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Abstract. Methane-related carbonates from Hydrate Ridgel Introduction

typically show several macroscopically distinguishable min-

eral phases, namely whitish aragonite, lucent aragonite, an&pecific carbonates occur at cold seep sites, where methane-
gray micrite. The relationship of these phases to particulich fluids are exiting the seafloor. These “seep carbonates”
lar microorganisms or biogeochemical processes is as yeypically show highly negativé*C values (Greinert et al.,
unclear. We used a miniaturized biomarker technique or2001), indicating that they formed from bicarbonate pro-
mg samples, combined with factor analysis and subsequerffuced by the anaerobic oxidation of methane (AOM; Ritger
electron microprobe analysis, to study lipid biomarkers andet al., 1987) according to the overall reaction:

chemical compositions of the individual phases. This al-ch, 1 S~ — HCO; + HS™ + Hp0 (1)
lows us to identify particular mechanisms involved in the ) ) ) )
formation of the different carbonate precipitates. Our com- 1 € production of bicarbonate leads to an increase in alka-
bined analysis of biomarkers and petrographic traits showd!Nity and thus to the precipitation of authigenic carbonates.
that most of the lipids related to the anaerobic oxidation of | "€S€ carbonates can grow within the sediment (Bohrmann
methane £90% by weight) are concentrated within only €tal, 1998; Greinertetal., 2001) or they may form build-ups
a minor compartment~20% by volume) of the Hydrate 9rOWing into the anoxic (Michaelis et al., 2002, Reitner et

Ridge carbonates, the whitish aragonite. The patterns indi&!-» 2005) or oxic (Teichert et al., 2005) water column. Seep

cate that the whitish aragonite represents fossilized biofilm£arbonates commonly display distinct phases (Peckmann et
of methanotrophic consortia containing mainly archaea ofl-» 2001) which are thought to derive from varying influ-
the ANME-2 group and sulfate reducing bacteria, whereas€NC€ Of microorganism, pelagic rain from the water column,
the precipitation of the lucent aragonite may have lacked the2nd fluid seepage fueling the AOM activity (Teichert et al.,
immediate proximity of microorganisms during formation. 2005). AOM is mediated by_a Consort'l_’m of methan(_)trophlc
By contrast, the gray micrite formed by incorporation of al- &rchaea and sulfate-reducing bacteria (SRB), which have
lochthonous organic and inorganic matter during carbonatd©€n characterized by 16S rRNA investigations (Hinrichs et

precipitation induced by the anaerobic oxidation of methane?!» 1999; Boetius et al., 2000). Two major phylogenetic
involving ANME-1 archaea. groups of methanotrophic archaea (ANME-1 and ANME-

2, ANME=anaerobicmethane oxidizers) were distinguished.
While ANME-2 archaea have been observed in tight associ-
ation with SRB of theDesulfosarcina/Desulfococcus group,
ANME-1 archaea sometimes occur with these SRB, but in
other cases are observed as monospecific aggregations or
isolated filaments (Orphan et al., 2002). In anoxic marine
sediments, carbonate crusts, and recent microbial mats from

Correspondence to: V. Thiel cold seep sites, methanotrophic consortia can be traced us-
BY (vthiel@gwdg.de) ing specific, strongly*3C-depleted biomarkers. Different
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species of methanotrophic archaea are considered to be thiepth). First U-Th isotope analyses of 5 sub-samples from a
sources of characteristic isoprenoids (Hinrichs et al., 19994drill core out of the carbonate block using the multi-collector
Blumenberg et al., 2004; Elvert et al, 2005; Pape et al.,inductively-coupled plasma mass spectrometry (MC-ICP-
2005). These isoprenoids includedgCand Gs irregular  MS) method after Fietzke et al. (2005) imply distinct precip-
isoprenoid hydrocarbons (2,6,11,15-tetramethylhexadecanigation phases of cold seep related carbonates between 205
(crocetane) and 2,6,10,15,19-pentamethylicosane (PMI) andnd 98 ka BP (unpublished). Based on the classification of
unsaturated derivatives), the glycerol diethers archaeol andeichert et al. (2005), the drill core consists-e20 vol.-%
sn-2-hydroxyarchaeol (2,3-di>-phytanylsn-glyceroland 2-  “whitish aragonite”~40 vol.-% “lucent aragonite”, ang40
0-3-hydroxyphytanyl-30-phytanylsn-glycerol), as wellas  vol.-% “gray micrite”.
glycerol dialkyl glycerol tetraethers (GDGT) carrying two
Cyo isopranyl moietiedNon-isoprenoid monoalkylglycero- 2.2 Sample preparation
lethers (MAGES), 1,2-dialkylglycerolethers (DAGES), and
Ci14 to Cyig n-, iso- , andanteiso-fatty acids, as well as al- From the 28.5cm (length) by 50 mm (diameter) core drilled
cohols found at cold seeps have commonly been regarded asit of sample TVG-13, 18 micro-drill cores<@ mm long,
biomarkers for associated SRB (Hinrichs et al., 2000; Pan2 mm in diameter, 621 mg in weight) were predrilled us-
cost et al., 2001). ing a diamond-studded hollow drill and removed/retrieved
The cold seep sites at Hydrate Ridge, located about 9@ising a small chisel and a tweezers. Microscope observa-
km off the coast of Oregon (USA) at 600 m to 800 m wa- tions allowed classification of the micro-drill cores and as-
ter depth, have been extensively studied since the mid-1980signment to the three distinct phases: (i) “whitish aragonite”
Different seep carbonate lithologies have been the targets o8 samples), (ii) “lucent aragonite” (6 samples), and (iii)
several investigations (Ritger et al., 1987; Kulm and Suess,gray micrite” (4 samples). The samples were transferred
1990; Bohrmann et al., 1998; Greinert et al., 2001). Generdnto glass vials, ground to powder with a small pestle, and
ally, authigenic chemoherm carbonates from Hydrate Ridgeextracted using 200L CH>Cl, and ultrasonication (35 min;
consist primarily of aragonite (Greinert et al., 2001). At 60°C). The supernatant was decanted after centrifuging.
South East-Knoll (SE-Knoll), an up to 90 m elevated chemo-The extraction process was repeated twice. The com-
herm located about 15km south-east of the southern sumbined extracts were dried and derivatized by adding.b0
mit of Hydrate Ridge (Bohrmann et al., 2000), three major N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA; 90 min;
carbonate types are closely interfingered. These types corB0°C). The reaction mixtures were dried in a gentle stream
sist of (i) a macroscopically opaque, cryptocrystalline vari- of nitrogen and redissolved im-hexane. 2L of n-hexane
ety of aragonites ranging in color from white to pinkish and were added for each mg of the weighted carbonate sample.
brownish, (ii) a translucent aragonite consisting of fibrous,1uL of each extract was analyzed in a coupled gas chro-
acicular crystals, and (iii) a gray, microcrystalline carbonatematograph mass spectrometer (GC/MS). Extracts of sample
with varying content of Mg-calcite and various components, 7r1 and 9a were dried and transesterified by adding.200
namely shell fragments, pellets containing pyrite, peloids andrimethylichlorosilane/methanol (TMCS/MeOH, 1:10, vlv;
detrital quartz, and feldspar grains (Teichert et al., 2005). 60 min, 70C). The resulting fatty acid methyl ester deriva-
In order to study the linkage of these phases to particulatives were re-dissolved in 2Q€L n-hexane and analyzed by
microorganisms and/or biogeochemical processes, we usegC/MS.
a miniaturized biomarker technique, combined with factor The main advantage of the presented micro-sampling tech-
analysis, and subsequent electron microprobe and stable iseHque is the achievement of a better resolution on biomarker
tope analyses. The aim was to identify differences in thedistribution within a sample. This allows analyzing the sur-
lipid biomarker patterns and the chemical compositions be+ounding matter with chemical imaging techniques such as
tween the phases that would allow us to understand the mectglectron microprobe, which may help to link the organic and
anisms involved in the formation of the particular carbonateinorganic chemical features of a given sample on a small
precipitates. scale. When preparing and analyzing such small sample
amounts, however, particular care has to be taken in order to
avoid contamination with laboratory contaminants that may
2 Material and methods obscure target compounds and complicate compound identi-
fication and quantification.
2.1 Sample collection
2.3 GC/MS
The samples were obtained from a carbonate block col-
lected during cruise SO165/2 of RV “Sonne” in August 2002. The GC/MS system used was a Varian CP-3800 GC coupled
The block was gathered directly from the top of the SE-to a Varian 1200 quadrupole MS operated in electron impact
Knoll chemoherm using a television grab (TVG; Station 230- mode at 70 eV. The samples were injected on-column into
1, TVG-13, 44:27.0440N, 125:01.8000W, 615m water a fused silica capillary column (Phenomenex ZB-1; 30 m;
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0.25mm; 0.Jum film thickness). In the injector, the sam- OH-Ar
ples were heated from 3G (0.2 min isothermal) to 29

at 150C/min (5 min isothermal). The GC-oven was pro-
gramed from 50C (1 min isothermal) to 30@ at 10 C/min,
and was held at 30 for 15 min. Helium was used as the
carrier gas at a flow rate of 1.4 mL/min. Compounds were
identified by comparison with published mass spectral data.

DAGEs
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v |

phytanol
Cr

L I Jm Jhdmdk
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cholesterol
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.

2.4 Factor analysis

PMI sitosterol
/ cholesterol DAGE

A factor analysis was implemented using Statistica 6.0, de- | gy N M W

15 20 25 30

veloped by Statsoft Inc. Tulsa. The compound concentra-
tions were treated as multivariate to show correlations of the
compounds with each other (biomarker families). AbsoluteFig. 1. Enlarged image of area 3 (see Fig. 3) sampled for
concentrations (intg/g carbonate weighted samples) were lipid biomarker analyses (left) and total ion currents (right)
used as base data. Factors were extracted by Principle Corgf individual micro-drill cores. (I) whitish aragonite (sample
ponent Analyses (PCA). The maximum number of factors 7r1); (1) lucent aragonite (sample 8c); (lll) gray micrite (sam-
to be extracted was determined using the scree test (Caf® 10r3).  (Cr=crocetane (2,6,11,15-tetramethylhexadecane),

. . . PMI=2,6,10,15,19-pentamethylicosane, Ar=archaeol (2,3-
E?éiizse:EQS-g’]igggt'lonal strategy was varimax norma“mddi-0-phytanylsn-gcherol), OH-Ar=sn-2-hydroxyarchaeol

(2-0-3-hydroxyphytanyl-30-phytanylsn-glycerol), DAGE
If=1,2-di-0-12-methyltetradecy$n-glycerol, DAGE lla=10-
tetradecyl-20-11,12-methylenehexadecsi-glycerol, DAGE

. . ... |Ib=1-0-pentadecyl-20-11,12-methylenehexad I l,
11 samples of carbonates were taken in the direct vicinityp, - p?&jl_eocyh exad ecyl-zng?llyleZn-?n eet)r:?/I een?rt_gx)e/:c:iiglr

of selected micro-drill cores used for biomarker analyses.g|ycer0|, DAGE  Ild=10-11-cyclohexylundecyl-29-11,12-
Stable oxygen and carbon isotope measurements of thesfethylenehexadecyh-glycerol (abbreviations according  to
samples were carried out at the isotope laboratory at IfM-pancost et al., 2001a), phytanol=3,7,11,15-tetramethylhexadecane-
GEOMAR (Kiel, Germany) with a CARBO KIEL automated 1-ol, cholesterol=cholest-&r-38-ol, sitosterol=24-ethylcholest-5-
carbonate preparation device linked on-line to a FINNIGAN en-38-ol, n-fa=n-fatty acids).

MAT 252 mass spectrometer. External reproducibility was

0.03%o for §13C and 0.02%. fors180 (1-sigma values), as

calculated from 8 replicate analyses of the internal carbonaté Results

standard (Solnhofen Limestone) performed before and after .

the analyses of our carbonate samples. The isotope data arel Biomarkers
referred to the Pee Dee Belemnite (PDB) scale.

35 40
retention time (min)

2.5 Stable istopes

The whitish aragonite samples showed the highest lipid
biomarker concentrations, containing more than 90% of
the total AOM-related lipid signature observed (Table 1,

Polished thin sections (25m thickness) were prepared Fig. 1). In all whitish aragonite samples=8), archaeol,
from sampled areas of the carbonate. Element distribution§n-2-hydroxyarchaeol, and DAGEs were the most promi-
of Mg, S, Mn, Fe, Sr (wavelength dispersive system), and cahent lipid biomarkers (Table 1). In 5 out of 8 samples;
(energy dispersive system) were mapped using a JEOL Jx&R-hydroxyarchaeol was more abundant than archaeol. The
8900 RL electron microprobe. The acceleration voltage wagnost abundant DAGE showettCy4 and G-cyclopropyl

set to 15 kV and a beam current of 40 nA, measured by Farathoieties at then-1 andsn-2 positions, respectively (DAGE
day cup, was used. The acquisition time was set to 70 méla according to the designation given by Pancost et al.,
per step. The scan grid was spaced at 20 oumOsteps, 2001a). Another, somewhat less abundant, DAGE contain-
depending on the dimension of each area, resulting in totalnd two anteiso-Css alkyl chains was observed in the whitish
dimensions betweenx® and 16<20 mm. The backscatter aragonite samples (DAGE If according to Pancost et al.,
signal in composition mode and the cathodoluminescenc001a). Other DAGEs occurred in trace concentrations.
signal (integrated spectral range from 200 to 900 nm) werd-urthermore, crocetane, PMI, and phytanol occurred in all
acquired simultaneously. Since carbonates have sensitive b#thitish aragonite samples, but with concentrations of about

havior under electron bombardment, the beam diameter wadn order of magnitude lower than those of the ether lipids
setto 2Qum. (Table 1). Low amounts 0i-C14 to n-Cs g fatty acids were

present in all whitish aragonite samples, whereas terminally
branched fatty acids were not detected.

2.6 Electron microprobe analysis

www.biogeosciences.net/5/731/2008/ Biogeosciences, 5, 731-738, 2008



734 T. Leefmann et al. : Miniaturized biosignature analysis of cold seep carbonates

Table 1. Concentrations of lipid biomarkersu§/g of rock; crocetane=2,6,11,15-tetramethylhexadecane, PMI=2,6,10,15,19-
pentamethylicosane, phytanol=3,7,11,15-tetramethylhexadecane-1-ol, archaeole2pdwtianylsn-glycerol, sn-2-hydroxyarchaeol=2-
0-3-hydroxyphytanyl-39-phytanylsn-glycerol, DAGE If=1,2-di0-12-methyltetradecy$n-glycerol, DAGE lla=10-tetradecyl-20-
11,12-methylenehexadecyt-glycerol, n-Cx=saturatedn-alkane containingX carbon atoms, cholesterol=choles¢b-35-0l, sitos-
terol=24,n-Cy fa=saturated:-fatty acid containingX carbon atoms, n.d.=not detected) and stable isotopes (PDB=Pee Dee Belemnite;
n.a.=not analyzed).*=samples #¥3C ands180 analyses of carbonates were taken in the direct vicinity of the respective micro-drill cores
used for biomarker analyses.

whitish aragonite (1) sampleg.§y g~ rock) lucent aragonite (1) sampleaq g~ rock) gray micrite (IIl) samplesig g~ rock)
sample il 3 7 1 9a 9b 9c 9d 2 2r1 2r2 8a 8b 8c 6rl 10r1 10r3 11r1
crocetane 0.04 0.05 0.70 0.77 0.46 0.07 0.06 0.07 <001 nd. nd. n.d. nd. nd. 0.04 0.03 0.09 0.06
potential archaeal PMI 029 034 047 100 107 014 016 0.09 007 014 nd. n.d. nd. nd. 002 015 0.28 0.22
biomarkers phytanol 077 016 035 025 027 006 009 0.25 0.04 010 nd. n.d. 0.14 nd. 001 003 008 016
archaeol 4.62 1.86 464 9.77 1046 0.39 093 043 0.16 0.31 nud. 0.12 nd. nd. 0.06 0.19 0.68 0.73
sn-2-hydroxyarchaeol 4.64 0.02 6.80 20.81 6.21 0.47 044 071 n.d. 0.16 n.d. n.d. nd. nd. n.d. n.d. n.d. n.d.
DAGE lla 0.12 1.89 2.61 5.96 6.19 0.20 0.83 0.40 n.d. 0.06 n.d. n.d. nd. nd. 0.02 0.08 0.29 0.19
potential SRB
biomarkers DAGE If 0.32 0.50 1.08 0.66 0.53 0.02 0.08 n.d. n.d. nd. nd. n.d. nd. nd. 0.24 0.01 0.07 0.06
n-Cp3 0.02 0.02 nd. 0.02 0.01 0.01 0.01 nd. 0.02 0.02 0.03 n.d. nd. 0.08 0.02 0.01 0.02 n.d.
n-Cy7 0.01 0.01 nd. nd. 0.01 nd. nd. nd 0.03 0.06 0.06 0.01 nd. 0.02 0.03 0.01 n.d. 0.01
n-Cpg 0.01 0.01 nd. <001 0.01 nd. 001 nd 0.02 nd. 0.06 0.01 nd. 0.02 0.03<0.01 0.01 0.01
n-Cpg 0.03 0.02 nd. 0.01 0.01 nd. nd. nd 0.01 0.05 0.06 0.02 0.01 0.01 0.05:0.01 0.02 0.01
potential n-Czp n.d. 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. 0.08 0.02 n.d. n.d. 0.02 n.d. n.d. n.d.
allochthonous n-Czp 0.02 0.02 nd. 001 0.01 nd. nd. nd n.d. 0.01 0.05 0.02 nd. 001 0.05 0.01 0.01 0.01
biomarkers perylene n.d. n.d. nd.  nd. n.d. nd. nd nd n.d. nd. nd. n.d. nd. nd. 0.01 0.03 0.16 n.d.
sitosterol n.d. 0.06 0.07 nd. 0.09 0.04 0.03 0.07 0.07 0.10 0.17 0.05 0.02 0.04 0.13 0.04 0.06 0.04
cholesterol 0.15 0.12 0.06 n.d. 0.09 0.10 0.03 0.31 0.08 0.10 0.30 0.12 0.05 0.05 0.20 0.10 0.17 0.16
n-Cyqfa 0.02 0.02 nd. 001 <001 nd. 002 0.07 0.03 0.05 0.07 0.01 0.02 0.01 0.08 0.02 0.03 0.02
n-Cig fa 0.06 0.10 0.06 0.03 0.15 0.08 0.06 0.04 0.13 0.10 0.25 0.08 0.04 0.06 0.26 0.06 0.08 0.08
n-Cygfa 0.04 0.05 0.09 0.03 0.10 0.05 0.03 0.17 0.04 0.07 0.18 0.06 0.02 0.05 0.14 0.03 0.05 0.04
sn-2-hydroxyarchaeol/ 1.01 0.01 147 213 0.59 1.18 0.48 1.64 0 0.52 nd. 0 nd. nd. 0 0 0 0
archaeol ratio
archaeal biomarkers 93 46 7 83 72 69 61 59 37 53 0 23 48 0 10 50 54 65
percentage
proportions
of potential SRB biomarkers 4 45 22 17 26 13 33 15 2 6 1 0 0 13 19 12 17 14
allochthonous biomarkers 3 9 2 0 2 17 6 26 61 41 99 7 52 87 71 38 29 21
813C (%0 PDB) of carbonate phases* -40.17 -4059 na. na na. na. na na na. na. -46.00 -44.13 na na. -4580 n.a. —42.53 na.
—40.22 —46.98 —43.99 —45.39 —41.26
5180 (%o PDB) of carbonate phases* 4.65 4.62 na. na. na. na. na na n.a. na. 477 4.62 na. na. 4.36 na. 4.08 na.
4.75 4.72 4.65 4.60 4.13

Unlike the whitish aragonite, the lucent aragonite samples3.2 Factor analysis

(n=6) contained only trace amounts of lipid biomarkers (Ta-

ble 1).n-Alkanes @-Cy3ton-Cgzy), n-fatty acids (-Cy4 ton- The two factors extracted accounted for 44.9% and 24.6% of

C1g), squalene, and sterols, specifically cholesterol and sitosthe total variance. The factor loadings plot revealed a com-

terol, dominate the patterns. In 2 out of 6 samples, PMI waspound group consisting of PMI, crocetane, DAGE lla, DAGE

detected, whereas phytanol asd2-hydroxyarchaeol were I, archaeol sn-2-hydroxyarchaeol, and phytanol, which has

observed in only one sample each. Archaeol was found irslightly negative loadings with factor 1 and highly positive

three samples, while crocetane and DAGEs were generalljoadings with factor 2 (Fig. 2). A second group of com-

below the detection limit in the lucent aragonite (Table 1).  pounds that loads positive with factor 1 and slightly negative

The gray micrite samples£4) were characterized by ar- with factor 2 includedz-alkanes n-fatty acids, and sterols.

chaeol as the main compound, although its absolute con©ne compound;-tricosanef-Cy3), plotted between the two

centrations were on average one order of magnitude lowecompound groups.

than in the whitish aragonite (Table 1). Notably-2-

hydroxyarchaeol was completely absent from the gray mi-3.3  Stable isotopes

crite, whereas smaller amounts of DAGEs, PMI, crocetane,

sterols,n-fatty acids, and trace amounts eofalkanes were  The stables3C-values of the whitish aragonite samples

evident. Average concentrations of sterols ari@tty acids range from —40.17 to —40.59%. PDB, whered80-values

were even higher in the gray micrite than in the whitish arag-yaried between 4.65%. PDB and 4.75%. PDB (Table 1).

onite, except fon-Cag, which was similarly abundantin both - sjightly lower §13C-values were measured for the lucent

phases. A specific trait of the gray micrite was the occurrenceyragonite samples (-43.99 to —46.98%. PDB). Thalues

of perylene, which was found in 3 of the 4 samples analyzedmeasured for stable oxygen isotopes range from 4.62 to
4.77%0 PDB. The gray micrite samples had an intermittent

Biogeosciences, 5, 731-738, 2008 www.hiogeosciences.net/5/731/2008/
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Factor 2

| archaeol
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i
0.8 | sn-2-hydrogyarchaeol 4 PAGE I
06
a phytanol

high

n-Cy,

1
n-Cyfax 4\
n-Co 4h-Crofa
n-Cy 4 n-Cy a4 &/
n-(;};simslerol

( a
cholesterol\a , NGz
n -C“Zfa

-04 -0,2 0,0 0.2 04 06 08 1,0 12
Factor 1

concentration

I

Fig. 2. Two-dimensional plot of compound factor loadings
showing two distinct groups of lipid biomarkers (marked by
gray ellipses) K-Cy=saturated n-alkane containingX car-
bon atoms, Cr=crocetane (2,6,11,15-tetramethylhexadecane) [
PMI=2,6,10,15,19-pentamethylicosane, Ar=archaeol (2,8-di-
phytanylsn-glycerol),  OH-Ar=sn-2-hydroxyarchaeol (29-3-
hydroxyphytanyl-30-phytanylsn-glycerol), DAGE If=1,2-diO-
12-methyltetradecy$n-glycerol, DAGE Ila=10-tetradecyl-20-
11,12-methylenehexadecsi-glycerol, (abbreviations according to
Pancost et al., 2001a); phytanol=3,7,11,15-tetramethylhexadecane
1-ol; cholesterol=cholest-&u-38-0l; sitosterol=24-ethylcholest-5- ‘
en-3p-0l; n-Cy fa=n-fatty acid containing{ carbon atoms).

low

for an enlarged image of area 3 see Fig. 1

Fig. 3. Cross-section of the sampled drill core with areas 1, 2,
and 3 (marked by black frames) analyzed by electron microprobe
and/or sampled for miniaturized biomarker analy4e$ Reflected
light image of thin section area 1 showing layer of gray micrite sur-
rounded by lucent aragonite and a pinkish variety of whitish arag-
onite. (b) Element map showing Fe distribution of area(t) El-

. . ement map showing Mg distribution of area (d) Element map
The electron microprobe data showed that the whitish aragshowing s distribution of area 1) Element map showing Ca dis-

onite was considerably enriched in Sr compared to the lu-ribution of area 1(f) Element map showing Sr distribution of area
cent aragonite (Fig. 3h). Both aragonite phases neverthet. (g) Reflected light image of thin section area 2 showing lucent
less revealed higher Sr concentrations than the gray micritend whitish aragoniteth) Element map showing Sr distribution of
(Fig. 3f). The Ca-signal was somewhat enhanced in the luarea 2.

cent aragonite compared to the whitish aragonite and the

gray micrite (Fig. 3e). Mn was not observed in any of the . . .
phases. Fe, Mg, and S were detected in the gray micriteblal consortia dominated by ANME-2 vs. ANME-1. Con-

but they were below detection limit in the aragonites. In thecentrat!ons :_)'f thesr(? cozmr[]:)odunds artre] hlggesr: n tlhe Wh't'Sh
gray micrite, distributions of Mg and Ca were anticorrelating aragonite. Here, then-2-hydroxyarchaeghrchaeol ratios

(Fig. 3c, e), S and Fe, on the other hand, spatially correlated®"9¢ f“’”_‘ 0.481o 2'1.3 (Table 1). On a'first view thig spread
(Fig. 3b, d). might be interpreted in terms of varying contributions of

ANME-1 vs. ANME-2 archaea, respectively, both of which
observed in sediments from Hydrate Ridge (Elvert et al.,
2005; Knittel et al., 2003). Althoughn-2-hydroxyarchaeol
has been found in the fossil record (Peckmann and Thiel,
2004; Birgel et al., 2008), a preferential diagenetic degra-
dation, or even conversion to archaeol by dehydroxylation of
As indicated by factor analyses (Fig. 2) the strong correla-the phytyl moiety may be anticipated. Therefore, the ratios
tion between the concentrations of PMI, crocetane, DAGEof sn-2-hydroxyarchaeghrchaeol of Hydrate Ridge material
lla, DAGE If, archaeol, andn-2-hydroxyarchaeol suggests must be interpreted with caution when comparing with data
that these AOM-related biomarkers originate from a closelyfrom recent microbial consortia. As the studied carbonates
associated biological source. Blumenberg et al. (2004) proare several ten thousand years old, the original abundance
posed high proportions ah-2-hydroxyarchaeol vs. archaeol of sn-2-hydroxyarchaeol may have been considerably higher
and the presence of crocetane, as traits to distinguish micrathan presently observed. Taking into account the prominent

stable carbon isotope signature (—41.26 to —45.80%. PDB)
whereas thé®0-values (4.08 to 4.60%. PDB) were slightly
lower than those of the aragonites.

3.4 Electron microprobe analyses

4 Discussion

4.1 Whitish aragonite
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occurrence of crocetane found exclusively in whitish arag-4.3 Gray micrite
onite samples (Table 1), we propose that ANME-2 archaea
were directly involved in forming this carbonate type. How- In the gray micrite, abundant Mg reflects a partly Mg-calcitic
ever, the involvement of ANME-1 archaea in the precip- mineralogy, corresponding to micrites described at another
itation of the whitish aragonite cannot be excluded from SE-Knoll location (Teichert et al., 2005). Furthermore, the
the present data, as no robust ANME-1 biomarkers such asimilarity of distributions of Fe and S in the gray micrite in-
GDGTs could be analyzed due to the small sample amountdicates likely pyrite occurrence in these carbonates (Fig. 3b,
used. d; see also Teichert et al., 2005). The gray micrite con-
High abundances of DAGEs with non-isoprenoid alkyl tained biomarker compounds from both compound clusters
moieties have been assigned to the SRB present in thesvealed by factor analysis (Fig. 2). The presence of PMI, ar-
methanotrophic consortia (Pancost et al., 2001) due to theichaeol, and DAGES, together with the conspicuous absence
structural similarity to ether lipids of some deeply branch- of sn-2-hydroxyarchaeol and the very low amounts of cro-
ing bacteria. Here, we follow this commonly accepted in- cetane, suggests that ANME-1 archaea rather than ANME-
terpretation. However, it should be pointed out that no ter-2 archaea are involved in the formation of the gray mi-
minally branched fatty acids that would further support the crite. As ANME-1 archaea were found to oxidize methane at
bacterial origin of DAGEs were detected within the samples.lower rates than ANME-2 archaea in laboratory experiments
Corresponding findings were reported by Elvert et al. (2005),(Nauhaus et al., 2005), this might indicate low background
who observed high abundances of these DAGESs in sectionmethane supply during the precipitation of the gray micrite.
of a Hydrate Ridge sediment core where ANME-1 domi- On the other hand, factor analysis suggests that long-chain
nated while the numbers of SRB-cells were markedly low.n-alkanes, conventional sterols (sitosterol, cholesterol), and
Consequently, these authors challenged the bacterial origin-fatty acids represent water-column-sourced contributions
of DAGEs. Although the exact source organisms in theserather than AOM-derived compounds. In this context, it is
systems are as yet unclear, the high abundances of DAGHsteresting that the intermediate positionssfricosane be-
in the whitish aragonite and the strong correlation with ar-tween the two compound clusters (Fig. 2) corresponds with a
chaeal isoprenoid biomarkers clearly imply an origin from dual, partly AOM-related, origin of this hydrocarbon (Thiel
within the consortia involved in AOM. et al., 2001). Perylene, which is thought to originate from
The stable carbon isotope signature WifiC-values as  both terrestrial and aquatic organic matter during diagene-
low as —40.59%. PDB is well within the range for methane- sis (Silliman et al., 2000), is presumably derived from al-
derived carbonates (e.g. Ritger et al., 1987) and correspondschthonous sources. The stable carbon isotope signature
to results from other SE-Knoll carbonates (Teichert et al.,with values as low as —45.80%. PDB clearly characterizes
2005). Combined with the high, AOM-specific biomarker the carbonates of the gray micrite as methane-derived. The
content, the stable carbon isotope signature suggests thabmbined findings are interpreted to reflect incorporation of
the whitish aragonite likely originated from bicarbonate pro- allochthonous organic and inorganic matter during AOM-
duced by AOM in periods of high methane-rich fluid supply. induced carbonate precipitation resulting in the formation of
the gray micrite. This supports the assumption of Teichert et
4.2 Lucent aragonite al. (2005) that the gray micrite formed from cementation of

o . o pelagic particles by methane-derived carbonates in periods
The traces of lipid biomarkers in the lucent aragonite did not episodic cessation of methane seepage.

show any specific pattern (Fig. 1). Considering (i) the low

sample amounts used, (ii) the low compound concentrations,

and (iii) the absence of a characteristic biomarker patterng  ~onclusions
contamination from the other carbonate phases during sam-

ple preparation is a conceivable source for the lipids observegompining miniaturized lipid biomarker analysis, stable car-
in th_e lucent aragonite samples. Thu§, it seems unlikely thag,, isotope analysis, and electron microprobe analysis al-
particular AOM-related (and other) microorganisms are spajqyeq ys to resolve biosignatures of a complex microbialite
tially associated with the precipitation of the lucent arago- 5 the mm-scale and further facilitated the development of a
nite, as propo;ed for the whitish aragonite. Nevertheless, the, ,4el for the origin of distinct carbonate phases. The re-
stable carbon isotope values as low as —46.98%. PDB suggesy,its showed a highly localized distribution of lipid biomark-
that AOM is still the main bicarbonate source for the lucent (g \ithin the Hydrate Ridge carbonates. More than 90%
aragonite. Taking into account the low biomarker concentra- the AOM-related lipid signature was concentrated in only
tions, we propose that bicarbonate was not produced in situ, 6t 2094 of the total carbonate rock volume, specifically in
but rather was diffusing in from nearby AOM-consortia and g \yhitish aragonite phase. The biomarker and inorganic pat-
thus led to the precipitation of the lucent aragonite. terns of the whitish aragonite were highly specific and indi-
cated an association with methanotrophic consortia contain-
ing mainly ANME-2 archaea and sulfate-reducing bacteria.
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