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Abstract Methane seepage leads to Mg-calcite and ar-
agonite precipitation at a depth of 4,850 m on the Aleut-
ian accretionary margin. Stromatolitic and oncoid
growth structures imply encrustation of microorganisms
(microbial mats) in the host sediment with a unique
growth direction downward into the sediment, forming
crust-shaped lithologies. Biomarker investigations of the
residue after carbonate dissolution show strong enrich-
ments in crocetane and archaeol, which contain extreme-
ly low 813C values. This indicates the presence of meth-
ane-consuming archaea, and 613C values of —42 to —51%o
PDB indicate that methane is the carbon source for the
carbonate crusts. Thus, it appears that stromatolitic en-
crustations of methanotrophic anaerobic archaea proba-
bly occurs in a consortium with sulphate-reducing bacte-
ria and that carbonate precipitation proceeds downward
into the sediment, where ascending cold fluids provide a
methane source. Strontium and oxygen isotope analyses
as well as 14C ages of the carbonates suggest that the flu-
ids come from deep within the sediment and that carbon-
ate precipitation began about 3,000 years ago.

Keywords Aleutian accretionary margin - Anaerobic
methane oxidation - Archaea - Fluid seepage -
Stromatolitic fabric

Introduction

Accretionary prisms are areas where dewatering of the
sediment occurs because of sediment compaction, tec-
tonic pressure and geochemical reactions of solid phases
such as the decomposition of organic matter or clay min-
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eral transformations (e.g. Kastner et al. 1991; Moore and
Vrolijk 1992). Cold seeps occur where this excess water
is released into the water column (e.g. Aharon 1994).
Here, the ascent of reduced chemical species (dominant-
ly methane and hydrogen sulphide) from deeper sedi-
ment horizons and different diagenetic zones result in
both the colonization of the seep-area with anaerobic mi-
croorganisms (bacteria, archaea) and chemoautotrophic
macroorganisms such as clams, Pogonophora or
Vestimentifera. In addition, the mixing of pore water
from different diagenetic zones causes geochemical reac-
tions, which result in the formation of barite or carbonate
precipitates (Ritger et a. 1987; Kulm and Suess 1990;
Fu et al. 1994; Bohrmann et a. 1998; Nahr et a. 2000;
Greinert et a. 2001a, 2001b). The generation of carbon-
ates is a well-known feature for cold seep sites where
methane is expelled from the seafloor. Carbonate precip-
itation is closely coupled with the oxidation of methane
via sulphate reduction by a consortium of anaerobic
archaea and bacteria, which release HCO;~ into the pore
and bottom water (Iversen and Jargensen 1985; Han and
Suess 1989; Masuzawa et al. 1992; Paull et al. 1992;
Whiticar 1996). |sotopic analyses of the carbonate phas-
es and the biomarkers demonstrate the incorporation of
methane-derived carbon and elucidate the mechanism of
the methane oxidation (Elvert et al. 2000; Boetius et a.
2000; Greinert et al. 2001a). Petrographic investigations
provide more detailed information about the fabric-form-
ing mechanisms and the ancient fluid-venting activity.
The general formation mechanism of stromatolitic
carbonates is a process of binding fine sediment particles
to microbial mats (e.g. bacteria, algae) together with a
continuous encrustation by the precipitating of carbon-
ate. The precipitation is induced by the fixation of CO,
from seawater, sulphate reduction of organic matter, an-
aerobic sulphide oxidation and abiotic surface precipita-
tion (Riding 1991; Rasmussen et al. 1993; Grotzinger
and Rothmann 1996; Visscher et a. 1998; Knoll and
Semikhativ 1998). In contrast to this, biological process-
es, such as aerobic respiration and aerobic sulphide oxi-
dation, cause carbonate dissolution (Visscher et al.
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Fig. 1 Bathymetric map of the deeper part of the Aleutian accre-
tionary prism at the Shumagin study area. Lines labelled EX re-
present TV-guided observation tracks; the broader parts mark ar-
eas where signs of fluid seepage were found. Dashed lines are
possible dextral fault systems. Line with triangles shows the posi-
tion of the deformation front. Open boxes within the inset map are
other study areas with active fluid seepage (Suess et al. 1998)

1998). Because light is needed for photosynthesis of al-
gae and structural analyses indicate influences of waves
or small-scale changing sea levels, stromatolitic fabrics
are generally thought to represent shallow water environ-
ments (Hofmann 1973; Feldmann and McKenzie 1998;
Duane and Al-Zamel 1999). Nevertheless, the carbonate
crusts presented here also show a stromatolitic fabric,
even though they were formed at 4,850 m water depth.
The mechanism and the particular geochemical environ-
ment that cause the authigenic formation of stromatolitic
carbonates below the carbonate compensation depth
(CCD) are the subject of this paper.

157°10'W

157°05'W 157°00'W 156°55'W

Geological setting of the Shumagin study area

The Aleutian margin is characterized by the subduction
of the Pacific Plate under the North American Plate, with
an active volcanic arc and accretionary prism. During
RV Sonne cruises in 1994 (SO97) and 1996 (SO110)
four different working areas between 148° and 157°W
were studied (Fig. 1). These cruises documented living
cold seep communities, authigenic barite and carbonate
precipitation and methane anomalies in the water col-
umn. Furthermore, in-situ flow rates and geochemical
compositions showed that active fluid seepage existed in
all four areas (Suess 1994; Wallmann 1997; Suess and
Bohrmann 1997; Suess et al. 1998).

At the westernmost Shumagin area, steep seaward-
dipping flanks of the accretionary ridges constitute the
dominant morphological feature (Fig. 1). These ridges
are accreted from neogenic clastic material of the old
Zodiac Fan deposits that overlie the oceanic crust and
glacial sediments transported from the Aleutian peninsu-
la. In addition to the normal sediment compactions, this
accretion causes a sediment pore space reduction of 25
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Fig. 2 Bathymetric map of a canyon structure at the fourth accre-
tionary ridge where cold vent sites could be observed and authi-
genic carbonates were sampled (TVG 97 and TV-GKG 40). Mean-

ing of lines see Fig. 1

and 50% within the three youngest ridges during the last
3 million years (von Huene 1989). This reduction is one
of the major triggering factors for the advection of fluids
and the formation of cold seeps on the seafloor.

Canyons that cut into the ridges are another morpho-
logical feature. The canyons are possibly induced by
NNE-SSW-trending dextral strike-slip faults, which are
typical for this part of the Shumagin segment along the
Aleutian margin (Lewis et al. 1988). These deeply pene-
trating faults are ideally suited to serve as pathways to

Fig. 3 Seep site at the seafloor
similar to the areas sampled by
TVG 97 and TV-GKG 40. The
rough surface left of the com-
pass very probably represents a
carbonate cemented area sur-
rounded by white bacteria
mats. White clam shells are
Calyptogena phaseoliformis
(cp), dark shells are Acharax
spp. (a), darker lines are Pogo-
nophora (p) and their shadows.
The diameter of the compassis
~20cm

transport fluids from deep in the accretionary prism up to
the seafloor.

Locations of vent activity were identified with the
TV-guided camera sled Explos, which also recorded
strong indications of fault-controlled active fluid seep-
age, especially at the seaward flanks of the ridges
(Fig. 1). Typical indications of methane- and H,S-rich
fluid flow were fields of the white clam Clayptogena
phaseoliformis, shells of Acharax spp., and Pogonoph-
ora. Pogonophora rim the Clayptogena fields, which
have typical diameters of lessthan 2 m. At the Shumagin
area, the population of the observed seep sites is much
thinner in general than in the easternmost Edge area
(Suess et al. 1998), but denser populations of Claypto-
gena were found at a canyon-like structure on the fourth
accretionary ridge (Figs. 1 and 2). Here, the sediment-
covered seafloor also shows bacterial mats that are indi-
cated either by lighter patches some decimetresin size or
by lighter halos around slightly elevated sediment areas
with a rough gravel-like appearance (Fig. 3). Sampling
of these seep sites was performed using a TV-guided
grab (TVG) and a TV-guided box corer (TV-GKG). Car-
bonate crusts were recovered at two stations (TVG
87/TV-GKG 40; Fig. 2). During the sampling at station
TVG 97 the TV-grab fell over, which may have been
caused by the steep morphology or by intensively ce-
mented sediment that could not be penetrated by the
TV-grab. Only carbonate crusts were recovered, no sedi-
ment was retrieved. The recovery of an undisturbed sedi-
ment sample would have provided pore water for analy-
sis, providing evidence for the carbonate formation and
the in-situ orientation of the carbonate crusts. The latter
is important for understanding the unique crust forma-
tion described here.
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Analytical methods

Petrographic investigations included microscopic inves-
tigations of thin sections using polarized and UV light.
Cathodoluminescence (CL) investigations (Technosyn
8200 MK II) were carried out at the Catholic University
Leuven, Belgium. X-ray diffraction analyses (XRD) of
powdered samples identified the cementing carbonate
phases. This method also allowed a semi-quantitative es-
timation of the amount of high Mg-calcite (hMc) and ar-
agonite (arag) based on the integrated peak areas of the
(104) hMc and the (111) aragonite reflections (e.g.
Milliman 1974; Greinert 1999). A scanning electron mi-
croscope (SEM; CamScan) equipped with an EDS X-ray
microanalyser (Edax) was used for microanalyses.

For 813C and 880 isotope analyses the carbonates
were carefully subsampled by a microdrill. Extraction of
CO, for isotope measurements was performed using pure
H;PO, at 75 °C in a Carbo-Kiel online device connected
to a Finnigan MAT 252 according to Wachter and Hayes
(1985). Replicate analyses of a laboratory standard
showed standard deviations better than 0.03%. for 6180
and 0.02%o. for 813C. All C and O isotope data are given
relative to PDB standard.

14C-age determinations were provided by AMS ana-
lyses, Leibnitz Laboratory Kiel. The ages were corrected
for 14C fractionation using the 13C/12C isotope ratio.
Samples were treated with H,O, to remove organic ma-
terial prior to the extraction of CO, with pure H;PO, at
50 °C. Strontium isotope ratios were measured on acid
leachates with a Finnigan MAT 262; strontium was sepa-
rated on cation exchange columns with 2.5-N HCl and
dried at 120-150 °C.

Lipid biomarkers were isolated from one carbonate
crust at station TVG 97 by using 1 N HCI for carbonate
dissolution. Procedures for the extraction of the residue
after carbonate dissolution, the separation of the lipid ex-
tract and the gas chromatographic analyses are described
by Elvert et al. (1999, 2000). Carbon isotope analyses of
the biomarkers were performed by gas chromato-
graphy—combustion-isotope ratio mass spectrometry
(GC-C-IRMS) using a Varian 3300 gas chromatograph
interfaced to a Finnigan MAT 252 mass spectrometer at
the University of Victoria, Canada. Analytical reproduc-
ibility of the complex mixtures was about +1.6%. PDB
(Elvert et a. 2000).

Geochemical analyses of the carbonate phase were
performed by ICP measurements. Bulk samples were
ground and the carbonate phase was carefully dissolved
in 1 N acetic acid severa times to prevent a release
of Mg, Fe and Mn from clay mineras or sulphides
(Greinert 1999).

Results and discussion

Macroscopic and microscopic sample description

Carbonates recovered at station TVG 97 are crust-like
precipitations of 50 to 200 mm in diameter and 5 to
70 mm in thickness. Their top and bottom sides are dif-
ferent in appearance (Fig. 4A1, A2). One side is wavy,
smooth and strongly cemented, whereas the other one is
rough and covered by uncemented to partly cemented
sediment. The sediment of the TVG 97 crusts is densely
penetrated by small holes (0.5-1 mm in diameter) spaced
less than 4 mm apart (Fig. 4A1). Acharax shells are in-
corporated in one crust from station TVG 97, and they
are dtill enclosed by an intact dark periostracum
(Fig. 4A, F). Crusts from station TV-GKG 40 are gener-
ally smaller and strongly cemented, and both sides are ir-
regular and rough (Fig. 4B). One side of the biggest
crust from this station is covered by sediment and pene-
trated by holes: similar in size to those from station TVG
97. Small tubes of organic material were fixed to this
crust side, and these tubes very probably originate from
the tube worm Pogonophora (Fig. 4B1). Their diameter
coincides with the diameter of the holes suggesting that
the holes are casts of Pogonophora.

In cross cuts of samples from TVG 97 round to oval
structures occur between the unconsolidated sediment
and an area of thin stromatolitic laminae that forms the
smooth sides of the crusts (Fig. 4C-F). The internal
structure of the oval structures (3—15 mm in diameter)
displays concentric thin layers that are light to dark
grey in colour with an additional radial structure. Be-
cause their size, shape and internal structure correspond
to oncoids, we will use this term in a descriptive sense
for these oval structures. In contrast to oncoids that
form in shallow water, a detrital nucleus could not be
found in any of the oncoidal structures under investiga-
tion. Instead, open or rim-cemented pores of round to
oval shape are frequently present in the centre of these
oncoids. Some of the pores are completely cemented as
well (Fig. 4C, F). The varying oval to round shape sug-
gests that these pores are channels with a diameter that
is equivalent to the holes in the uncemented sediment
area of the crusts. It becomes clear that the holes in the
sediment are worm channels that do not reach into the
cemented laminae area. Various isolated oncoids show
athin rim as the beginning of a new layer that does not
necessarily surround the oncoid completely. Typically,
these rims occur on that oncoid side facing the smooth
crust side (Fig. 4C, E). Frequently, the oncoids are en-
veloped by or even incorporated into the laminated ar-
ea. This area is built of light grey to black laminae of
0.1 to 2.5 mm in thickness. They are interlaced with
lightly coloured non-continuous layers 0.1 to 1 mm
thick and several millimetres long (Fig. 4C-F). Some
laminae overlap others, mainly black ones; the overlap-
ping laminae always occur closer to the smooth crust
side (Fig. 4D, F). In some places, a cloudy carbonate
cementation occurs irregularly in the unconsolidated
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Fig. 4A—F Specimens and cross cuts of carbonate crusts from sta-  penetrated by worm channels (A1, B1, B2). The stromatolitic lam-
tions TVG 97 and TV-GKG 40. Samples from station TVG 97 inae and their enveloping of round structures with oncoid fabric
have different morphologies on each side of the crust; a wavy, indicate a growth direction towards the smooth crust side and
strong cemented side with a stromatolitic laminae structure (A2) point to a biogenetically induced crust formation (C—F)

and a rough crust side of uncemented sediment, which is densely



Fig. 5A—F Light and SEM microscopic images of carbonates
from station TVG 97. A—C Crossed nicols; D UV-light; E parallel
nicols, F SEM. A-D The mainly micritic sediment cementation
with interlaced sparitic laminae. A shows sparitic calcite within a
worm channel. B Laminae growing parallel to a clam shell surface
arevisible. Imagesin C and D show the same area; in D areddish
fluorescence layer just below the lighter laminae in C indicates
higher amounts of organic matter. E Laminae parallel layer of idi-
omorphic pyrite crystals. F Framboidal pyrite in diatom shells in-
dicates a formation in anoxic microenvironments within the frust-
al's caused by the decomposition of the organic matter

sediment (Fig. 4D) or between oncoids and the laminat-
ed area.

Predominately, micritic calcite was found to be the
carbonate cement in laminae, oncoids and the cloudy ce-
mented areas. The macroscopically lighter laminae are
more coarsely crystalline (microspar to sparite) with less
or no impurities from the siliceous sediment matrix. This
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matrix is composed of silt to sand-sized quartz, amphi-
bole and feldspar grains, vesicular glass fragments,
radiolarian and diatom skeletons, as well as detrital
clay minerals (Fig. 5A-D). Singular pyrite crystals or
small pyrite clusters (together less than 5%) are random-
ly distributed or arranged in short, laminae-paralel
layers (Fig. 5E). Clusters of framboidal pyrite were ob-
served by SEM backscatter analyses in diatom frustals
(Fig. 5F).

Differences between lighter and darker laminae, as
well as between the oncoid-building layers, are produced
by varying crystal sizes (which are rather homogenousin
lateral direction) together with changing amounts of the
siliceous matrix. Additionaly, the amount of pyrite in-
creases in the dark layers. Under crossed nicols, laminae
and layers show a side-by-side fan-shaped sweeping ex-
tinction, which propagates from one point above a very
thin micritic layer (Fig. 5B, C, white arrows). The fan
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Fig. 6A—F CL microscopic images of carbonate crusts from sta-
tion TVG 97. A-D Stromatolitic fabric of fine laminae that form
columnar and domal growth structures; C is aclose-up of A (rotat-
ed 90°). E, F Sparitic cements formed during different crystalliza-
tion phases visible as a sequence of dark and light orange zones:
E rim cement in aworm channel; F probably porphyroid recrystal-
lization

propagation is terminated by the next thin micritic layer,
but is unaffected by layers or lenses of coarser crystal
size (Fig. 5B, black arrow). On clam shells, which do not
show any signs of micritization, laminae occur only at
the outer shell side with a subparallel orientation and a
fan-like extinction rooted at the nearer-shell laminae
side. In contrast, the area within the shells shows no lam-
ination (Fig. 5B).

Indications of organic material are visible in UV-light,
as shown by laminae-parallel reddish fluorescent layers

(Fig. 5D). Under CL, a sequence of light orange to al-
most non-luminescent layers (10—100 pm in thickness)
can be distinguished in both the laminae and oncoids
(Fig. 6A-D) as well as in the sparitic rim cements of
channels and other sparitic areas (Fig. 6E, F). The sharp
change in colour and the colours themselves indicate
abrupt varying amounts of Fe and Mn in the carbonate
phase (Machel and Burton 1991). Most significant are
wavy laminae patterns similar to the cauliflower-like
structures of stromatolites in which domal laminae over-
lay separately growing columnar structures (Fig. 6A, C).
Typically, the domal laminae are closer to the smooth
crust side.

The occurrence of oncoid-like forms and wavy lami-
nae that grow parallel to existing surfaces and their en-
veloping of oncoids indicate that carbonate formation is
induced by the encrustation of microbial mats. In partic-
ular, the detection of laminae under CL is strong evi-



dence for stromatolitic crust growth (Adams et al. 1986;
Burne and Moore 1987; Southgate 1989; Riding 1991;
Zhang et a. 1993). Unfortunately, relics of microorgan-
isms could not be found in either the thin sections or by
SEM investigations of carefully acid-treated samples.
Nevertheless, the laminae-parallel accumulation of or-
ganic matter strengthens the assumption of stromatolitic
crust formation by carbonate-forming microorganisms.

Varying luminescence of laminae, oncoid layers and
sparitic cements corresponds to a temporal sequence of
geochemical conditions during their formation. These
conditions may oscillate between suboxic and anoxic,
where dissolved Mn and Fe respectively are released in-
to the pore water. The incorporation of changing
amounts of Fe and Mn into the carbonate lattice results
in different colours in CL investigations (Walker and
Burley 1991). Clusters and layers of pyrite provide evi-
dence of anoxic pore water conditions. Pyrite formation
in general changes the Fe-concentration of the pore wa-
ter and may be an important mechanism in exclusively
anoxic conditions for lessening the incorporation of Fe
in the calcite lattice and causes a bright yellow lumines-
cencein CL.

Evidence for the growth direction of the crustsis pro-
vided by the relationship of the oncoids and the laminat-
ed area. The enveloping and the incorporation of oncoids
by laminae indicate that the oncoids grew first. The lam-
inae, which are overlapped by those laminae nearer to
the smooth crust side, clearly support a crust propagation
towards the smooth crust side (Fig. 4). Incorporated
Acharax shells and open channels of Pogonophora casts
indicate a crust formation near/at the sediment surface.
Seafloor observations revealed that seep sites are charac-
terized by rough sediment surfaces (Fig. 3). Taking this
and the open Pogonophara casts (the open channels in
the uncemented sediment) into account we propose that
the smooth side is the bottom side of the crust.

Mineralogy and carbonate content

XRD analyses of the carbonate crusts from station TVG
97 were used to identify detrital minerals of the host sed-
iment such as quartz, feldspar, amphibole and the clay
minerals chlorite and illite. Mg-calcite with 7 mol%
MgCO; is the dominant carbonate phase. In only one
sample aragonite was identified as a minor component.
SEM-EDX investigations demonstrate that the rim ce-
ments within the worm channels are stoichiometric cal-
cite. Geochemical analyses of the carbonate phase reveal
that Fe (0.07-0.1 mol%) and Mn (0.03 to 0.04 mol%) are
present (Greinert 1999), which are crucial for the charac-
teristic CL patterns. The crusts from TV-GKG 40 also
contain Mg-calcite (6 mol% MgCQO;), but they have a
higher content of aragonite (up to 88 wt%, Table 1). The
detrital components in TV-GKG 40 carbonates are iden-
tical to those of TVG 97 samples.

Porphyroid recrystallization of aragonite (or micrite)
might be the reason for the microspar to sparite layers

705

Table 1 Carbonate mineralogical and isotopic analyses of carbon-
ate subsamples from station TV-GKG 40

Aragonite (wt%) Calcite (Wt%) 0180%. PDB  813C%. PDB
6 94 2.95 -49.16
38 61 2.90 —45.63
88 12 3.36 —44.01
- - 3.43 —44.24
40 60 2.85 —49.40
45 55 3.08 —47.87
- - 2.88 —42.70
- - 2.88 —42.94
- - 2.83 —42.94

and lenses, which do not terminate laminae showing fans
of sweeping extinction (Fig. 5B, black arrow). However,
taking into account recently presented results (Kendall
and lannace 2001), we suggest that recrystallization can
be neglected as an important process in our samples. A
detailed discussion of the reasons for this would lead too
far within the framework of this article.

The carbonate contents were determined in different
laminae of the samples from TV G 97 and these contents
vary from 43 to 48 wt%. Compared with the genera
pore volume of marine surface sediments, a more or less
complete carbonate cementation of the intergranular pore
space can be suggested for our samples. No trend in car-
bonate content across the crusts or within oncoids was
observed.

Carbon and oxygen isotopes

In order to identify the carbon source and the carbonate-
forming mechanism, carbon isotope analyses were car-
ried out on the same subsamples, which were also analy-
sed mineralogically. Also, a shell of an Acharax speci-
men was analysed (Table 2). Carbon isotope values
range from —50.83 to —47.02%o 613C in TVG 97 samples
and are similar in crusts from TV-GKG 40 (—49.90 to
—42.70%0 013C). These values unambiguously indicate
that methane is the major carbon source of the carbon-
ates at stations TVG 97 and TV-GKG 40 (Ritger et al.
1987; Han and Suess 1989; Kulm and Suess 1990;
Masuzawa et al. 1992; Paull et al. 1992; Greinert et a.
20014). In contrast, the carbon isotope values of the clam
shell are much higher (-=1.83 to —-6.50%o0; Table 2; Fig. 7),
suggesting its carbon comes mainly from a source other
than methane.

Biomarker investigations

Gas chromatographic analysis of the hydrocarbons ob-
tained from a dissolved carbonate crust fragment from
station TVG 97 show a predominance of the irregular
isoprenoid crocetane (Fig. 8). Based on molecular and
isotopic evidence, this biomarker has been previously
identified to be from archaea involved in the anaerobic
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Table 2 Isotopic analyses from TVG 97. Crust samples are Mg-
calcite with 7 mol% MgCO;. Acharax samples are pure calcite

Samples 5180%0 PDB 813C%0 PDB
Carbonate crust 2.62 -50.83
257 —49.54
2.37 -50.01
211 —48.46
2.53 —47.56
251 -50.35
2.46 —48.70
2.40 —48.17
241 -48.73
2.42 -48.17
2.18 —47.78
2.36 —46.90
241 —49.74
2.40 —47.52
2.59 —47.90
2.48 —47.02
3.23 -48.23
2.53 —48.45
2.58 —45.96
2.58 -48.45
2.48 -50.36
241 -50.20
2.47 -50.73
Acharax shell 3.60 —6.50
3.50 -3.59
3.45 -2.71
3.49 -3.09
3.61 -5.08
3.70 —-2.41
3.54 -1.83
3.53 -2.36
3.62 -5.11
3"0 %0 PDB
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Fig. 7 613C versus 6180 diagram of carbonate crust and clam sam-
ples recovered from stations TV G 97 and TV-GKG 40

oxidation of methane (Elvert et al. 1999; Thiel et al.
1999; Elvert et a. 2000). Moreover, Elvert et a. (2000)
detected the biomarker archaeol as the dominant com-
pound in the respective acohol fraction. Archaeol is

IS: internal standard 12
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Fig. 8 Gas chromatogram of the hydrocarbon fraction obtained
from a Mg-calcitic sample at station TVG 97. n-akanes are
marked by their number of carbon atoms. The biomarker crocet-
ane, with a d13C value of about —130%o, indicates the presence of
methanotrophic archaea

known to be one of the most common ether lipidsin arc-
haea (de Rosa and Gambacorta 1986). Both biomarkers,
crocetane and archaeol, exhibited carbon isotope values
highly depleted in 13C (—130 and —124%., respectively).
Similar biomarkers were found in the sediment from
TV-GKG 40, providing strong evidence that methane-
consuming archaea are common at the sampled cold seep
sitesin the Shumagin area. Pore water analyses at station
TV-GKG 40 aso show a strong sulphate reduction with
only 5 mM SO, at 5 cm sediment depth (Elvert et a.
2000), which points to recent sulphate reduction.

Carbonate formation induced by anaerobic
methanotrophy

The presence of archaeol biomarkers with low 613C val-
ues and the significantly low 813C carbonate values
strongly indicate that methanotrophic archaea induced
carbonate precipitation. But carbonate formation via
methane oxidation at cold seepsistypically coupled with
bacterial sulphate reduction, which consumes hydrogen
that was generated by methane-oxidizing archaea
(Hoehler et al. 1994; Elvert et a. 1999; Thiel et al. 1999;
Pancost et al. 2000). Biomarkers of sulphate reducers
were not found, but the pore water analyses at TV-GKG
40 (Elvert et a. 2000) and the occurrence of laminae-
paralel pyrite layers (precipitating from HS- probably
released during sulphate reduction and dissolved Fe2* of
the pore water; Fig. 5E) indicate sulphate reduction.
Because of the need of sulphate as well as methane,
formation of methane-derived carbonates at cold seeps
typically occurs in a distinct environment that has nei-
ther purely oxidizing nor purely reducing conditions.
These conditions are present at the base of the sulphate
reduction zone in transition to the methanogenic zone
where methane is supplied by fluids (Kulm et al. 1986;
Ritger et a. 1987; Suess and Whiticar 1989; Kulm and
Suess 1990; Paull et a. 1992; von Rad et a. 1996;



Savard et al. 1996; Visscher et al. 1998). The encrusta-
tion of the clam shells, the worm channels in uncement-
ed sediment and the strong decrease of SO,2- in the pore
water of TV-GKG 40 (Elvert et a. 2000) suggest that
carbonate crust formation very likely occurred close to
the sediment surface. Accordingly, the base of the sul-
phate reduction zone must be close below the sediment
surface because of the escaping geochemically reduced
fluids.

Expulsion of biogenic methane

Evidence of methane advection by fluids was also ob-
tained from direct CH, measurements in the water col-
umn. In the vicinity of stations TVG 97 and TV-GKG
40, CH, concentrations of up to 55 nl/l were analysed
between 4,600 and 4,900 m water depth (Suess 1994), in
contrast to a background concentration of around 10 nl/I
in surrounding deep water. These high concentrations in-
dicate a recently active expulsion of methane-rich fluids
and confirm methane as a potential carbon source.

Two general mechanisms generate methane in the ma-
rine environment: biogenic methane formed via CO,-re-
duction and thermogenic-methane generated during or-
ganic matter maturation (e.g. Whiticar 1996). Biogenic
and thermogenic methane differ in their carbon and hy-
drogen isotopic composition and can be distinguished
(Whiticar 1996). The measured 813C values of the car-
bonate crusts do not identify one of these mechanisms
unambiguously. Carbon isotope values between —50.83
and —42.70%. 813C represent a transition range of these
both processes. Gas subsamples extracted from a sedi-
ment coated crust from TVG 97 (Suess 1994) yield
methane concentrations of up to 13,600 ng/g (wet
weight), but no higher hydrocarbons were detected. Mat-
uration of organic matter generally releases higher hy-
drocarbons (Whiticar 1996) and their non-occurrence
strongly indicates a biogenic methane origin.

Mixing of different carbon sources

With respect to 613C values of biogenic methane (gener-
aly lower than —-60%.; Whiticar 1996), an admixture of
at least one additional carbon source is needed to obtain
the measured 813C values of the carbonate crusts (—42.7
to —50.8%o0). Mixing also has to be assumed because pore
water sulphate is needed for the methane oxidation pro-
cess, as methane-containing fluids derived from the
methanogenic zone are sulphate-free.

The most likely second carbon source is HCO; re-
leased by the biogenic consumption of organic matter via
sulphate reduction within the sulphate-reduction zone
(e.g. Paull et al. 1992; Visscher et al. 1998). This re-
leased HCO4~ has the same isotopic composition as ma-
rine organic matter and ranges from —15 to —25%. 813C
(Hoefs 1987). Assuming 613C values of HCO;~ derived
from methane (—60 %0) and decomposed organic matter
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(=20 %0), the amount of methane-derived carbon within
the carbonate crusts can be estimated and varies between
57 and 77% (Appendix, note 1). Carbon species of the
bottom water (North Pacific 813C;p~0.0%0 PDB,;
Kroopnick 1985) are potentially an additional carbon
source. Because most fluid-transported methane is oxi-
dized at the base of the sulphate-reduction zone, a car-
bon source from the carbonate-dissolving bottom water
seems less likely than carbon released by the carbonate-
forming process of anaerobic organic matter decomposi-
tion.

Methane-derived carbon may be incorporated in the
clam shells as well. In comparison to typica non-biogen-
ic deep-water carbonates (Fuchtbauer 1988), the clam
013C values (—1.83 to —6.50%o0) are too low to be precipi-
tated from North Pacific bottom water. The 13C-depleted
values are possible caused by the vital effects of the
clams with a preferential incorporation of 12C during
shell development (Wefer and Berger 1991). Such vital
effects can result in a comparable 13C-depletion of —1 to
—5%o relatively to other bivalves (Hoefs 1987). Never-
theless, a mixture of bottom water (613C=0.0%. PDB)
and methane-influenced fluids is also a reasonable car-
bon source of the shell. The fluids may be assumed to
have a §13C value corresponding to the carbonate crust
growing near the surface (—41%o). Bottom water, thus,
has to be mixed with 4 to 13% of the expulsing fluid wa-
ter (Appendix, note 2) to produce the 813C values of the
clam shells.

Age estimation of crust origin

The mixing of different carbon sources aso influences
the age estimation of the carbonate crusts. 14C-analyses
were performed on subsamples from edge of the smooth
bottom-side of one crust and on an Acharax shell, both
from station TVG 97 (Fig. 4A). Whereas the crust yield-
ed an age of 19,270 years B.P. +160 years, the shell was
determined to be 5,840 years B.r. +35 years. Because the
Acharax clam was surely dead before it became cement-
ed in the carbonate crust, the measured 4C-age of this
crust is not its formation age. Furthermore, the formation
age cannot be older than the age of the clam shell minus
the 14C-age of North Pacific bottom water, which
is 1,977 years (caculated from AMC=-212.7%. at
GEOSECS station 218 in 4,982 m water depth; Ostlund
and Stuiver 1980). Thus, the crust had to have grown
during the last 3,863 years. Even this age is still too old
if an admixture of 4 to 13% seep-fluid to the bottom wa-
ter is considered. A mixture of 90% bottom water (age
1,977 years) and 10% fluid with no 14C activity would
have a 14C-age of around 2,847 years. Subtraction of this
14C water age from the measured 14C age of the clam
then gives the true age of the clam of around
2,993 years. Consequently, the formation of the crust had
to occur after that.
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Stromatolitic crust growth into the sediment:
‘upside down’ carbonates?

From the geochemical and isotopic investigations it ap-
pears that crust formation at station TVG 97 ismost like-
ly caused by anaerobic oxidation of methane at a cold
seep site. The similarity of the carbonate crusts to shal-
low water stromatolites and oncoids suggests an equiva-
lent microbially mediated formation process. Usually,
the growth direction of shallow water stromatolites pro-
ceeds exclusively into the water column (Flchtbauer
1988; Feldmann and McKenzie 1998; Knoll and Semi-
khatov 1998). A crust formation caused by carbonate
over-saturation in the water column as a formation pro-
cess can be excluded for the samples described here be-
cause both sampling sites are below the CCD.

It appears that the cold seep carbonates found at the
Shumagin area are unusual ‘upside down’ carbonates
growing downward into the sediment. Neumann et al.
(1988) and Paull et al. (1992) already described ‘upside
down’ carbonate crusts from methane vents on the Flori-
da escarpment. Analogous to the crusts described here,
the upper sides of the Florida crusts show irregular struc-
tures whereas the bottom sides are astonishingly smooth.
This was interpreted to result from carbonate crystalliza-
tion controlled by the flux of methane-enriched fluids
and methane oxidation at the bottom sides of the crusts.

A similar formation can be assumed for the carbonate
crusts described here. Oncoids grew in sediment hori-
zons where both sulphate and methane occur simulta-
neously. Starting their formation around worm tubes and
other potential substrates for the presumed syntrophic
consortium of archaea and bacteria. Anaerobic decompo-
sition of organic matter takes place at the same time pro-
ducing additional HCO5-, which also contributes to car-
bonate precipitation. The concentric spreading occurs
because of the unlimited propagation of encrusting mi-
croorganisms in the sediment without a space-limitation
by previously grown structures. These microbial mats of
archaea—bacteria also settle on clam shells and cause car-
bonate precipitation parallel to the shells. Triggered by
the methane supply and the self-induced carbonate en-
crustation, the laminae forming microorganisms ‘ move'
towards the methane as the ascending nutrition source.
As cementation continues, oncoids and stromatolitic
structures become surrounded by new microorganism
laminae that build carpet-like colonies on the bottom
side of the crusts (Fig. 4C, E). Carbonate encrustations
of this layer constitute a barrier for ascending methane;
thus additional microorganisms and carbonate laminae
form towards the source of the methane, and consequent-
ly grow into the sediment towards the smooth crust side.
Seafloor observations of dlightly elevated rough sedi-
ment areas (Fig. 3) support the conclusion that the rough
crust side is on top and indicate a downwardly directed
crust propagation.
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Oxygen isotopes impacted by 180-depleted pore water

Analyses of 8180 values of carbonates from TVG 97
vary between 2.11 to 2.62%0. whereas TV-GKG 40 sam-
ples show higher values from 2.83 to 3.43%o. The clam
shell is even more enriched in 180 showing values up to
3.70%0 (Table 2; Fig. 7).

To investigate whether the analysed $180 isotope val-
ues of the carbonate crusts reflect equilibrium crystalli-
zation, the relationships given by Friedman and O’ Nell
(1977) and Hudson and Anderson (1989) were used
(Appendix, note 3). With a measured in-situ bottom wa-
ter temperature of 1.62 °C (Suess and Bohrmann 1997)
and an assumed 6180 value for the pore water of 0.2%o
SMOW (after Hoefs' 1987; the relationship between
5180 in the North Pacific and salinity, here 34.65 psu),
an equilibrium 8180 value of 3.7%0 for calcite results.
This value is identical to the measured values of the
clam shell, which consequently might have formed in
equilibrium with the bottom water. In contrast, the oxy-
gen isotope data of the Mg-calcite from TVG 97 reved
that precipitation did not occur in equilibrium to a water
of 0.2%o show.

Similar conclusions can be drawn from the data of sta-
tion TV-GKG 40. Here, oxygen isotope values are higher
relative to station TVG 97. This can be explained by the
higher aragonite content (Table 1). Figure 9 shows a lin-
ear correlation between increasing 6180 values and an in-
creasing amount of aragonite. Compared with a hypothet-
ically Mg-calcite phase with 6 mol% MgCO,, aragonite
is enriched in 180 by 0.56%. (Fig. 9). If a correction for
the larger fractionation of Mg-calcite relative to calcite is
applied (0.06%o per mol MgCOg; Tarutani et a. 1969),
the difference between an assumed aragonite and the Mg-
corrected calcite increases to 0.92%.. This difference al-
most corresponds to the difference in fractionation that
occurs during the formation of aragonite and calcite at
cold temperatures (Tarutani et al. 1969; Kim and O’ Nell



1997; Greinert 1999). The deviations of 6180 values in
carbonate crusts from stations TVG 97 and TV-GKG 40,
therefore, are related to the respective mineral composi-
tions and to the different fractionation processes associat-
ed with the formation of aragonite and Mg-calcite.

To explain the 6180 values of the carbonates crusts
from both stations, assuming equilibrium crystallization
in pore water with 0.2%0 SMOW, the temperatures at sta-
tions TVG 97 and TV-GKG 40 should be 6.9 and 5.2 °C,
respectively. Such high temperatures are unlikely in
5,000-m water depths compared to the measured in-situ
bottom water temperature. At 1.62 °C, the pore water
composition at station TVG 97 should range from —1.34
to —1.85%0 SMOW to produce the 6180 value of the
analysed Mg-calcite (Friedman and O’ Neil 1977). A hy-
pothetically pure aragonite sample of station TV-GKG
40 (3.35%0 8180, calculated from Fig. 9) also indicates a
significant lower 680 pore water value of —0.81%o
SMOW (Hudson and Anderson 1989). Thus, we suggest
180-depleted source water is responsible for the recorded
8180 values of the carbonate crusts.

Sr isotopes: evidence of rock—water interactions
and deep-derived fluids

Sr isotope ratios of bulk samples of crusts from station
TVG 97 may elucidate the reasons for the 180-depleted
pore water near the sediment surface. The 87Sr/86Sr val-
ues vary between 0.708489 and 0.708336 and are signifi-
cantly lower than the recent seawater value of 0.709175
(Paytan et al. 1993). The values correspond to Sr isotope
value of a 21-Ma old seawater. It is probably true that
old fluids are one source for these Sr-values but
rock—water interactions between the ascending fluid and
sediment components such as volcanic glass fragments,
old carbonate horizons or even the subducted oceanic
crust have to be considered as well.

In particular, the diagenetic transformation of volca-
nic glass to clay minerals releases strontium with low Sr-
isotope values (Kay et a. 1978). Simultaneously, the
pore water will be enriched in 160 because heavy oxygen
isotopes are bound preferentially into clay minerals as
interlayer water (Gieskes and Lawrence 1981). This gen-
eral process of 180 incorporation in diagenetically
formed minerals causes a successive 180-depletion in the
pore water with increasing sediment depth (Hoefs 1987;
Kastner et al. 1995).

Bruns et a. (1987) described an Oligocene carbonate
horizon that occurs on top of the subducted sediments of
the Zodiac Fan, directly below the accretionary complex
of the Shumagin sector (Creager et a. 1973). Dissolution
of this nanofossil-rich horizon (87Sr/86Sr <0.70826) and
the advection of the pore water would transport this low
87Sr/86Sr ratio into higher sediment horizons. Apart from
that, an interaction between ascending fluids and the
oceanic crust at only 3 km depth (Bruns et al. 1987)
could modify the Sr isotope value of these fluids that
transport 180-depleted pore water up to the sediment sur-
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face (Elderfield et al. 1990). Although the assumption of
deep-derived fluids cannot be proved, the fault-con-
trolled tectonic situation in accretionary prisms in gener-
al and the possible crossing of two fracture zones at the
sampling area (Fig. 1) provide favourable conditions for
deep-derived fluids escaping at the sampled cold seep
sites.

Conclusion

Carbon isotope and biomarker investigations of carbon-
ate crusts from two cold seep sites at the Aleutian accre-
tionary margin show that carbonate precipitation is con-
trolled by anaerobic methane oxidation of archaea. As
indicated by pyrite layers and rapidly decreasing sul-
phate concentrations in the pore water, methane oxida-
tion is linked to sulphate reduction. Thus, methane-oxi-
dizing archaea and sulphate-reducing bacteria appear to
initiate a carbonate precipitation in 4,850 m water depth
within the sediment. This precipitation is probably
younger than 3,000 years, which is the 14C-age of a clam
shell corrected for the 14C-age of the North Pacific deep
water and the contribution of methane in the clam car-
bon. Low oxygen isotope values of the carbonate phases,
Mg-calcite and aragonite, as well as Sr isotope analyses,
indicate that the fluids may be generated in deeper sedi-
ment horizons. Here, either rock—water interaction with
the oceanic crust, an Oligocene carbonate horizon or vol-
canic glass influences the Sr composition of the general-
ly 180-depleted pore water that migrates through the
methanogenic zone and escapes as methane-rich fluid at
the sediment surface.

The stromatolitic and oncoid structures of the carbon-
ate crusts suggest an encrustation of microorganism lam-
inae (microbial mats), which probably consisted of an
archaea—bacteria consortium. The enveloping and incor-
poration of oncoids by stromatolitic laminae as well as
the sequences of these laminae themselves indicate a
crust growth propagating towards the smooth laminae-
composed crust side. This smooth crust-side appears to
be the bottom side of the crust because the opposite
rough side being composed of uncemented sediment
densely penetrated by open worm channels, is similar to
the seafloor surface at the sampled seep sites. Laminae
growth started when oncoid structures induced the devel-
opment of microbial mats (laminae) that underlay and
surrounded the oncoids from below. The encrustation of
the first underlying and horizontally spreading laminae
causes a downward growth of additional laminae into the
sediment towards the ascending methane, which is the
carbon source for methane oxidizing archaea. This crust-
al growth scenario results in ‘upside down'’-oriented
stromatolitic carbonates and represents a microbially in-
duced carbonate formation unique at cold seepsin 4.850-
m water depth and may be of significance for the facies
interpretation of similar structuresin the fossil record.
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Appendix

1. Cdculation of the amount of methane-derived carbon
(Crethane Mixed with carbon from degraded organic
matter to create a pore water 613C value that is con-
served in the carbonate crusts:

Cmethane:(élsccarbonate_é 13Corgani c matter)/
(6 13Cmethane_6 l?'Corga\ni c matter)

2. Simplified mixing equation for calculating the amount
of admixed fluid water (X) into the bottom water:

613Cseep-bottom water—
X 613Cfluid+(1_x) ’ 613Cnormal-bottom water

3. Oxygen isotope fractionation equation of Mg-calcite
(Friedman and O'Neil 1977): 1,000lna=2.78
(108/T2)—2.89+0.06 - mol% MgCO;. Oxygen isotope
fractionation equation of aragonite (Hudson and An-
derson 1989):

t=19.7-4.34 [8180 1, ppey—080h20(smow)]
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