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Abstract-We propose that organic compounds found in a Miocene limestone from Marmorito (Northem
Italy) are source markers for organic matter present in aneient methane vent systems (cold seeps). The
limestone contains high concentrations of the tail-to-taillinked, acyclic C 20 isoprenoid 2,6,11,15-tetramethylhexadecane (crocetane), a C25 homolog 2,6,10,15,19-pentamethylicosane (PME), and a distinctive glycerol
ether lipid containing 3,7,1l,15-tetramethylhexadecyl (phytanyl-) moieties. The chemical structures of these
biomarkers indicate a common origin from archaea. Their extreme1y l3C-depleted isotope compositions
(8 13C "'" -108 to -115.6%0 PDB) suggest that the respective archaea have directly or indirectly introduced
isotopically depleted, methane-derived carbon into their biomass. We postulate that a second major cluster of
biomarkers showing heavier isotope values (8 l3 C "'" -88%0) is derived from sulfate-redueing bacteria (SRB).
The observed biomarkers sustain the idea that methanogenic bacteria, in a syntrophic community with SRB,
are responsible for the anaerobic oxidation of methane in marine sediments. Marmorito may thus represent a
conceivable aneient scenario for methane consumption performed by a defined, two-membered bacterial
consortium: (1) archaea that perform reversed methanogenesis by oxidizing methane and produeing CO 2 and
H2; and (2) SRB that consume the resulting H 2. Furthermore, the respective organic molecules are, unlike
other compounds, tightly bound to the crystalline carbonate phase. The Marmorito carbonates can thus be
regarded as "cold seep microbialites" rather than mere "authigenic" carbonates. Copyright © 1999 Elsevier
Science Ltd
1. INTRODUCTION

marine system (La Rock et al., 1994). It was suggested that
methane may serve as a primary nutrient source for these
organisms. Benthic communities of bacteria include methanotrophic bacteria as weIl as different types of sulfate reducers
and sulfide oxidizers, such as the mat-forrning filamentous
bacterium Beggiatoa (Sassen et al., 1993; 1994).
Hydrocarbon seeps are often accompanied by massive carbonate deposits that may considerably alter sea floor topography. Sulfate reduction, coupled with anaerobic oxidation of
methane, results in an increase in alkalinity and has been
suggested as a driving process for the precipitation of carbonate at these sites. Seep-associated carbonates typically
show extremely depleted carbon isotope compositions
(813Ccarbonate values as low as -66.7%0; Ritger et al., 1987).
Low 8l3Ccarbonate values are due to microbial oxidation of
thermogenic ( 8 l3 C - - 50%0) ~nd biogenic ( - 60 to
-110%0) methane and the preci~itation of the resultant CO 2
(Whiticar et al., 1986; Suess and Whiticar, 1989).
Although cold seep environments and their particular biocommunities have attracted increasing attention during the last
decade, little is known about the composition of the resulting
biogenic sediments and their contributing organic carbon
sources. After their discovery in contemporary settings, different fossil limes tones ranging from Carboniferous to Holocene
have been interpreted as methane-derived carbonates
(Beauchamp et al., 1989; Jl'lrgensen, 1989; von Bitter et al.,
1990; Gaillard et al. , 1992; Terzi et al., 1994; Kelly et al.,
1995). These interpretations are mainly based on 8l3Ccarbonate
values, sometimes supported by the content of preserved fossil
assemblages including lucinid and vesicomyid clams, or modiolid musseis, and vestimentiferan worm tubes (Campbell et

Crude oil and gas seepage is a common phenomenon at
locations where vertical migration of hydrocarbons occurs from
reservoir rocks to surface sediments. Unlike the "hot smokers"
known from deep sea spreading centers, the hydrocarbondominated "cold seeps" and vents occur at convergent plate
boundaries as weIl as at passive continental margins (Paull et
al., 1984; Kulm et al., 1986; Dando et al., 1991). WeIl studied
contemporary examples are known from the Oregon subduction zone, the Florida escarpment, the Gulf of Mexico continental slope offshore Louisiana, and the North Sea (e.g., Kulm
et al., 1986; Roberts et al., 1993; Sassen et al., 1993).
The accumulation of hydrocarbons in near-surface sediments
results in an unusual geochemical environment that strongly
affects the biocommunities observed in such habitats. Hydrocarbon seeps and vents create settings that are dominated by
chemosynthetic communities based on the bacterial oxidation
of methane or reduced sulphur compounds. Characteristic
metazoans assoeiated with cold seeps are tube worms and
bivalves (Paull et al., 1984; Kennicutt et al., 1985; Cavanaugh
et al. , 1987). These animals typically harbor endosymbiotic
sulfide oxidizers or methanotrophic bacteria, which supply their
hosts with energy and nutrients by oxidizing reduced sulphur
speeies or methane. Cold-seep settings can be regarded as
localized, highly productive environments. For example, the
bacterioplankton growth rate at the Louisiana hydrocarbon
seeps has been reported to be more rapid than in any other
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al., 1993, Terzi et al., 1994). The distinct ecological features
observed in present-day settings prompted us to study the
organic compounds included in their proposed ancient counterparts. We analyzed the lipid composition of a fossil limestone, which is thought to originate from a former cold seep
environment. Special emphasis was placed on a search for
distinctive molecular markers for signifying the former activity
of chemosynthetic communities and thus, ancient hydrocarbon
venting.
2. MATERIALS AND METHODS
Blocks of the so-called "calcari a Lucina" are widespread throughout
the Tertiary sediments of the Apennines (Ricci Lucchi and Vai, 1994).
These limes tones are interbedded with turbidites and hemipelagites
deposited in foredeep basins from the Early to Late Miocene (Terzi et
al., 1994). Carbonate precipitation occurred in bathyal depths supposedly deeper than 200 m (Aharon and Sen Gupta 1994). A re-interpretation of the "calcari a Lucina" as cold seep deposits was established on
limes tone lenses near the village of Marmorito in the Monferrato hills,
east of Torino (Clari et al., 1988; 1994). These authors reported
/ll3Ccarbon.te values ranging from -24.7 to -40.5%0 PDB . This was
confirmed by our own measurements, which revealed a /ll3Ccarbon.te of
-29.5%0 (mean of five sampies) for the material discussed here.
2.1. Sampie Preparation
A large limestone block packed with the remains of tube worms was
sampled from an outcrop east of Marmorito. Material for analyses was
taken from the center of the block, crushed to small pieces, and
carefully cleaned by repeated washing with dilute HCI and acetone.
Doubly distilled water (200 ml) was added to a 500-g subsampie. The
carbonate pieces were slowly dissolved using dilute HCl. To avoid
transesterification resulting from excess acidification, the addition of
HCI was stopped when ca. 80% of the carbonate had been dissolved.
The remaining pieces were removed, and the acid-insoluble residue
(6.0%wt of the total rock) was separated by centrifugation. After washing with doubly distilled water, the sampie was dried and saponified in
6% KOH in CH 30H, the supernatant was decanted, and the residue
further extracted by ultrasonication in CH2CliCH30H (3 : I; v/v) until
the solvent became colorless. Subsequently, the combined supernatants
were extracted with CH 2Cl2 vs. water (PH2). The organic components
of the CH2Cl2 phase were fractionated by column chromatography
(i.d.: 15 mm, length: 35 mm; Merck silica gel 60, 70- 230 mesh
ASTM). A "total hydrocarbon" fraction (6.0 /J-g/gtot.1 rocJ was eluted
with 2 column volumes (16 ml) of n-hexane and an alcohollketone
fraction (4.0 /J-g/gtot.1 rock) with 3 column volumes (24 ml) of CH2 Cl 2 .
The alcohollketone fraction was treated with acetic acid anhydride and
an equal volume of pyridine (14 h, RT) to convert the alcohols to the
respective acetates. The hydrocarbons and alcoholslketones were analyzed by gas chromatography (GC), combined gas chromatographymass spectrometry (GC-MS), and combined gas chromatographycombustion-isotope ratio mass spectrometry (GC-C-IRMS).
Component identification was based on comparison of the mass spectra
and of GC retention times with those of published data and of reference
compounds. 5a(H)-cholestane was used as an internal standard for
quantification.
2.2. Free vs. Total Hydrocarbons
A second subsampie was ground to a powder and directly extracted
with CH 2CliMeOH (3: I; v/v) to yield biomarkers extractable without
previous decaicification. Hydrocarbons were obtained from this extract
by column chromatography with n-hexane as elution agent. The
amounts, isotopic compositions, and the relative distribution of these
"free" hydrocarbons were compared with those obtained from the total
rock using the procedure described above. This comparison was made
to differentiate those compounds tightly bound to the crystalline phase,
i.e., to distinguish between free (intercrystalline) and matrix-bound
(intracrystalline) organic compounds (Section 3.4.). Note that these
terms do not refer to chemical bonding.

2.3. GC, GC-MS, GC-C-IRMS
GC analyses were performed using a 30 m fused silica capillary
column (DB5, 0.32 mm i.d., 0.25 /J-m film thickness and a flame
ionisation detector. Carrier gas: H2 • Temperature program: 3 min 80°C;
80°C to 310°C at 4°C/min; 30 min. 310°C
The GC-MS system was a Finnigan MAT CH7A spectrometer
interfaced to agas chromatograph equipped with a 50-rn fused silica
capillary column (DB5-HT, 0.32 mm i.d., 0.25-/J-m film thickness).
Carrier gas: He. Temperature program: 5 min 80°C; 80°C to 310°C at
4°C/min; 20 min. 310°C.
GC-C-IRMS was performed on a Finnigan MAT 252 instrument
controlled by ISODAT software. The isotope ratios reported for individual compounds are the mean of five (hydrocarbons) and three
(alcohols) runs. They are given as Il-values (/l l3 C [%0], relative to the
Pee Dee Belemnite standard, PDB). SD (0') were less than ± 1%0 for all
compounds unless stated otherwise.

2.4. GC Elution Behavior of Crocetane
Several stationary phases were tested for their ability to resolve
phytane and crocetane under different conditions. Mixtures of synthetic
crocetane and phytane were prepared and examined on HP-I, DB5-HT,
OV-lOI, and CpSil 2 CB (squalane) columns. With each column,
analyses were run under varying starting temperatures, heating gradients, isothermal conditions, and carrier gas (H2 ) pressures.
In general, elution of the phytane/crocetane mixture later than noctadecane was observed for a11 columns tested. Neither DB5-HT
(60 m, 0.32 mm i.d., 0.25 /J-m film thickness), HP-I (50 m, 0.32 mm,
0.17 /J-m,) nor the more fluid OV-lOl (50 m, 0.25 mm, 0.23 /J-m)
methylsilicone phases achieved resolution of both compounds. Slightly
better results were obtained with a combination of the OV-lOl and
HP-I columns (100 m in total). Using this assemblage, a partial
separation of R = 0.7 was observed when the test mixture was analyzed
isothermallyat 180°C and 0.8 kg/cm2 carrier gas pressure. Under these
conditions, the retention index of crocetane and phytane, deterrnined by
coinjection with n-octadecane and n-nonadecane, was found to be 1812
and 1814, respectively.
The use of a 25 m CpSil 2CB (squalane) column resulted in a
maximum resolution of R = 0.5, when the test mixture was examined
isothermally at 170°C and 0.7 kg/cm2 carrier gas pressure. Considering
the comparatively short length of this column, we suggest that better
separation may occur when a squalane-bonded phase in a column of
greater length is used.
These results differ from areport by Robson and Rowland (1993),
who observed separation of phytane and crocetane on a OV-I column.
These authors reported a retention index of 1792 for crocetane and thus
elution earlier than n-octadecane.

3. RESUL TS AND DlSCUSSION

3.1. Hydrocarbons
Three prominent compounds dorrunated the hydrocarbons of
the Marmorito carbonate. They were. identified as the "irregular" tail-to-lail linked acyclic C20 isoprenoid 2,6,11,15-tetramethylhexadecane (crocetane), a C 2S -counterpart 2,6,10,15,19pentamethylicosane (PME*), and the pentacyclic triterpenoid
hop-17(21)-ene. Gas chromatograms ofthe "free" and "carbonate-bound" hydrocarbons are given in Fig. 1.

*Note that, according to IUPAC nomenclature, a C20 alkane is called
"icosane" and hence "PMI" would be the correct acronym. However,
the compound has commonly been referred to as 2,6,1O,15,19-pentamethyleicosane (PME) heretofore. For the reason of compatibility, we
further use the abbrevation "PME" (e.g., Schouten et al., 1997).
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Fig. I. Gas chromatograms of the hydrocarbon fractions extracted from the total sediment ("ffee") and from the residual
matter after decalcification ("total"). • = n-aIkanes (selected carbon numbers denoted); S, 2,6,lO,15,19,23-hexamethyltetracosane (squalane). Peak heights of crocetane and PME in the "free" fraction are cut at 75%; the peak of PME in the
Ge trace of the "total" fraction is cut at 50% peak height.

3.1.1. Crocetane and PME
An intriguing feature of the sampie from Marmorito is the
occurrence of crocetane as a major component of the hydrocarbon fraction. GC-C-IRMS measurements revealed a a13c of
-115.6%0 (Table 1). This appears to be among the lowest a13c
values ever measured in a biomarker.
Because the occurrence of crocetane in ancient sampies has
only been reported once (McCarthy, 1967; cited from Bian,
1994), particular care was taken to ensure the correct assignment of this unusual compound. Synthetic crocetane was used
to aid identification by GC-MS. The presence of crocetane was
further confirrned by coinjection with the authentie reference
compound on DB5-HT and HP-l GC columns and coelution
experiments. Difficulties in the GC and GC-MS based identification arise from its similar chromatographie behavior compared to the widespread head-to-tail linked isoprenoid
2,6,10,14-tetramethylhexadecane (phytane). Coelution may

mimic the presence of crocetane or mislead to its identification
as phytane (see also Section 2.4.). Nevertheless, the mass
spectrum of crocetane (Robson and Rowland, 1993) shows
specific characteristics that allo~ its recognition at least in
sampies of high abundance relati've to phytane.
A second prominent acyc1ic isqprenoid hydrocarbon was
identified as 2,6,10,15,19-pentamethylicosane (PME). Isotopie
analysis revealed a a13 c of -112.2%0, a value e10se to that
obtained for crocetane (-115.6%0).
In biogeochemistry and oil exploration geochemistry,
C20 -C40 acyclic isoprenoids belong to the most widely used
biomarkers for archaeabacteria, in partieular methanogens
(Brassell et al., 1981 ; Hahn, 1982; Volkman et al., 1986;
Wakeham, 1990; Grice et al., 1998). PME previously has been
identified in various recent and ancient sediments as well as in
the lipid fractions of methanogenic and thermoacidophilic archaea (Tomabene et al., 1979; Holzer et al. , 1979; Risatti et al.,
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Table 1. Isotopic composition of selected biomarkers (8 13C [%0] vs.
PDB).

Compound

Free

Total

Hydrocarbons
n-C' 8
Crocetane
PME
n-C 26
n-C 29
Hop-17(21)-ene

n.a.
-108.3
-105.5
-30.3
-30.4
n.a.

-44.2
-115.6
-112.2
-32.0
-38.4
-83.2

Alcohols
Anteiso-C'5
n-C'6
1O-Methyl-C'6
Phytanol
n-C' 8
n-C 26
Ether lipid*

ate is depleted isotopically (a 13C = -83.2%0) but differs from
that of crocetane and PME by approximately 30%0. Apparently,
a major portion, if not all, of the hop-17(21)-ene is derived
from a bacterial source different to the acyelic isoprenoids .
However, the origin of this compound is yet unelear. Because
it has not been reported from anaerobic bacteria, ineluding
sulfate-reducing bacteria (SRB), a likely source of the hop17(21)-ene may be methanotrophic bacteria, many of which are
known to produce significant amounts of the likely precursor
molecule hop-22(29)-ene (diploptene; Rohmer et al., 1984).
3.2. Alcohols

n.a.
n.a.
n.a.
n .a.
n.a.
n.a.
n.a.

-88.3
-87.6
-87.8
-108.5
-66.8
-51.3
-108.2

Standard deviations (a") are below ± 1%0 for all compounds except
n-octadecanol (±6.5%0), and n-hexacosanol (±2.8%0); 'free' = compounds extractable from the untreated rock; ' total' = compounds
obtained from the total rock after carbonate dissolution; n.a. = not
analysed. *: 'Ether lipid' refers to the compound tentatively assigned as
1-O-hexadecyl-2-0-phytanylglycerol.

1984; Schouten et al., 1997). The prominent abundance ofPME
may therefore point to a pronounced activity of methanogens
associated with the particular setting discussed. On the other
hand, for the structurally related C2o -homolog, crocetane, no
discrete source organism is yet known. A remarkable 13C
depletion was measured for a mixture of phytane and crocetane
from modern sediments of the Kattegat (Bian, 1994). ß 13C
values down to -78 .2%0 for the mixture, giving a calculated
al3c of -104%0 for crocetane, prompted this author to suggest
that crocetane arose from the lipids of methanotrophic bacteria.
These organisms use thermogenic and/or biogenic methane,
which is the only known natural carbon source showing such a
prominent 13C depletion. For the Marmorito material, the
nearly identical isotopic compositions of crocetane and PME
indicate a common origin for both. The exceptional 13C depletion is likewise consistent with a biosynthesis that directly or
indirectly involves isotopically light, most likely biogenic,
methane as a carbon source for lipid synthesis.
3.1.2. Hop-I7(21)-ene

The most abundant cyelic hydrocarbon by far present in the
Marmorito limestone was hop-17(21)-ene. Other C27 to C 30
hopanoids such as neohop-13(18)-ene and several saturated
homologs, were observed in minor or trace amounts. Homologs
with carbon numbers > C30 accounted for < 1% of the hopanoid fraction. This restricted carbon number distribution
suggests formation from a common C30 precursor. Indeed,
hop-17(21)-ene and neohop-13(18)-ene have been shown to
originate from the diagenetic rearrangement of hop-22(29)-ene
(diploptene), a "primitive" C 30 triterpenoid that usually cooccurs with the hopanepolyols in prokaryotic lipids (Rohmer et
al., 1984; Ageta et al., 1987, Farrimond and Telnaes, 1996;
Moldowan et al., 1991). The hop-17(21)-ene from the carbon-

The a1cohol/k:etone fraction obtained shows a fairly simple
pattern with high amounts of 3,7,11, 15-tetramethylhexadecan1-01 (phytanol) and a distinctive glycerol ether lipid compound
containing isoprenoid (phytanyl-) moieties (Fig. 2). The structure of the latter was tentatively assigned by GC-MS (Fig. 3).
The electron impact mass spectrum, containing a strong mJz
383 fragment ion, elearly indicates a glycerol ether structure
with an O-phytanyl substituent at C-2 (Schaeffer, 1993).
GC-MS analysis with low ionization energy (33eV) resulted in
the detection of a proposed molecular ion at mJz 638, suggesting a C l6-substituent ether bound at C-l.
GC-C-IRMS measurements revealed highly depleted, practically identical isotope ratios, for both the ether lipid and
phytanol (a 13C - -108%0; Table 1). Both compounds have
similar isotopically depleted values to crocetane (-115.6%0)
and PME (-112 .2%0), suggesting a common biological origin
for all these compounds. Archaea are the only known sources
of ether-bound isoprenoids linked to glycerol (Michaelis and
Albrecht, 1979; Chappe et al., 1982; Langworthy, 1985). The
observation of the glycerol ether thus also sustains an origin for
the extremely isotopically light isoprenoids from archaea.
Other a1cohols observed ineluded iso- and anteiso-pentadecan-l-01 (w2 and w3 , respectively), n-hexadecan-l-ol, and 10methylhexadecan-l-ol. The compounds show al3 c values
elose to -88%0 (Table 1). They differ from the values found for
the acyelic isoprenoids, for hop-17(21)-ene and for other compounds of supposedly allochthonous or mixed origin. Information on the biomarker significance of sedirnentary iso- and
anteiso- and mid-chain branched a1cohols is scarce. Nevertheless, iso- and anteiso-branched carbon chains are widespread
building blocks within the lipids of bacteria (for a review, see
Kaneda, 1991) but seern to be absent horn cyanobacteria (e.g.,
Cohen and Vonshak, 1991). Terminally branched fatty acids
are found ubiquitously in modern ~nd fossil sediments and are
weil accepted as molecular markers for bacterially derived
organic matter. They are particularly prevalent in SRB, like the
common Desulfovibrio (Boon et al., 1977; Edlund et al., 1985).
Individual mid-chain branched fatty acids have likewise been
observed in several pure cultured prokaryotes. Within common
aquatic bacteria, a prominent occurrence of a hexadecyl chain
with C-lO methyl branching is lO-methylhexadecanoic acid in
Desulfobacter sp. (Dowling et al., 1986). Although not exelusively found in SRB , this compound has been used as a marker
for organic matter contributions from these bacteria (e.g. , Rajendran et al., 1993). We thus suggest an origin of the C IS -C 17
a1cohols found from SRB that may have co-existed with archaea at the ancient seep site.
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Fig. 2. Gas chromatogram of the alcohol fraction (acetates) extracted from the total rock after decalcification. Numbers
denote n-alkan-I-ols of the respective carbon chain length; 10-16 = IO-methylhexadecan-l-ol; ilai-15-iso- and anteisopentadecan-l-ol, respectively; IS-internal standard (5a(H)-cholestane). *"Ether lipid" refers to the compound tentatively
assigned as 1-O-hexadecyl-2-0-phytanylglycerol.

3.3. Implications for Biogeochemical Processes
At first glance, the isoprenoids from the Marmorito Miocene
limestone exhibit a paradox. They reveal evidence for both
archaeal methanogenesis (compound structures) and methanotrophy (environment, isotope ratios). However, it has long been
argued that there may be a direct link between methane formation and anaerobic methane oxidation (e.g., Zehnder and Brock,
1980). Recent investigations sustain the idea that certain archaea are able to reverse methanogenesis, although the mechanisms and controls are not yet fully understood. Radiotracer
experiments in the laboratory have shown that methanogens

re-oxidize a small portion of the dissimilated methane back to
CO2 (Zehnder and Brock, 1979; Harder, 1997). Yet, rates of up
to 900 ppm 14C02 formed within 9 days from a 14CH4 substrate
(Harder, 1997) would not be expected to account for a significant methane consumption in the natural environment.
However, in sediments, efficient net anaerobic methane oxidation is typically observed at the base of the sulfate reduction
zone. This process is apparently coupled to sulfate reduction
(Martens and Klump, 1980; Reeburgh, 1980), although SRB
themselves do not appear to use methane as a substrate (Harder,
1997). Based on field and laboratory studies, a model has been
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Fig. 3. Mass spectrum (33eV) , tentative structure, and fragmentation pattern of the ether lipid present in the Marmorito
carbonate. The mass spectrum is consistent with 1-O-hexadecyl-2-0-phytanylglycerol (3-acetate derivative). Scan range
rnIz 70 to 700.
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developed in which CH4 is first converted to CO2 and H 2 by
archaea (Hoehler et al., 1994):

Table 2. CaIculated percentages of individual hydrocarbons in 'free'
(intercrystalline) and 'matrix' bound (intracrystalline) state (see 2.2.).
[%]

Conditions for this reaction should be favorable in an environment where excess methane is supplied (i.e., at a cold seep)
and where CO 2 and H 2 are permanently removed from the
system. Whereas CO 2 is precipitated as carbonate, low H 2
partial pressures are maintained by SRB (e.g., Alperin and
Reeburgh, 1985; Hoehler et al., 1994; Blair and Aller, 1995):

It should be stressed that the hypothesis of such a syntrophic
archaealsulfate reducer consortium has not been proven
through the isolation and identification of the respective microorganisms. At present, it cannot even be precIuded that a single,
yet unknown, bacterium may perform both methane oxidation
and sulfate reduction (see Harder, 1997). However, our results
from an ancient, ca. 20 my old sediment indicate the presence
of a discrete microbial community which controlled the biochemical processes during the formation of the carbonate deposit. The biomarkers found exactly match the idea of a syntrophic methanogen/sulfate reducer consortium being
responsible for anaerobic methane consumption. Hence, we
consider Marmorito as a conceivable ancient counterpart for
the process proposed to occur in recent ecosystems.
It is tempting to take the isotope values from the Marmorito
isoprenoids as an indication for a direct transfer of methane
carbon into cellular biomass by certain archaea. However, it
should be noted that a severe 13C depletion may also result
from fractionation effects during uptake of other substrates like
acetate or methylamine by archaea. Arecent investigation on
fractionation effects during the growth of methylotrophic methanogens revealed an isotope effect (E) of E= 79 .9%0 for the
transformation of trimethylarnine carbon into phytanyl ether
moieties in laboratory cultures of Methanococcoides burtonii
(Summons et al., 1998). Although these extreme values were
observed for nonlimiting substrate conditions that are not likely
to occur in the natural environment, the concIusion of a direct
archaeal utilization of methane as a carbon source should be
drawn with caution. Similarly, the exact nature of the material
utilized by the associated SRB is as yet uncIear. The aI3 c range
of supposedly SRB-derived biomarkers suggests that these
organisms thrived on a different, but still isotopically depleted,
type of organic carbon. Isotopically light organic matter, Iike
low molecular weight hydrocarbons, could be supplied with
seepage fluids, but may also originate from the broad range of
organisms typically present in such environments (e.g. aerobic
methanotrophs).

3.4. "Free" vs. "Carbonate-Bound" Hydrocarbons
Remarkable differences in the relative distributions of individual hydrocarbons can be seen from the comparison of "free"
vs. "total" hydrocarbons (Fig. 1; Table 2). High molecular
weight n-alkanes are easily extracted from the undissolved,
powdered rock. In contrast, < 15% of the total, free, and total
extractable crocetane, PME, and hop-17 (21 )-ene were obtained
from the initial, powdered rock extract. These compounds were

Compound

Free

Matrix

n-C J8
Crocetane
PME
n-C 26
n-C 29
Hop-17(21)-ene
n-C 32

39
14
13
69
67
8
. 76

61
86
87
31
33
92
24

preferentially released after carbonate dissolution (> 85%). Obviously, crocetane, PME, and hop-17(21)-ene show a particularly tight association with the carbonate rock, most likely as a
result of an intracrystalline preservation within the mineral
matrix. Apparently, their microbial source organisms have been
directly associated with the loci of carbonate precipitation.
Two main processes are suggested to cause such a microbially driven formation of carbonate rocks: (1) The precipitation
of CO 2 derived from microbial methane oxidation and (2) the
presence of organic matrices that attract Ca2 + ions from the
surrounding sea water and trigger the nucIeation of CaC0 3
(Mitterer and Cunningham, 1985; Addadi and Weiner 1989).
The latter process is proposed to support the growth of rnicrobialitic carbonates in a variety of aquatic environments, where
bacterial biofilms provide Ca2 + -binding organic macromolecules and increased alkalinity prevails (e.g., due to sulfate
reduction; Reitner, 1993). We propose that such conditions
characterized the former Marmorito environment and could
weil account for the observations made for the sampies studied.
We therefore suggest that a more precise characterization of
such carbonates is cold seep "microbialites" rather than mere
"authigenic" limestones.
4. CONCLUSIONS

1. The prominent occurrence of the "irregular," tail-to-tail
linked acyclic C 20 isoprenoid 2,6, 11, 15-tetramethylhexadecane
(crocetane) is reported from a geological sampie. Crocetane is
accompanied by the tail-to-tail linked C 25 isoprenoid
2,6,1O,15,19-pentamethylicosane (PME) and a discrete glycerol ether lipid containing a phytanyC moiety.
2. Their similar, extremely low 1) 13C values and their chemical structures indicate a common 9rigin of these biomolecules
from archaea. Apparently, these archaea were able to directly
or indirectly utilize methane-derived 6arbon for lipid synthesis.
The co-occurrence of these compounds may represent a diagnostic pattern for ancient environments of anaerobic methane
consumption.
3. The fossil biomarker and isotope inventories support the
theory that methanogenic bacteria in a syntrophic community
with SRB are responsible for the oxidation of methane in
anaerobic habitats. The biomarker pattern from Marmorito is
consistent with a defined bacterial consortium of archaea able
to reverse methanogenesis and SRB that oxidize the resulting
hydrogen and maintain low H 2 partial press ures favorable for
this reaction.

Isotopically depleted isoprenoids

4. A more pronounced association with the carbonate matrix
was observed for crocetane, PME, and hop-17(21)-ene than for
other members of the hydrocarbon fraction. This implies a
constructive role of their source bacteria in carbonate formation
and characterizes the Marmorito carbonates as cold seep "microbialites."
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