1996b; Aloisi et al. 2004; Castellini et al. 2006). For mud
volcanoes in the northern Gulf of Mexico, Castellini et al.
(2006) report evidence that smooth barite-rich carbonate
nodules—such as those of the Worm Hole core—form when
the SMT remains fixed for a considerable period of time.
This argues against Ba-rich fluid venting and subsequent
barite precipitation on the seafloor as confounding factor
within the present context. The amount of diagenetic Ba that
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precipitated above the present-day SMT depths at the
Hydrate Hole and Worm Hole sites can thus be used to
calculate (1) the time the SMT remained fixed at the partic-
ular sediment depths, and (2) the total time of net downward
SMT migration after the most intense fluid migration event.

Barite precipitation time

Calculations of the time needed to produce all solid-
phase Ba enrichments exceeding 0.2 g kg–1 at and
above the present-day SMT depths at the Hydrate Hole
and Worm Hole sites can be used to approximate the
total time of gas hydrate dissolution, and to roughly
date the last most intense fluid migration event at each
site. At the Hydrate Hole site, the occurrence of
hydrates at shallow depth (i.e., below 5 m), and of only
very small carbonate concretions and minor authigenic
Ba enrichments suggests that the last fluid migration
event and the formation of hydrates occurred much
more recently than at the Worm Hole site.

Depending on the porosity chosen, the time span
needed to form all Ba enrichments exceeding 0.2 g kg–1

for the Hydrate Hole core varies from 4,745 years (70 %
porosity) to 1,511 years (85 % porosity; Table 1). The
corresponding values for the Worm Hole core are
40,521 years (70 % porosity) to 12,904 years (85 %
porosity). Although these are only very rough estimates,
they suggest that gas hydrate dissolution persisted for a
considerably longer period of time at the Worm Hole site.
This supports the interpretation (cf. above) that the last
hydrate-forming fluid migration event is likely to have
occurred much more recently at the Hydrate Hole site (a
few thousands of years ago) than at the Worm Hole
location (a few tens of thousands of years ago).

These findings suggest that the two investigated
pockmark sites are today in a less active phase of fluid
seepage, and that the dissolution of the gas hydrates
formed during the last fluid-venting episodes is the

key driver of downward SMT migration. Indeed, other
studies on the northern Congo Fan have shown that
most of the pockmarks are today relatively dormant
(Gay et al. 2007; Sahling et al. 2008; Nöthen and
Kasten 2011). Moreover, the present findings are con-
sistent with the general observation that fluid migration
within pockmarks is highly variable both spatially and
temporally, and imply that individual venting events in
the study area are not triggered by changes in single
external factors.

Conclusions

Although AOM-driven dissolution of gas hydrates is
slow compared to the decomposition of hydrates in
direct contact with low-methane seawater (e.g., Egorov
et al. 1999), or to dissociation under conditions outside
the hydrate stability field (e.g., Suess et al. 1999; Torres
et al. 2002), estimation of the long-term existence/sta-
bility of gas hydrate reservoirs over geologic timescales
is of fundamental relevance for paleoclimatic, paleocea-
nographic, and paleoenvironmental reconstructions.
Evaluation of the size as well as the spatiotemporal
dynamics of gas hydrate systems is urgently needed to
incorporate these vast CH4 reservoirs into models of the
global carbon cycle, and the requirement for improved
proxies is by now well recognized (e.g., Dickens 2003;
Nöthen and Kasten 2011). The present study is the first
to successfully use diagenetic barite to quantitatively
track the net downward migration of the SMT resulting
from gas hydrate dissolution. The findings also empha-
size that, in contrast to hydrate dissociation, hydrate
dissolution induced/accelerated by AOM does not auto-
matically imply a significant release of methane-derived
carbon into the water column, because the bicarbonate
ions produced by methane oxidation are mostly trapped
within the sediment as authigenic carbonates.

Table 1 Calculation of precipi-
tation time of solid-phase barium
enrichments (>0.2 gkg–1) in
sediments of the Hydrate Hole
core (GeoB 6520–3) and the
Worm Hole core (GeoB 6521–2)

aAssumed to be constant over
time. Grain density: 2.2 g cm–3

Station GeoB Site Ba gradienta Porosity Ba flux Period of time
(mol cm–3 cm–1) (%) (mol cm–2 year–1) (years)

6520-3 Hydrate Hole 1.97E-10 85 1.96E-08 1,511

80 1.69E-08 2,337

75 1.46E-08 3,394

70 1.25E-08 4,745

6521-2 Worm Hole 1.80E-09 85 1.80E-07 12,904

80 1.55E-07 19,953

75 1.33E-07 28,978

70 1.15E-07 40,521
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