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a b s t r a c t

Authigenic carbonates were collected from methane seeps at Hydrate Hole at 3113 m water depth and
Diapir Field at 2417 m water depth on the northern Congo deep-sea fan during RV Meteor cruise M56.
The carbonate samples analyzed here are nodules, mainly composed of aragonite and high-Mg calcite.
Abundant putative microbial carbonate rods and associated pyrite framboids were recognized within the
carbonate matrix. The d13C values of the Hydrate Hole carbonates range from �62.5& to �46.3& PDB,
while the d13C values of the Diapir Field carbonate are somewhat higher, ranging from �40.7& to
�30.7& PDB, indicating that methane is the predominant carbon source at both locations. Relative
enrichment of 18O (d18O values as high as 5.2& PDB) are probably related to localized destabilization of
gas hydrate. The total content of rare earth elements (REE) of 5% HNO3-treated solutions derived from
carbonate samples varies from 1.6 ppm to 42.5 ppm. The shale-normalized REE patterns all display
positive Ce anomalies (Ce/Ce*> 1.3), revealing that the carbonates precipitated under anoxic conditions.
A sample from Hydrate Hole shows a concentric lamination, corresponding to fluctuations in d13C values
as well as trace elements contents. These fluctuations are presumed to reflect changes of seepage flux.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Carbonate precipitation is a widely observed phenomenon in
modern and ancient marine seep environments (e.g. Roberts and
Aharon, 1994; Peckmann and Thiel, 2004; Campbell, 2006; Naehr
et al., 2007). It is a product of anaerobic oxidation of methane
(AOM), which is mediated by consortia of methane-oxidizing
archaea (MOA) and sulfate-reducing bacteria (SRB; Hinrichs et al.,
1999; Boetius et al., 2000). Bicarbonate released during AOM
increases alkalinity and results in the precipitation of authigenic
carbonate (cf. Berner, 1980). Accordingly, the study of stable
isotopes, lipid biomarkers, and biogenic fabrics of seep carbonates
provides further insight into microbially mediated carbonate
formation (e.g. Roberts and Aharon, 1994; Thiel et al., 1999; Boetius
et al., 2000; Peckmann et al., 2001; Peckmann and Thiel, 2004;
Pape et al., 2005; Chen et al., 2005, 2006, 2007; Campbell, 2006;
Birgel and Peckmann, 2008; Feng et al., 2008). Furthermore, stable
carbon and oxygen isotopic compositions of carbonates provide
x: þ86 20 85290130.
.ac.cn (D. Chen), peckmann@
en.de (G. Bohrmann).
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information pertaining to the composition and temperature of seep
fluids from which carbonates precipitated (e.g. Naehr et al., 2000,
2007; Peckmann and Thiel, 2004).

The relative upward fluid flux at seep sites may change over
time (Roberts and Carney, 1997; Roberts, 2001; Hovland, 2002;
Chen et al., 2004; Lapham et al., 2008) and this temporal variability
can be expressed by different geochemical and mineralogical
signatures archived in authigenic seep carbonates (León et al.,
2007; Feng et al., 2009a,b). For example, De Boever et al. (2006a,b)
pointed out that carbon isotopes can be used to assess the control of
seepage rates on the formation of ancient seep carbonates.
However, only relatively few studies have used such an approach
due to the scarcity of appropriate samples.

During AOM, sulfate in pore water is reduced to hydrogen sulfide
(Valentine and Reeburgh, 2000). As a consequence of sulfate-
dependent methane oxidation, redox conditions in the sediment at
seeps change. Cerium is a sensitive indicator of redox conditions in
sedimentary environments. Under oxidizing conditions Ce3þ is
oxidized to Ce4þ, and precipitates as CeO2, resulting in a negative Ce
anomaly, which is therefore an effective indicator of oxic conditions
(McArthur and Walsh, 1984; Wright et al., 1987). Negative Ce
anomalies in marine carbonates have been shown to reflect
seawater oxygenation (McArthur and Walsh, 1984; Sholkovitz and
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Shen,1995; Shields and Webb, 2004). Trace elements, such as V, Mo,
U, and Cd are also redox sensitive elements that are enriched under
anoxic conditions (Morford and Emerson,1999). Thus, REE and trace
elements can be used to illuminate the formation conditions of
authigenic carbonate phases.

Here, we present a study of authigenic seep carbonates from
two locations (Hydrate Hole and Diapir Field) of the Congo deep-
sea fan (Fig. 1). The mineralogy, petrography, stable carbon and
oxygen isotope compositions were studied along with rare earth
elements (REE) and trace elements to evaluate the role and mode of
microbial activity in the precipitation of seep carbonates and the
dynamics of seepage over the course of carbonate formation.
2. Geological setting

The lower Congo basin is one of the numerous sub-basins of the
West African passive margin that developed during the opening of
the southern Atlantic Ocean during the Early Cretaceous (Marton
et al., 2000). In the Early Aptian up to 1000 m thick salt-deposits
accumulated, which were subsequently buried by black shale and
bituminous sandstones in the Late Aptian (Uenzelmann-Neben,
1998). Increased terrigenous sediment input to the Atlantic Ocean
during the Cenozoic resulted in the initiation of the turbiditic
sedimentation system along the western African margin. Terrige-
nous material from the Congo river was transported through the
Congo canyon to the deep Angola basin and deposited as a 2000–
3000 m thick delta on the continental shelf and slope (Droz et al.,
1996; Gay et al., 2006a). Updip migration of deeper thermogenic
fluids resulted in the preferential trapping of oil and gas in these
coarse-grained, paleo-channel-filling sediments, which now serve
as hydrocarbon reservoirs (Gay et al., 2006b and references
therein).

An area with several pockmarks was identified by detailed
seismic and echo-sound profiles on the Congo deep-sea fan during
cruises M47 and M56 with RV Meteor (Sahling et al., 2008). The
so-called ‘‘Kouilou pockmarks’’ range from several tens to hundreds
of meters in diameter and a few to tens of meters in depth. They
include three large, individual pockmarks, namely ‘‘Worm Hole’’,
Fig. 1. Locations of the studied sites modified after R/V Meteor Cruise M56 Report an
04�4805600S/09�5405000E, and Diapir Field is 06�1100400S/10�2505300E.
‘‘Hydrate Hole’’, and ‘‘Black Hole’’. Hydrates were found at sediment
depth below w50 cm up to the maximum gravity corer sampling
depth of 12 m from all three pockmarks. It is very probable that
additional gas hydrates exist below that depth (Sahling et al., 2008).
3. Materials and methods

Abundant authigenic carbonates are found close to the sediment
surface of the northern Congo fan pockmark area (Sahling et al.,
2008). The carbonate nodules analyzed in this study were collected
by TV-guided grabs from two sites previously named Hydrate Hole
and Diapir Field during RV METEOR Cruise M56 (Table 1). Three
samples collected from Hydrate Hole at approximately 3113 m
water depth, and one sample collected from Diapir Field at
approximately 2417 m water depth are analyzed in this study
(Fig. 1). Living vestimentiferan tube worms and various bivalves are
present at the two sampling sites (Sahling et al., 2008; Haas et al.,
2009). Samples were dried after collection and subsequently cut
into sections for sub-sampling, thin section preparation, scanning
electron microscopy (SEM), X-ray diffraction (XRD), stable carbon
and oxygen isotope measurements, and REE as well as trace
element analyses. Subsamples for the isotope and element analyses
were taken from slabs with a computer-assisted microsampling
device (MicroMill, New Wave Research).

Petrographic observations of thin sections of the samples were
made using a LEICA-DMRX optical microscope. Carbonate micro-
structure of external surfaces and surfaces resulting from the
breaking of samples was examined with a field emission scanning
electron microscope (FE-SEM). The samples were prepared by gold
coating to a thickness of approximately 20 nm. Photographs were
taken with a Sirion 200 FE-SEM equipped with EDAX GENESIS at
Central South University (CSU), operating at 10–20 kV at 5–9 mm
working distance. For XRD, the samples were crushed to powder less
than 200 mesh using an agate mortar and pestle. The analyses were
performed at CSU using a Rigaku DXR 3000 computer-automated
diffractometer utilizing Bragg-Brentano geometry. The X-ray source
was a Cu anode operated at 40 kV and 40 mA using CuKa radiation
equipped with a diffracted beam graphite monochromator. The
d Preliminary Results (http://www.marinegeo.uni-bremen.de/pub). Hydrate Hole is
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Table 1
Site information and mineral composition of the Congo deep-sea fan seep carbonates.

Location Sample number Water depth (m) Approximate relative percentages (wt. %)

Aragonite Calcite High-Mg Calcite Kaolinite Quartz Barite

Hydrate Hole GeoB 8212-2a 3113 89.6 2.6 � 4.6 � 3.1
GeoB 8212-2b 3113 17.0 – 74.3 5.3 3.4 �
GeoB 8212-2d 3113 7.9 � 89.6 1.5 1.0 �

Diapir Field GeoB 8215-2c 2417 68.1 � 29.6 1.3 1.0 �
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orientated samples were scanned at an interval of 5–65� (2q) with
a step size of 0.02� and a count time of 5 s per step. Divergence,
scattering, and receiving slits were 0.5�, 0.5� and 0.15 mm, respec-
tively. Relative abundance of the minerals was semi-quantified by
Rietveld analysis of the diffractograms with the program SIRO-
QUANT (Taylor, 1991).

The powdered samples were processed with 100% phosphoric
acid to release CO2 for stable carbon and oxygen isotope analysis
using a GV Isoprime II stable isotope mass spectrometer. All isotope
values are expressed using the d-notation relative to the PeeDee
Belemnite (PDB) standard and are reported in permil (&) with
a standard deviation of less than 0.1& (2s) for both d18O and d13C
values.

We analyzed 5% HNO3-treated solutions obtained from authi-
genic carbonate minerals for REE and trace elements. The powder
samples (w0.5 g) were treated with 50 ml of 5% HNO3 in a centri-
fuge tube for 2–3 h to separate carbonate mineral and residue
phases. Then, 2500 ng of rhodium was added as an internal stan-
dard for calculating the element concentration of the dissolved
carbonate mineral phase. Five milliliters of this solution were
further diluted 10 times for the REE analysis using a Finnigan MAT
ELEMENT high resolution ICP-MS. For detail of the analyses see Qi
et al. (2005). Precision of the REE analysis was checked by multiple
analyses of standard samples. The average standard deviations are
less than 10%, and average relative standard deviations are better
than 5%. For reliability of the analyses, see Chen et al. (2005). In this
paper, Ce/Ce* denotes 3CeN/(2LaNþNdN), Ceanom denotes Log
(Ce/Ce*), and Pr/Pr* denotes 2PrN/(CeNþNdN), where N refers to
normalization of concentration against the standard Post Archean
Australian Shale (PAAS; McLennan, 1989).
4. Results

4.1. Mineralogy and petrography

The XRD results reveal that the carbonate samples are mainly
a mixture of aragonite and high-Mg calcite (HMC) (Table 1),
although pure aragonite is also present. Aragonite forms crusts
(Fig. 2A) and fills worm tubes (Fig. 2B). It occurs both as micro-
crystalline cement and as fibrous crystals forming isopachous rims
(Figs. 2–4). Micritic HMC is the dominant mineral in two of the
samples (GeoB 8212-2b and GeoB 8212-2d), in which aragonite was
found only as fibrous pore-filling cement (Figs. 2B and 3A). All
samples contain minor kaolinite and quartz except for sample GeoB
8212-2a. Low-Mg calcite (LMC) and barite occur as trace minerals
only in sample GeoB 8212-2a, which is rich in aragonite. Since
barite is known to form at the sulfate–methane interface (Castellini
et al., 2006), its presence suggests that the sulfate–methane inter-
face at the studied site was shallow during mineral formation.
Aragonite precipitation is favored in the presence of sulfate-rich
pore fluids close to the seafloor. Pyrite framboids, approximately
5–20 mm in diameter, are dispersed within the microcrystalline
matrix of the samples and frequently occur within foraminiferal
tests (Figs. 2 and 4). Micropores, generally less than 0.5 mm in
diameter are common (Figs. 2A–C and 3D), especially in sample
GeoB 8215-2c (Fig. 2C). Diatom frustules are abundant in the
carbonates (Figs. 3C, 4C and F).
4.2. Stable carbon and oxygen isotopes

The d13C values of Hydrate Hole carbonate samples vary
between�62.5& and�46.3&, with d18O values ranging from 2.9&

to 5.2& (Fig. 5). Carbonate phases of the Diapir Field sample reveal
a narrower range of d13C and d18O values, from �40.7& to �30.7&

and 3.4& to 4.8&, respectively (Fig. 5).
In sample GeoB 8212-2a, a trend towards lower d13C and d18O

values from the outer to the inner part of the aragonite rim is
apparent (Fig. 6). In Fig. 7, isotope data of the concentrically zoned
sample GeoB 8212-2b (Fig. 7A) are presented, which was sub-
sampled along two mutually perpendicular transects (Fig. 7B). In
total, three zones of distinct isotopic signatures can be differenti-
ated (Fig. 7C and D). The highest d13C values correspond to a central
zone (Zone I). Zone II shows the lowest d13C values. Zone III again
reveals higher d13C values than those typifying zone II, but not as
high as in zone I. The covariant isotopic trend of oxygen is not as
pronounced as that of carbon.
4.3. Rare earth elements and trace elements

Rare earth element and trace element data are listed in Table 2.
The SREE in seep carbonates are variable, ranging from 1.6 to
33.6 ppm in sample GeoB 8212-2a, 14.4–42.5 ppm in sample GeoB
8212-2b, 41.6 ppm in sample GeoB 8215-2c, and 23.2 ppm in
sample GeoB 8212-2d. The SREE in sample GeoB 8212-2b is higher
in the microcrystalline phase of zone II than in the peripheral
microcrystalline phase of zone III (Fig. 7); the SREE in aragonite of
the central zone I is lower than that of the microcrystalline phases
(Table 2; Fig. 7). The shale-normalized REE of the studied seep
carbonates are characterized by slight light REE (LREE) and heavy
REE (HREE) depletion. All samples show pronounced and real
positive Ce anomalies (Ce/Ce*> 1.3; Figs. 8 and 9), suggesting
precipitation under anoxic conditions. The Eu anomaly observed in
four of the samples is most probably due to an interference with Ba
oxides during ICP-MS analysis (Qi et al., 2005).

Strontium contents in carbonates range from 2462 ppm to
12,369 ppm and are higher in aragonite-rich subsamples (Table 2).
Samples show Ba contents ranging from 86 ppm to 3372 ppm.
Sample GeoB 8212-2a has the highest Ba content (3372 ppm),
which is consistent with the detection of barite by XRD (Table 1).
Contents of redox sensitive elements such as V, Mo, U, and Cd are
highly variable. However, it appears that higher contents coincide
with microcrystalline aragonite rather than fibrous aragonite or
microcrystalline calcite (Table 2). With respect to sample GeoB
8212-2b, contents of V, Mo, U, and Cd are higher in microcrystalline
phase of zone II than in the peripheral microcrystalline phase of
zone III (Fig. 7); they are lowest in the central part of zone I (Fig. 7;
Table 2).



Fig. 2. Thin section photomicrographs of carbonate samples. (A) Acicular aragonite cement (ar) up to 5 mm in length postdating micrite (m); pore¼ pore space (black arrow); plane
polarized light, GeoB 8212-2a. (B) Aragonite cement (ar) within microcrystalline calcite; the organic vestimentiferan tube (t) is surrounded and infilled by acicular aragonite (ar).
Plane polarized light, GeoB 8212-2b. Carbonate mineralization directly associated with vestimentiferan tube is described elsewhere (Haas et al., 2009). (C) Pores (red arrows),
approximately 0.5 mm in diameter and foraminifers (‘‘for’’ with white arrows), are common; plane polarized light, GeoB 8215-2c. (D) Pyrite framboids (‘‘py’’ white arrows) are
dispersed within carbonate matrix and occur as infilling of foraminifer tests (‘‘for’’ with red arrows). Plane polarized light, GeoB 8212-2a. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

Fig. 3. Scanning electron micrographs of carbonate textures. Cement is represented by aragonite (A) and high-magnesium calcite (B), GeoB 8212-2a. (C) Well-preserved diatom in
the carbonate matrix, GeoB 8212-2b. (D) Micropores in mm-size range, GeoB 8215-2c.

D. Feng et al. / Marine and Petroleum Geology 27 (2010) 748–756 751



Fig. 4. Scanning electron micrographs of authigenic carbonates. (A) Well-preserved foraminifera, GeoB 8212-2b. (B) Pyrite framboids (white) occur as infilling of foraminifer tests.
Back-scatter electron mode micrograph, GeoB 8212-2b. (C) Diatom (right) and foraminifera (left); the box inset shows location of photomicrograph (D), GeoB 8212-2d. (D) Pyrite and
rod-shaped carbonate cement infilling foraminifer test. The energy dispersive spectrometry scans indicate the relative proportions of Fe, S, Ca, C, and O (dotted cross).
(E) Enlargement representing the box in (D), showing pyrite and associated rod-shaped carbonate crystals. (F) Pyrite framboids infilling a diatom, GeoB 8215-2c.

Fig. 5. Stable carbon and oxygen isotopic compositions of authigenic carbonates. The
dashed lines indicate d18O values for aragonite (3.9&; blue) and calcite (3.5&; red)
representing precipitation in equilibrium with bottom water at present temperature.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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5. Discussion

5.1. Composition of seepage fluids

The carbon isotopic composition of seep carbonates serves as an
indicator of the carbon sources (e.g. Roberts and Aharon, 1994;
Peckmann et al., 2001; Peckmann and Thiel, 2004; Naehr et al.,
2007). Parent methane is usually significantly more depleted in 13C
than the resulting carbonate precipitates due to the incorporation
of carbon from other sources than methane; assuming mixture of
methane-derived carbonate ions and marine carbonate ions, typi-
cally not more than two-thirds of the carbon in seep carbonate
minerals is derived from the former source (Peckmann and Thiel,
2004 and references therein). The strongly negative carbon isotope
compositions of carbonates from Hydrate Hole (d13C values:
�62.5& to �46.3&; Fig. 5) thus indicate that the carbon source is
mainly biogenic methane (d13C values of biogenic methane are
<�50&; Whiticar, 1999). The Diapir Field carbonate phases show
higher d13C values (�40.7& to �30.7&; Fig. 5). These values either
reflect (1) parent methane, which is less depleted in 13C than at
Hydrate Hole, (2) relative enrichment of 13C as a function of
ongoing consumption of methane, or (3) a higher contribution of
carbonate from other sources. Although, we are unable to exclude
scenarios (2) and (3), the geological setting of the Diapir Field seep



Fig. 6. (A) Photograph of sample GeoB 8212-2a, aragonite appears as yellowish layer (black arrow). The box inset shows the location of the image in lower right corner with
indication of subsamples. (B) Plot of d13C and d18O data of subsamples in (A).
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site accounts for methane deriving from deeper sources. At this site,
seepage of methane-bearing fluids is probably due to the remobi-
lization and alteration of hydrocarbons from the Late Aptian black
shales and subsequent migration through the salt-diapir (cf. Emery
et al., 1975). Buried for more than 2000 m, the Late Aptian black
shales are mature enough to generate hydrocarbons (cf. Sahling
et al., 2008). Thermogenic methane, usually generated in deeper
horizons than biogenic methane, is typified by higher d13C values
Fig. 7. (A) Photograph of laminated sample GeoB 8212-2b. Worm tube (white arrow) surro
positions of subsamples indicated. (C) Plot of d13C and d18O data of subsamples 1–13; (D) Plo
distinct isotopic signatures (I to III) indicated in (C) and (D).
than biogenic methane (d13C values of thermogenic methane are
>�50&; Whiticar, 1999).

The d18O values, on the other hand, provide information per-
taining to the temperature and fluid source from which seep
carbonate precipitated (e.g. Naehr et al., 2000). Assuming precipi-
tation of aragonite and calcite in equilibrium with bottom water at
the present bottom water temperature, d18O values of 3.9& and
3.5& would be expected, respectively. These calculations differ
unded by pure aragonite cement (black arrow). (B) Drawing of the same sample with
t of d13C and d18O data of subsample numbers 14–23. Delineation of the three zones of



Table 2
Rare earth element and trace element contents (ppm; 5% HNO3-treated solution) of
authigenic carbonates.

Element GeoB
8212-
2a-1

GeoB
8212-
2a-2

GeoB
8212-
2a-3

GeoB
8212-
2b-1

GeoB
8212-
2b-2

GeoB
8212-
2b-3

GeoB
8215-
2c

GeoB
8212-
2d

La 0.19 4.50 3.23 2.14 6.13 4.46 6.70 3.17
Ce 0.89 16.81 11.94 7.44 21.93 16.26 19.42 12.05
Pr 0.07 1.47 1.03 0.61 1.79 1.34 1.86 1.04
Nd 0.27 5.95 4.04 2.30 7.10 4.94 7.60 3.86
Sm 0.06 1.21 0.84 0.47 1.47 1.04 1.54 0.77
Eu 0.02 0.40 0.29 0.10 0.32 0.23 0.35 0.33
Gd 0.05 1.08 0.70 0.37 1.24 0.88 1.36 0.65
Tb 0.01 0.17 0.11 0.07 0.20 0.14 0.21 0.10
Dy 0.04 0.93 0.58 0.35 1.06 0.73 1.10 0.61
Ho 0.01 0.17 0.11 0.07 0.21 0.14 0.23 0.09
Er 0.02 0.44 0.28 0.20 0.54 0.38 0.61 0.25
Tm <0.01 0.06 0.04 0.03 0.08 0.05 0.08 0.03
Yb 0.02 0.37 0.24 0.19 0.43 0.34 0.51 0.19
Lu <0.01 0.05 0.03 0.03 0.07 0.05 0.08 0.03
SREE 1.64 33.60 23.46 14.36 42.54 30.99 41.64 23.17
Ce/Ce* 1.84 1.54 1.56 1.56 1.56 1.62 1.27 1.62
Pr/Pr* 0.87 0.86 0.87 0.86 0.84 0.86 0.90 0.89
Eu/Eu* 1.89 1.66 1.78 1.15 1.11 1.15 1.13 2.19

Sc 1.24 1.92 2.03 1.38 1.84 1.82 1.80 1.60
V 0.43 6.98 7.04 3.52 9.50 8.59 13.6 6.38
Cr 2.16 4.43 4.57 2.98 4.90 4.61 4.99 4.42
Co 1.56 1.84 2.00 1.59 1.65 1.59 1.70 1.77
Ni 8.17 8.64 11.9 12.2 7.58 6.90 7.15 8.05
Sr 12,369 5321 9465 8460 6878 3739 4814 2461
Y 0.51 3.94 2.64 1.97 4.92 3.35 5.24 2.11
Mo 0.61 1.71 2.15 1.68 4.42 3.04 3.25 1.35
Cd 0.12 0.12 0.22 0.15 0.32 0.30 0.23 0.50
Ba 3372 86 352 531 650 437 298 326
Th 0.01 1.40 1.08 0.46 1.41 1.02 1.00 0.74
U 1.92 4.10 4.31 5.26 14.7 14.4 10.2 4.94

GeoB 8212-2a-1 is pure aragonite rim. GeoB 8212-2b-1, GeoB 8212-2b-2, and GeoB
8212-2b-3 were collected from zones I, zone II, and zone III, respectively, as indi-
cated in Fig. 7. GeoB 8212-2a-2, GeoB 8212-2d, and GeoB 8215-2c are bulk samples.

Fig. 8. Shale-normalized REE patterns of seep carbonates measured as 5% HNO3-
treated solutions. (A) Samples GeoB 8212-2a, GeoB 8212-2d, and GeoB 8215-2c; (B)
Sample GeoB 8212-2b.
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slightly from the measured average d18O values (2.9&–5.2& for
Hydrate Hole samples, and 3.4& to 4.8& for Diapir Field sample;
Fig. 5). Due to the enrichment of 18O in gas hydrates, anomalously
positive d18O of seep carbonate are often taken as an argument for
gas hydrate destabilization at seeps (Bohrmann et al., 1998; Aloisi
et al., 2000; Greinert et al., 2001; Peckmann and Thiel, 2004; Chen
et al., 2005). The smectite-illite transition in deep sediments can
also generate 18O-enriched pore water (Hesse, 2003). Because gas
hydrate bearing sediments have been found in depths greater than
0.5 m at the study sites (Sahling et al., 2008), decomposition of gas
hydrate is the most likely mechanism responsible for 18O enrich-
ment. The few unusually low d18O values (as low as 2.9&) of the
studied carbonates may result from the episodical expulsion of
warm fluids, which already has been reported elsewhere, for
example in the Gulf of Mexico (Roberts, 2001).
Fig. 9. Plot of Ce/Ce* vs. Pr/Pr* (after Bau and Dulski, 1996). Field I: no anomaly; Field
IIa: positive La anomaly, no Ce anomaly; Field IIb: negative La anomaly, no Ce anomaly;
Field IIIa: real positive Ce anomaly; Field IIIb: real negative Ce anomaly. All samples
show real positive Ce anomalies suggesting precipitation under anoxic conditions.
5.2. Microbial mediation of carbonate precipitation

Evidence for an involvement of microbes in the formation of
seep carbonates derives from stable isotopes, biomarkers, and
biogenic fabrics. It has been demonstrated that consortia of MOA
and SRB are responsible for the oxidation of methane and subse-
quent formation of authigenic carbonates at seeps (e.g. Hinrichs
et al., 1999; Boetius et al., 2000; Peckmann and Thiel, 2004;
Campbell, 2006). The carbonate carbon isotope values (as low as
�62.5&; Fig. 5) of the Congo fan seep carbonates are too low to be
explained by carbon sources other than methane (cf. Whiticar,
1999; Naehr et al., 2007), indicating that they derived from AOM
mediated by microbes.
We detected abundant putative microbial textures in the
carbonates. Among them are pyrite framboids found in the tests of
foraminifera (Figs. 2D and 4B–F). Similar framboidal textures have
been found in other modern seep carbonates (Kohn et al., 1998;
Naehr et al., 2000; Dı́az-del-Rı́o et al., 2003; Feng et al., 2008). The
rod-shaped habit of carbonate cement found in some foraminiferal
tests enclosed in the Congo fan seep carbonates (Fig. 4C–E) is
obviously not an unambiguous criterion for a microbial origin. But
interestingly, rod-shaped habits have been found to be particular
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abundant among microbial carbonates (Verrecchia and Verrecchia,
1994; Chafetz et al., 1998; Peckmann et al., 1999), including seep
carbonates (e.g. Han et al., 2008). Han et al. (2008) reported two
kinds of rod-shaped crystals, one with square terminations and
another with rounded terminations: both were suggested to be of
microbial origin. The rod-shaped crystals detected in our samples
show square ends and coexist with pyrite framboids (Fig. 4D–E).
5.3. Control of seepage rate on carbonate formation

Seafloor observations reveal that both physical and chemical
characteristics of seep environments are highly variable (Roberts,
2001; Tryon and Brown, 2004; Solomon et al., 2008). This variability
is responsible for the creation of unique seafloor features (Roberts
and Carney, 1997; Roberts, 2001; Hovland, 2002; León et al., 2007;
Lapham et al., 2008). The depth in which methane is oxidized in
sediments at seeps is mostly a function of fluid flow intensity, with
higher intensities leading to a shallower oxidation zone or even
partial methane flux into the bottom water (Treude et al., 2003; Luff
et al., 2005). Temporal variability of upward fluid flux has been
documented by successive shifts in isotopic composition of authi-
genic carbonate phases precipitated at seeps (De Boever et al.,
2006a,b). Permeability and fluid flow are diminished by the
formation of authigenic carbonate phases, clogging the pore space of
surface sediments. These modifications influence both mineralogy
and isotopic signature of the seep carbonates forming subsequently
(Luff et al., 2005; Bayon et al., 2009).

All shale-normalized REE patterns of the Congo fan seep
carbonates display positive Ce anomalies (Ce/Ce*> 1.3; Fig. 8),
confirming precipitation under anoxic conditions. The REE and
trace element patterns of seep carbonates reflect a mixture
between seep fluids and seawater. It is widely accepted that V,
Mo, U, and Cd are redox sensitive elements that become enriched
under anoxic conditions (Morford and Emerson, 1999). It also has
been suggested that REE contents decrease slightly after an initial
increase at shallow depths below the seafloor due to reduction of
Fe-oxides (Haley et al., 2004; Elderfield and Sholkovitz, 1987).
Redox conditions at seeps are presumed to be closely related to
the flux of fluids (cf. De Boever et al., 2006a,b; Feng et al.,
2009a,b). Accordingly, temporal variability in fluid flux is likely to
be archived in REE and trace element contents of authigenic
carbonates.

Sample GeoB 8212-2b shows concentric lamination, corre-
sponding to fluctuations in d13C values (Fig. 7) and variable REE and
trace elements contents with low d13C values correlating with high
REE contents (Fig. 8 and Table 2). We suggest that the flux intensity
of seep fluids is one factor that controls this kind of variability.
During times of relatively slow seepage, methane was probably
oxidized deeper below the sediment/water interface, which
resulted in the low d13Ccarbonate values of Zone II (Fig. 7) due to
fewer admixtures of marine carbonate ions. Under these more
reducing conditions, carbonates presumably incorporated more
REE and trace elements (Table 2 and Fig. 8). In contrast, during
times of relatively high fluxes, methane oxidation occurred closer
to the sediment/water interface (cf. De Boever et al., 2006a,b),
which resulted in higher d13C values and lower REE contents (Zone I
in Fig. 7, Table 2 and Fig. 8) due to a stronger influence of marine
waters. There is no direct evidence for gas flow at the Congo fan
seeps such as bubbles escaping from the seafloor or acoustic
anomalies in the water column (Sahling et al., 2008). However, it
has been suggested that gas flows are probably transient events
(Sahling et al., 2008). The observations made in this study are in
good accordance with the concept of transient gas flow. Our data
consequently suggest that the heterogeneity observed in seep
carbonates results at least partly from temporal variations of
methane flux intensity.
6. Conclusions

Authigenic carbonates collected from the seep sites Hydrate
Hole and Diapir Field of the northern Congo deep-sea fan mainly
consist of aragonite and high-Mg calcite. Microbial textures
recognized in these carbonates include rod-shaped carbonate
crystals and framboidal pyrite both also infilling foraminiferal tests.
Low d13Ccarbonate values (as low as�62.5&) indicate that the carbon
source was mainly methane. Enrichment of 18O in some carbonate
phases (d18O values as high as 5.2&) is probably related to desta-
bilization of gas hydrates in the underlying sediments, while
unusually low d18O values (as low as 2.9&) of other phases may
result from higher temperature possibly related to episodical
expulsion of warmer fluids. A sample with concentric lamination
from Hydrate Hole is suggested to archive varying seepage condi-
tions reflected in the laminated fabric with changing stable isotopic
and elemental signatures. During relatively slow seepage, methane
was presumably oxidized relatively deep below the sediment/
water interface under strictly reducing conditions documented by
high REE and trace element contents. In contrast, during times of
relatively high flux, seepage likely forced methane closer to the
seafloor where it was oxidized under less reducing conditions,
reflected by lower REE and trace element contents.
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