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Abstract

The carbon geochemistry of serpentinized peridotites and gabbroic rocks recovered at the Lost City Hydrothermal Field
(LCHF) and drilled at IODP Hole 1309D at the central dome of the Atlantis Massif (Mid-Atlantic Ridge, 30°N) was exam-
ined to characterize carbon sources and speciation in oceanic basement rocks affected by long-lived hydrothermal alteration.
Our study presents new data on the geochemistry of organic carbon in the oceanic lithosphere and provides constraints on the
fate of dissolved organic carbon in seawater during serpentinization. The basement rocks of the Atlantis Massif are charac-
terized by total carbon (TC) contents of 59 ppm to 1.6 wt% and 813Crc values ranging from —28.7%, to +2.3%,. In contrast,
total organic carbon (TOC) concentrations and isotopic compositions are relatively constant (8'*Croc: —28.9%, to —21.5%,)
and variations in 8'*Crc reflect mixing of organic carbon with carbonates of marine origin. Saturated hydrocarbons extracted
from serpentinites beneath the LCHF consist of n-alkanes ranging from C;s to C;y. Longer-chain hydrocarbons (up to Cyg)
are observed in olivine-rich samples from the central dome (IODP Hole 1309D). Occurrences of isoprenoids (pristane, phy-
tane and squalane), polycyclic compounds (hopanes and steranes) and higher relative abundances of n-C ¢ to n-Cy alkanes in
the serpentinites of the southern wall suggest a marine organic input. The vent fluids are characterized by high concentrations
of methane and hydrogen, with a putative abiotic origin of hydrocarbons; however, evidence for an inorganic source of n-
alkanes in the basement rocks remains equivocal. We propose that high seawater fluxes in the southern part of the Atlantis
Massif likely favor the transport and incorporation of marine dissolved organic carbon and overprints possible abiotic geo-
chemical signatures. The presence of pristane, phytane and squalane biomarkers in olivine-rich samples associated with local
faults at the central dome implies fracture-controlled seawater circulation deep into the gabbroic core of the massif. Thus, our
study indicates that hydrocarbons account for an important proportion of the total carbon stored in the Atlantis Massif base-
ment and suggests that serpentinites may represent an important—as yet unidentified—reservoir for dissolved organic carbon
(DOC) from seawater.
© 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Carbon is one of the most important elements and oc-
curs in varying concentrations in the main reservoirs of
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sition reflect the dominant physical, chemical and/or bio-
logical processes in the system. In ridge environments,
hydrothermal circulation of seawater through the oceanic
crust and exposed mantle plays an integral part in the ex-
change of carbon between the lithosphere, the hydrosphere
and the biosphere and has important consequences for glo-
bal bio-geochemical cycles (Fig. 1).

Carbon in mantle rocks occurs predominantly as CO,
CO,, and CHy in fluid inclusions or as solid phases in the
form of graphite, carbonate, and organic compounds
(Fig. 1). Mantle rocks show a bimodal distribution of car-
bon isotope compositions with the majority clustering
around —59, and a minor component between —229,
and —269, (Pineau and Javoy, 1983; Mathez, 1987; Deines,
2002; see Table 3 in Kelley and Frith-Green, 1999). The
oceans contain two main pools of carbon: dissolved inor-
ganic carbon (DIC) mainly present as bicarbonate
(HCO, ™) with a §"*C of ~0%, (Zeebe and Wolf-Galdrow,
2001); and organic carbon consisting of dissolved organic
carbon (DOC; <0.45 ym diameter) with 8'C in the range
of —18%, to —23%, (Druffel et al., 1992) and particulate or-
ganic carbon (POC; >0.45 pm diameter) with 8'>C varying
between —209%, and —309%, (Des Marais, 2001). Fluid circu-
lation and alteration of the oceanic crust is accompanied by
an uptake of carbon and by precipitation of carbonate veins
whose abundance is proportional to the age of the crust
(Hart et al., 1994; Alt and Teagle, 1999).

Volatiles are crucial elements that link geodynamic, geo-
logic, and geo-biological processes on Earth. Degassing of
volatiles is responsible for the formation of the early oceans
and atmosphere (Kasting et al., 1993; Holland, 2002) and
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influences the geochemical, deformational, and eruptive his-
tory of volcanoes. CO,, H,, CHy, H,S, and He are also key
tracers to detect seafloor eruptive events and hydrothermal
activity on the seafloor (e.g., Lilley et al., 1993; Fornari and
Embley, 1995; Lupton, 1995; German and Von Damm,
2003 and references therein; Kelley et al., 2004). In addi-
tion, numerous studies have shown that the migration of
volatiles through the oceanic crust plays a critical role in
sustaining microbial communities in subsurface and near-
vent environments (e.g., Deming and Baross, 1993; Baross
and Deming, 1995; Fisher, 1995; Karl, 1995; Delaney
et al., 1998; Kelley et al., 2004).

In most fast-spreading ridge environments, magmatic
volatiles constitute major sources of energy for biological
activity. In contrast, slow-spreading ridges are character-
ized by zones of low magmatic supply, in which rela-
tively rapid unroofing and alteration of mantle and
deep hot crustal rocks are significant processes in crustal
development. In these environments, migration of secawa-
ter along deeply penetrating fault systems may facilitate
hydration of the plutonic crust and serpentinize the
upper mantle, leading to significant production of CHy
and H, that provide important energy sources for micro-
bial activity (Fig. 1).

Along the Mid-Atlantic Ridge (MAR), the Rainbow,
Logatchev/Ashadze, Lost City and Saldanha hydrother-
mal fields are the only known seafloor hydrothermal sys-
tems hosted by variable mixtures of serpentinized
peridotite and gabbroic material. These fields have fluid
chemistries clearly distinct from basalt-hosted systems
and are characterized by particularly high concentrations
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Fig. 1. Schematic representation of the carbon species and carbon isotope compositions of different reservoirs involved in hydrothermal
systems at mid-ocean ridge environments. (a) Lost City-type hydrothermal system. Data are from Kelley et al. (2005), Lang et al. (2005), and
our study. (b) Black smoker type system. Data are from Shanks et al. (1995), Charlou et al. (2002) and Kelley et al. (2004). Abbreviations:
DOC, dissolved organic carbon; DIC, dissolved inorganic carbon; TOC, total organic carbon; TIC, total inorganic carbon; TC, total carbon.
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of H,, CH,4 and higher hydrocarbons related to serpentini-
zation (e.g., Rona et al., 1987; Krasnov et al., 1995; Don-
val et al., 1997; Douville et al., 1997; Sagalevich et al.,
2000; Holm and Charlou, 2001; Kelley et al., 2001, 2005;
Proskurowski et al., 2008). H, and CH4 anomalies in the
water column are also observed above outcrops of serpen-
tinized peridotites along the MAR and in highly tectonized
areas away from the neovolcanic zones that are believed to
be ultramafic in composition (e.g., Rona et al., 1987; Char-
lou et al., 1991; Rona et al., 1992; Bougault et al., 1993;
Charlou and Donval, 1993; Charlou et al., 1998; Gracia
et al., 2000; German and Von Damm, 2003). The discov-
ery of Hj- and CHy-rich, high pH fluids venting from car-
bonate-brucite towers at the Lost City Hydrothermal
Field (LCHF) at the southern part of the Atlantis Massif
(Fig. 2a) (Kelley et al., 2001) has particularly stimulated
interest in serpentinization in off-axis environments. These
volatiles sustain dense microbial communities, which in-
clude methanogenic and/or methanotrophic Archaea,
methane-oxidizing bacteria, and sulfur-oxidizing and sul-
fate-reducing bacteria (Kelley et al., 2005; Brazelton
et al., 2006). The Lost City hydrothermal system offers a
unique opportunity to study the role of active serpentiniza-
tion in generating volatile-rich fluids, in the uptake of car-
bon during hydrothermal alteration, and in the biological
communities that may be supported in alkaline environ-
ments (Fig. 1).
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In this paper, we present an isotopic and organic geo-
chemical study of carbon in the basement rocks of the
Atlantis Massif recovered by submersible below LCHF
and by drilling of the Integrated Ocean Drilling Program
(IODP) at Site U1309, ~5km to the north. These data
are used to characterize carbon speciation and sources of
carbon in peridotite-hosted hydrothermal systems. This
study contributes new data on the geochemistry of organic
carbon in serpentinites and gabbroic rocks affected by long-
lived hydrothermal alteration and provides constraints on
the fate of dissolved organic carbon in seawater during ser-
pentinization and alteration of the oceanic lithosphere.

2. FORMATION AND ALTERATION OF THE
ATLANTIS MASSIF

Located at 30°N along the Mid-Atlantic Ridge (MAR),
the Atlantis Massif (AM) is a 1.5-2 Myr old dome-like mas-
sif forming the inside corner of the intersection between the
MAR and the Atlantis Transform Fault (ATF; Fig. 2a).
The massif is interpreted as an oceanic core complex
(OCC), comprised of lower crustal and upper mantle rocks
that were uplifted and exposed by low-angle detachment
faulting (Cann et al., 1997; Blackman et al., 1998, 2002;
Karson et al., 2006). Three domains are distinguished on
the basis of lithologic and morphologic criteria: the gab-
broic central dome, the peridotite-dominated southern wall

o 3863-1301
3873-1300 Top of

the massif

3867-1603
3867-1623

3867-1621
38

(w) ywdeg

1000

+H03-R2243

3867-1254 |/ H03-R2301

3877-1406
3877-1344
3877-1313

3877-1307 _AbEE

1
42°7'33 42°7'27 42°7'21 42°7'14 42°7'08

1050

1100

1150

@ serpentinite
@ gabbros.

A normal faults

Hl amphibole schist

Fig. 2. (a) Location map and morphology of the Atlantis Massif at the inside corner of the intersection between the slow-spreading Mid-
Atlantic Ridge and the Atlantis Transform Fault. The Atlantis Massif is divided into: (1) the peridotite-dominated southern wall, (2) the
gabbroic central dome, and (3) the volcanic eastern block. The white box shows the study area of the southern part of the Atlantis Massif and
the Lost City Hydrothermal Field, which is shown in detail in Fig. 2b. White star indicates the location of IODP Site U1309. (b) High
resolution map of the Lost City Hydrothermal Field (LCHF) obtained by the autonomous vehicle ABE and gridded at 2 m (Kelley et al.,
2005). The external dashed line shows the spatial extent of the LCHF, whereas the internal line indicates the size of the 60 m high
hydrothermal structure Poseidon. Positions of the active chimneys, markers 6, H and 7 are given as white solid squares, as well as the location
of normal faults (hatched lines) proposed by Karson et al. (2006) and the location of the samples analyzed for this study.
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and the basaltic eastern block (Fig. 2a), which is interpreted
as the hanging wall of the OCC. The surface of the massif is
covered by pelagic sediments, rubble, and sedimentary
breccias (Blackman et al., 2002; Schroeder et al., 2002;
Friih-Green et al., 2003; Karson et al., 2006).

Site U1309, located at 1650 m water depth on the crest
of the central dome (Fig. 2a), was drilled during IODP
Expeditions 304 and 305 (Expedition Scientific Party,
2005a,b; Blackman et al., 2006) and consists of two deep
holes (Holes 1309D and Hole 1309B) and five shallow pen-
etration holes (Hole 1309A and Holes 1309E-H). Hole
1309D was drilled to 1415.5 m below the sea floor (mbsf;
average core recovery 75%) and recovered predominantly
gabbroic rocks (91.4% of total recovery) with minor inter-
calated ultramafic rocks (5.7% of total recovery; Expedition
Scientific Party, 2005a,b; Blackman et al., 2006). The gab-
broic rocks are compositionally diverse and comprise gab-
bro, olivine gabbro/troctolitic gabbro, troctolite, and
oxide gabbro. Ultramafic lithologies are mainly olivine-rich
troctolites with a poikilitic texture; mantle peridotites are
rare (<0.3% of the recovery) and are concentrated in the
upper part of Hole 1309D (<225 m).

Alteration in the gabbroic rocks at the central dome de-
creases downhole and is dominated by greenschist metamor-
phic conditions (<500 °C) with only minor deformation
recorded under granulite- to amphibolite-facies conditions.
Strontium and sulfur isotope compositions of samples from
Hole 1309D (Delacour et al., 2006, 2008a) are locally elevated
towards seawater-like values in the upper 800 m of the core
and correlate with higher degrees of serpentinization of oliv-
ine-bearing rocks (e.g., harzburgite and troctolite). Below
this depth, the gabbroic and ultramafic rocks preserve mag-
matic Sr- and S-isotope compositions. A predominance of
Ni-rich and low-sulfur sulfide assemblages in the serpenti-
nites and olivine-rich troctolites at the bottom of the hole re-
flect reducing conditions and relatively limited interaction
with seawater restricted to narrow fault zones at depth (Del-
acour et al., 2008a).

The southern Atlantis Massif, ~5 km south of the cen-
tral dome, is cut by steep normal faults, which together with
mass wasting expose a near vertical, 3800 m high scarp
north of the ATF (Fig. 2b). Submersible and dredging sam-
pling along this scarp recovered primarily serpentinized
ultramafic rocks (~70%) with interspersed gabbroic bodies
(~30%; Blackman et al., 2002; Schroeder and John, 2004;
Boschi et al., 2006; Karson et al., 2006). The peridotites
are primarily depleted spinel harzburgites and are affected
by a high degree of serpentinization (from 70% to 100%).
Bulk rock oxygen isotope compositions are generally de-
pleted in "0 (3'®0 values from +1.7%, to +5.5%, V-
SMOW) and indicate that alteration was most pervasive
at temperatures of ~150-250 °C (Boschi et al., 2008). A
lack of Fe-Ni alloys, the predominance of magnetite, and
very low amounts of pyrite in the serpentinites reflect
slightly oxidizing conditions during serpentinization (Dela-
cour et al., 2005, 2007). Seawater-like S-, Sr-, and Nd-iso-
tope compositions of serpentinites at the southern wall
indicate very high fluid—rock ratios (>20 and up to 10°)
and enhanced fluid fluxes during hydrothermal circulation
(Delacour et al., 2005, 2007, 2008b).

A 100 m thick detachment shear zone (DSZ) has been
mapped at the crest of the southern wall of the massif
and is composed of highly deformed serpentinized perido-
tites and metasomatic talc- and/or amphibole-rich rocks
(Boschi et al., 2006; Karson et al., 2006) that are related
to strain localization and focused fluid flow (Schroeder
and John, 2004; Boschi et al., 2006). Pelagic limestones,
chalks, and sedimentary breccias with basaltic and serpen-
tinitic clasts cover the DSZ (Frith-Green et al., 2003; Kelley
et al., 2005; Karson et al., 2006). This carbonate cap is be-
lieved to act as a barrier for heat and hydrothermal fluids
produced by the Lost City Hydrothermal Field (Friih-
Green et al., 2003; Kelley et al., 2005).

The Lost City Hydrothermal Field (LCHF) is located on
a fault-bounded terrace near the top of the southern AM
(Fig. 2a and b) and is composed of numerous carbonate—
brucite chimneys that reach up to 60 m in height and vent
low-temperature (40-90 °C), alkaline (pH 9-11) fluids (Kel-
ley et al., 2001, 2005; Ludwig et al., 2006). The fluids are
poor in silica, metals and CO,, rich in CH4 (1-2 mmol/
kg), H, (up to 15 mmol/kg) and Ca, and have elevated con-
centrations of other low-molecular weight hydrocarbons
(Kelley et al., 2005; Proskurowski et al., 2008). Lithospheric
cooling and subsurface exothermic mineral-fluid reactions
in the underlying mantle rocks have driven hydrothermal
activity at this site for at least 30,000 years (Friih-Green
et al., 2003), and recent U-Th analyses indicate that this
is a minimum age (Ludwig et al., 2005, 2006).

3. SAMPLES AND METHODS

The samples analyzed in this study were collected by
drilling at IODP Site U1309 at the central dome and by
submersibles at the southern wall (Fig. 2b; Expedition Sci-
entific Party, 2005a,b; Blackman et al., 2006). The southern
wall of the Atlantis Massif was investigated and sampled
during three cruises: in 2000 and 2003 with the R/V Atlantis
(AT3-60 and AT7-34 expeditions) and in 2005 with the R/V
R H. Brown. Details on the submersible sampling and
lithologies are presented in Boschi et al. (2006) and Karson
et al. (20006).

3.1. Analytical methods

3.1.1. Carbon contents and isotope compositions

Determination of total inorganic carbon (TIC) contents,
released as CO, from carbonate phases, was carried out at
the Geological Institute, ETH Zurich by coulometric titra-
tion (Coulometer UIC CM5012). CO, was liberated and
analyzed by reaction of HCl with 20-30 mg of bulk rock
powder in glass capsules. Carbonate contents were calcu-
lated from measured TIC based on the assumption that
only calcium carbonate (CaCOs;, either as aragonite or as
calcite) is present (Ludwig et al., 2006). The detection limit
based on repeated measurements of blanks is 3 ppm. Rela-
tive precision of carbon content for replicate measurements
of low amounts of calcium carbonate standard (99.95%
CaCQOs3) is +2% (n=17). Reproducibility of individual
samples is within +5%, whereas uncertainty is higher in
samples with less than 20 ppm.
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Analyses of carbon contents and carbon isotope compo-
sitions were determined from bulk rock powders at the Sta-
ble Isotope Laboratory, Geological Institute, ETH Zurich
(Tables 1 and 2). Total organic carbon (TOC) was obtained
by dissolution of carbonate carbon through addition of 1 N
HCI to ~5 g of bulk sample powder. After complete reac-
tion, the residual powders were washed several times with
distilled water to completely remove the acid (checked with
pH paper) and then dried at 90-100 °C. Finally, the resi-
dues were ground again in an agate mortar to obtain a
fine-grained and homogeneous powder. With this method,
graphite may also be present as a component of TOC. To
minimize contamination by atmospheric CO,, the samples
were degassed in an oven at 100 °C one day to one week be-
fore analysis.

Initial analyses of total carbon (TC) and TOC in sam-
ples from the southern wall and central dome were carried
out on 60-90 mg of bulk powder weighed into tin capsules
(9 x 11 mm size) and combusted in a Carlo Erba elemental
analyzer (NCS 2500, CE Instruments, Milan, Italy) inter-
faced in continuous flow mode to a GV-INSTRUMENTS
OPTIMA mass spectrometer. Complete combustion and
long-term stability was tested by systematically measuring
small-sized standards and blanks between samples. A sec-
ond series of samples from the southern wall and all sam-
ples from the central dome were re-analyzed on 20-30 mg
of sample using a Thermo Flash-elemental analyzer inter-
faced in continuous flow mode to a THERMO Instruments
MAT253 mass spectrometer. Cross-calibration and com-
parison of the results of the two systems show analytical
consistency between the two machines. Even when 90 mg
of sample were used, combustion of organic carbon was
complete. The detection limit for a reproducible carbon iso-
tope measurement on the Micromass system was about 3 pug
and for the Thermo system is about 1 ug C. Reproducibility
of carbon contents of individual samples was within 15—
20% and the carbon isotope compositions reproduced bet-
ter than +0.5%,.

Although we are confident in our determinations of the
isotopic compositions and in the quantification of TIC and
TOC, we find some discrepancies in the quantification of
TC. We attribute the variations between different aliquots
to heterogeneity in carbon contents in the bulk rock pow-
ders used to determine TC contents. We explicitly find no
indication for incomplete combustion. Tests on the basis
of mass balance and isotopic compositions lead us to the
conclusion that calculated TC contents, based on the mea-
sured TIC and TOC contents, are better indicators of total
carbon contents. Plots of TIC contents versus 8 >Crc val-
ues (Figs. 3b and 5b) clearly show that the bulk rock carbon
isotope compositions (8"*Crc) reflect a mix of marine car-
bonate, with variable 8'3C values (up to approximately
39%,), and organic carbon with a relatively constant §'*C va-
lue of approximately —269,,. The range of inferred C-iso-
tope compositions of the carbonate in the bulk samples
lie within the range measured in the hydrothermal precipi-
tates at Lost City (Kelley et al., 2005).

Carbon isotope values are reported as standard d-nota-
tion relative to the Vienna-Pee Dee Belemnite (V-PDB)
standard. The system was calibrated using the international

standards NBS22 and ANU sucrose for carbon isotope
compositions and verified by using a low carbon standard
(0.141 wt%) distributed by Hekatech GmbH (Germany)
for carbon content. Carbon contents of the samples were
calculated based on the area of mass 44 peak and corrected
for blank contribution from the tin capsules. Analytical
reproducibility of replicate measurements of standards is
+0.29, (16, n = 138).

3.1.2. Solvent extraction

Extraction of organic compounds was carried out on se-
lected serpentinized peridotites (Table 3) and olivine-rich
samples at the Laboratoire de Géochimie Bioorganique,
Institut de Chimie de Strasbourg (France). For each sam-
ple, the 2 cm outer edges were removed to avoid external
and superficial organic contamination prior to crushing in
a tungsten carbide mortar or agate mortar, which were pre-
viously washed with organic solvents. For extraction, a 1:1
mixture of pre-distilled dichloromethane and methanol was
added to ~100 g of fine-grained powder. After 30 min in an
ultrasonic bath at ambient temperature, the mixture was
centrifuged and the solvents were evaporated under reduced
pressure. The organic extracts were separated on silica gel
column into saturated (elution with hexane), aromatic (elu-
tion with a 8:2 volume per volume (v/v) mixture of hexane/
dichloromethane), and polar hydrocarbon fractions (elu-
tion with a 1:1 v/v mixture of methanol/dichloromethane).
Our study concentrates on the saturated hydrocarbon frac-
tions; concentrations of the other fractions proved too
small for a detailed characterization.

GC analyses were carried out on an Agilent 6890 gas
chromatograph equipped with an on-column injector, a
FID detector and a HP-5 fused silica capillary column
(30 m x 0.32 mm; 0.25 pm film thickness) with H, as carrier
gas. The temperature program was 40-200 °C at 10 °C/min,
200-300 °C (4 °C/min) and isothermal at 300 °C for 30 min.
GC-MS analyses were carried out on an Agilent 6890 gas
chromatograph equipped with a HPS capillary column
(30 m x 0.25 mm; 0.25 pm film thickness) connected to an
Agilent 5975 MSD operated in the electron impact (EI)
mode with a scan range of 50-700 Da. Helium was used
as carrier gas. The temperature program was set at: 40—
200 °C (10 °C/min), 200-300 °C (4 °C/min), and isothermal
at 300 °C for 30 min.

Compound-specific carbon isotope ratios were deter-
mined on the saturated hydrocarbon fractions at the
Department of Environmental Sciences (ETH Zurich) with
a gas chromatograph-isotope ratio monitoring mass spec-
trometer (GC-IRMS). Two instruments were used, a Ther-
mo Delta V plus IRMS and a Thermo Delta plus XL with
combustion interface and Thermo Trace GC with HP5 cap-
illary column (30 m x 0.25 mm; 0.25 uym film thickness).
Helium was used as carrier gas. The temperature program
was 40 °C for 1min, 10°C/min to 200 °C, 200 °C for
10 min, 4°C/min to 280 °C and isothermal at 280 °C for
30 min. Each saturated hydrocarbon fraction was measured
three times and the reported values are an average of the
three measurements and corrected to a set of internal n-al-
kane standards. Carbon isotope compositions of each
hydrocarbon (n-alkanes and isoprenoids) were obtained



Table 1
Content and carbon isotope compositions in total carbon (TC), total organic carbon (TOC) and total inorganic carbon (TIC) of gabbroic and ultramafic rocks from the central dome (IODP Holes
1309B and 1309D)

Hole/Leg  Sample number Depth (mbsf) Type of rock Alteration (%) TC? (ppm) TIC (ppm) TOC (ppm) % TIC &'>C WR TC (%,) 8C WR TOC (%)
304-1309D 1R-1 72-80 cm 21.22 Basalt-diabase 50 202 101 101 50 —18.0 -27.8
304-1309D 1R-3 4-8 cm 23.31 Talc-schist 100 335 130 205 39 -22.2 =279
304-1309D 17R-2 9-17 cm 99.89 Gabbro 40 199 121 78 61 -20.9 —28.7
304-1309D 27R-3 6-9 cm 155.14 Harzburgite 90 2569 2186 383 85 -5.8 —26.9
304-1309D 31R-2 19-30 cm 173.15 Harzburgite 90 2713 2481 232 91 —-3.2 -27.0
304-1309D 42R-1 0-8 cm 224.30 Talc-rich harzburgite 90 1838 823 1015 45 —8.6 —28.3
304-1309D 51R-4 30-38 cm 270.98 Gabbro 10 1240 235 1005 19 —24.9 —28.4
304-1309D 58R-1 50-57 cm 300.90 Olivine-rich troctolite 70 219 98 121 45 —14.7 -27.7
304-1309D 60R-3 36-46 cm 313.19 Troctolite 50 468 269 199 57 —16.3 -27.6
304-1309D 64R-1 6-17 cm 329.26 Troctolite 50 710 338 372 48 —14.4 -27.8
304-1309D 65R-2 22-30 cm 335.72 Cr-rich harzburgite 55 536 331 205 62 —8.7 -27.3
304-1309D 70R-2 80-90 cm 360.49 Olivine gabbro—troctolite gabbro 30 380 195 185 51 —11.8 —28.2
304-1309D 71R-3 32-38 cm 365.68 Olivine gabbro-troctolite gabbro 40 137 47 90 34 —20.1 —28.9
305-1309D 83R-1 16-26 cm 415.16 Olivine gabbro-troctolite gabbro 5 249 173 76 69 -14.9 -26.7
305-1309D 83R-1 54-64 cm 415.54 Olivine gabbro-troctolite gabbro 50 903 418 485 46 -9.7 -27.9
305-1309D 84R-2 8-17 cm 420.96 Oxide gabbro-leucocratic alteration 60 866 483 383 56 —15.4 —28.2
305-1309D 91R-2 46-54 cm 455.34 Troctolite 20 462 366 96 79 —10.7 —28.7
305-1309D 91R-2 110-117cm  455.98 Troctolite 5 179 72 107 40 -17.5 —28.6
305-1309D 100R-1 42-46 cm 497.02 Olivine-rich troctolite 10 412 152 260 37 —15.2 —27.7
305-1309D 111R-1 111-116 cm  550.51 Troctolite 10 522 295 227 57 -9.1 -27.5
305-1309D 111R-4 31-39 cm 553.88 Troctolite 20 285 182 103 64 —114 —27.7
305-1309D 115R-4 60-70 cm 573.34 Olivine gabbro-troctolite gabbro 40 433 348 85 80 -11.9 —28.4
305-1309D 116R-1 58-68 cm 573.98 Oxide gabbro-leucocratic alteration 50 3188 2590 598 81 —5.7 —28.3
305-1309D 126R-2 15-20 cm 623.00 Oxide gabbro-leucocratic alteration 30 997 434 563 44 -10.9 —28.2
305-1309D 130R-2 47-56 cm 642.52 Gabbro 30 1621 1037 584 64 —6.3 —28.4
305-1309D 136R-2 21-29 cm 670.97 Olivine gabbro-troctolite gabbro 20 492 199 293 40 —13.7 -27.7
305-1309D 136R-2 60-71 cm 671.36 Olivine gabbro-troctolite gabbro 20 1063 576 487 54 -10.7 -279
305-1309D 137R-1 85-91 cm 675.05 Oxide gabbro 40 344 96 248 28 -21.4 -27.6
305-1309D 158R-1 47-51 cm 770.67 Gabbro 30 1822 1490 332 82 -52 -27.9
305-1309D 169R-1 90-100cm  823.90 Gabbro 5 275 191 84 69 —15.1 =279
305-1309D 189R-4 60-71 cm 923.64 Troctolite 3 235 139 96 59 —12.0 —27.9
305-1309D 194R-2 70-80 cm 939.58 Olivine gabbro-troctolite gabbro 1 360 260 100 72 —15.7 —27.1
305-1309D 221R-3 120-130 cm  1066.98 Olivine gabbro-troctolite gabbro 5 229 113 116 49 —15.8 —-27.4

305-1309D 227R-3 37-42 cm 1095.30 Olivine-rich troctolite 20 304 153 151 50 -17.7 =27.7
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305-1309D 248R-1 114-120cm 1193.04
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156
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305-1309D 292R-2 78-88 cm

—28.2

-9.4
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Harzburgite

57.23
% TC content is the sum of the measured TOC and TIC contents (TC

11R-1 23-30 cm

304-1309B

TOC + TIC).
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by integrating only the peak area of the compound without
accounting for the large amounts of unresolved complex
mixture present in all chromatograms. Analytical reproduc-
ibility of replicate measurements of standards was +0.4%,
(lo, n=14).

4. RESULTS

4.1. Carbon contents and isotope compositions

The gabbroic rocks and serpentinites of the central
dome show a wide range of total carbon (TC) contents,
ranging from 137 ppm to 0.32 wt%, and 8'*Cyc values of
—24.99, to —3.2%, (Table 1 and Fig. 3a). Carbon isotope
compositions of total organic carbon (TOC; i.e. residues
after decarbonation) lie in a narrower range with more neg-
ative values, from —28.99, to —26.7%, (Fig. 4c). The serp-
entinites with the highest TC contents and 3"3Crc values
contain a high proportion of total inorganic carbon (TIC;
Fig. 3b) and are associated with high degrees of alteration
(Fig. 4a and d). However, one serpentinite sample (304-
1309D-42R-1 0-8 cm) with a high TC content also has a
high TOC content (Table 1 and Fig. 4b). Below 800 m
depth, the TC and TOC contents are low (<0.065 wt%)
and broadly uniform (Fig. 4a and b); minor variations in
TC contents of the olivine-rich troctolites correlate with
the presence of local fault zones (e.g., at 1100 mbsf,
Fig. 4a). The 8'*Croc values show a narrow range of values
downhole, within the range of values of marine dissolved
organic carbon (Fig. 4c).

The majority of the samples from the southern wall have
less than 0.1 wt% total carbon and 8'3*Crc values ranging
from —28.7%, to +2.3%, (Table 2 and Fig. 5a). Total inor-
ganic carbon accounts for 10-98% of the total carbon and
the serpentinites with high TIC contents have positive
3'3Crc values around seawater value (Table 2 and
Fig. 5b). 8"*Croc values vary from —28.9%, to —21.5%,,
with an average of —25.99%,, and overlap the range of isoto-
pic compositions of marine dissolved organic carbon (Druf-
fel et al., 1992; Des Marais, 2001). The gabbros from the
southern wall have uniform total carbon contents (Table
2 and Fig. 5a), whereas the serpentinites and some of the
metasomatic fault rocks have variable TC concentrations
(average 360 ppm) and isotopic compositions (—24.49, to
—1.0%,). The TC and TOC compositional ranges are simi-
lar to those measured for the serpentinites and gabbroic
rocks from the central dome and differences between the
two areas reside in higher inorganic carbon contents at
the southern wall.

4.2. Organic geochemistry

4.2.1. Southern Atlantis Massif

Results of organic compound extractions and gas chro-
matograms of the saturated hydrocarbon fractions of the
serpentinites are shown in Table 3 and Figs. 6 and 7. The
total extractable organic carbon contents of the serpenti-
nites (saturated + aromatic + polar fractions) range from
21 to 41 ppm and most of the serpentinites have trace
amounts that could not be quantified (Table 3). The



Table 2
Content and carbon isotope compositions in total carbon (TC), total organic carbon (TOC) and total inorganic carbon (TIC) of serpentinites, metasomatic fault rocks and gabbros from the
southern Atlantis Massif

Sample Depth Latitude Longitude Type of rock Description of the samples TC?* TIC TOC % 313C WR TC 8'*C WR TOC
numbers (mbsl) N w (ppm) (ppm) (ppm) TIC (%,) (%0)
3863-1301 834 30°7.512" 42°7.410' Serpentinite Static serpentinization, oxidized and late carb/cc 249 76 173 31 —-13.2 —26.4
veins
3867-1621 759 30°7.482" 42°7.140'  Serpentinite Static serpentinization, oxidized and late carb/cc 154 74 80 48 —17.7 —26.8
veins
3867-1623 759 30°7.488' 42°7.140'  Serpentinite Static serpentinization 175 60 115 34 132 —25.8
3872-1136a 798 30°7.482" 42°7.134'  Serpentinite Static serpentinization 197 90 107 46  —l6.1 —26.4
3873-1300 950 30°7.338' 42°7.776'  Serpentinite Crystal-plastic deformation-ribbon texture 673 509 164 76 —4.9 -26.2
3876-1310 774 30°7.656" 42°7.834'  Serpentinite Static serpentinization—talc metasomatism 398 310 88 78 -1.9 —26.1
3877-1158 1115 30°7.026" 42°7.122'  Serpentinite Local metasomatism 242 128 114 53 —8.3 —26.6
3877-1307 1017 30°7.218" 42°7.140'  Serpentinite Crystal-plastic deformation-local metasomatism 651 527 124 81 -1.0 —26.5
3877-1406 908 30°7.320° 42°7.200' Serpentinite Static serpentinization, late carb/cc veins 309 195 114 63 -7.2 —25.3
3881-1119 860 30°7.404° 42°7.128  Serpentinite Static serpentinization 61 6 55 10 -22.1 —26.4
3881-1132A 822 30°7.422" 42°7.098  Serpentinite Ribbon texture 279 199 80 71 -3.6 —24.6
3639-1355 1295 30°7.153' 42°8.226' Serpentinite Static serpentinization and HT deformation of 155 n.d. —20.8 n.d.
orthopyroxene
3647-1416 1555 30°7.130" 42°4.132'  Serpentinite Talc-chlorite vein 354 97 257 27 =23.0 =272
3651-1252 792 30°7.407" 42°6.968'  Serpentinite Mesh to ribbon texture and HT deformation of 482 90 392 19 =202 —26.6
orthopyroxene
HO03-R2301 820 30°7.246" 42°7.109'  Serpentinite Minor crystal-plastic deformation 297 143 154 48 —19.7 —26.8
H03-R2243 834 30°7.246" 42°7.113'  Serp. + cc veins Static serpentinization—late carb/cc veins 1750 1260 490 72 -0.8 —25.3
3873-1245 956 30°7.356" 42°7.806' Serp. + cc veins Local cataclastic deformation 1306 1202 104 92 —0.1 —22.8
3638-1029 2526 30°5.430 42°8.345  Serp. + cc veins Oxidized and late cc veins 13,550 n.d. 98 2.3 n.d.
3638-1134 2449 30°5.516" 42°8.433  Serp. + cc veins Ribbon texture 9010 8800 210 98 —0.5 —232
3639-1254S 1474 30°6.955 42°8.406' Serp. + cc veins Ribbon texture, partially oxidized 838 n.d. -5.0 n.d.
3646-1409 1790 30°5.665 42°6.011"  Serp. + cc veins Hourglass texture 4270 n.d. -9.5 n.d.
3650-1146 3041 30°4.049" 42°9.642'  Serp. + cc veins Mesh to ribbon texture-HT deformation of 16,007 15,740 267 98 0.9 -21.5
orthopyroxene
3650-1436 2937 30°4.505 42°9.606'  Serp. + cc veins Ribbon texture 6510 6220 290 96 1.6 -22.1
3652-1203 834 30°7.603" 42°6.759'  Serp. + cc veins 3533 3200 333 91 0.1 —26.7
3863-1157 862 30°7.506" 42°7.410' Amphi-rich rock Static amphibole metasomatism 208 59 149 28 =215 —27.8
3877-1313 1009 30°7.224" 42°7.140'  Amphi-rich rock Crystal-plastic deform.—amph. metasomatism 1020 900 120 88 -2.7 —28.9
3646-1205 2327 30°4.929" 42°6.029 Amphi-rich rock 28 n.d. —24.4 n.d.
3642-1309 1751 30°10.297" 42°6.994'  Talc/amphi.-rich rock 47 nd. =225 n.d.

3645-1159T 957 30°7.355 42°7.826' Talc/amphi.-rich rock 43 nd. —21.6 n.d.
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—26.6
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3867-1603

-27.3

8.3
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pyroxenite
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42°7.140

798 30°7.482

3876-1215

n.d.
n.d.
n.d.
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—28.7
-15.0

n.d.
n.d.
n.d.
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42°8.321

1460 30°7.028’

2393

3639-1319
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42°6.006' Gabbro

30°4.904'

3646-1138

42°7.191"  Gabbro

30°6.969
% TC content is the sum of the measured TOC and TIC contents (TC
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TOC + TIC).
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extracted organic fraction accounts for a small proportion
of the TOC, except for sample 3881-1119 in which the ex-
tracted organic fraction comprises 75% of its TOC content
(Table 3).

The samples are all characterized by different and dis-
tinct chromatograms and provide constraints on the origin
of organic matter in the serpentinites. With the exception of
a few compounds discussed below, most of the samples
show no clear evidence for external contamination. Criteria
for determining contamination related to sample collection
or to the extraction procedure include: similar and homoge-
neous patterns among different samples produced during
sample handling or by seawater during drilling; presence
of phthalates related to storage of the samples; the presence
of long-chain hydrocarbons (>C,s) and high-molecular
weight branched and cyclic alkanes contained in drilling
oil (Dunham, 2006).

The saturated hydrocarbon fractions consist mainly of
n-alkanes ranging from C;s to C3o and up to Cs; for some
samples (3877-1307 and 3873-1300; Table 3). Isoprenoids
such as norpristane (C;g), pristane (Cjo), phytane (Cjo)
and squalane (Cs) are present in all samples in varying
abundances. Samples 3881-1119 and 3867-1623 are charac-
terized by high pristane and phytane contents (Fig. 6),
whereas the highest content of squalane is observed in sam-
ple 3651-1252 located at the bottom of the largest hydro-
thermal structure Poseidon (Fig. 2b). Polycyclic
compounds, such as hopanes and steranes, were identified
in trace amounts in most of the serpentinites (e.g., 3863-
1301, 3867-1623, and 3877-1307). Higher abundances of
hopanes and steranes characterize samples 3651-1252 and
3881-1119, which are located close to actively venting
hydrothermal structures (Fig. 2b). The bell-shaped appear-
ance of the background in all chromatograms (Figs. 6 and
7) results from the presence of branched and cyclic com-
pounds that are common in saturated hydrocarbon frac-
tions and are referred to as an unresolved complex
mixture (UCM; Gough et al., 1992).

Compound-specific isotope analyses of the saturated
hydrocarbons yielded carbon isotope compositions ranging
from —38.6%, to —24.6%,, with an average of —29.69,, (Ta-
ble 3 and Fig. 8), and are close to or within the range of
33 Croc (Table 2). The carbon isotope composition is
broadly uniform from Cy4 to C,, for all samples. However,
for organic compounds >C,,, two trends are visible: one
with 8'3C values averaging —27.5%,, and one with more
negative 3'°C values averaging —32.1%, in samples 3877-
1307 and 3873-1300 (Fig. 8). Norpristane, pristane and
phytane have similar carbon isotope compositions as the
n-alkanes; however, squalane exhibits 8'3C values enriched
in 13C of about 2%, compared to the neighboring n-alkanes
(Cy6 and C57). The highest 3'3C value of —24.6%, of squa-
lane was found in sample 3651-1252, which shows the high-
est squalane abundance and forms the basement of the
Poseidon tower (Fig. 2b).

4.2.2. Ultramafic samples at IODP Hole 1309D

Two samples from the central dome were selected on the
basis of Sr isotope studies and degree of alteration
(Delacour et al., 2008a,b) in order to compare their organic
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Table 3
Compound-specific carbon isotope ratios for n-alkanes extracted from serpentinites from the southern part of the Atlantis Massif
3863-1301 3867-1623 3873-1300 3877-1307 3881-1119 3651-1252
Total extracted organic carbon content (ppm) 21 33 n.d. n.d. 41 n.d.
TOC content (ppm) 173 115 164 124 55 392
33 Croc(%) —26.4 -25.8 —26.2 —26.5 —26.4 —26.6
n-Alkanes
Ciy n.d. —28.7 n.d. n.d. n.d. n.d.
Cis —28.5 -29.5 n.d. n.d. -28.9 -29.5
Cis —28.9 -30.3 -31.9 -30.1 -29.8 -29.1
Norpristane —28.6 -30.2 -29.9 -29.3 -29.8 -29.0
Cyy -29.1 -30.4 -31.2 -335 -30.6 -29.9
Pristane n.d.* n.d.? -30.3 -30.7 n.d.? n.d.*
Cis —28.9 —29.6 -30.3 -31.2 —30.0 -29.2
Phytane -29.0 -30.2 -30.0 -30.4 -30.5 —28.9
Cio -29.8 -29.4 -29.5 -29.5 -29.1 -29.3
Cyo -29.5 —284 -29.1 —28.6 -27.9 —28.9
Cyy -29.0 —28.7 -30.0 -29.2 —27.8 —28.5
Cy —28.7 -29.2 -28.4 —28.8 —28.6 -29.4
Cy -27.4 n.d. -29.6 -29.8 -27.3 -27.8
Cy -27.5 n.d. -30.9 —30.7 -27.7 -27.8
Cys -27.9 n.d. -323 -30.7 —27.8 -27.8
Coys —27.4 n.d. -329 —33.6 -27.3 -27.2
Squalane —26.1 n.d. -30.3 =311 -27.5 —24.6
Cy; n.d. n.d. -32.7 —33.7 —28.3 —28.3
Cag n.d. n.d. -354 —32.8 —28.2 —28.2
Cyo n.d. n.d. —38.6 —343 n.d. -27.2
Csyo n.d. n.d. -29.7 —35.8 n.d. -27.1

% Carbon isotope compositions of pristane from samples 3863-1301, 3867-1623, 3881-1119 and 3651-1252 could not be measured because of

insufficient peak separation during the analysis.
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Fig. 3. (a) 8'3Crc values versus total carbon (TC) content of the gabbroic and ultramafic rocks at IODP Site U1309 at the central dome. The
majority of the samples lie in a narrow range of isotopic composition from —24.9%, to —8.7%,. (b) 8'3Crc versus % total inorganic carbon
(TIC) of the gabbroic and ultramafic rocks at the central dome showing that the bulk rock carbon isotope compositions (5'>*Crc) reflect a mix
of marine carbonate, with 8'>C up to approximately 3%,, and organic carbon with 8'*C of approximately —26%.

compound distribution with the serpentinites affected by
the Lost City hydrothermal circulation. The troctolite
304-1309D-64R-1 6-17 cm, located at 329 mbsf, was chosen
as representative of the top 800 m of the core where seawa-
ter alteration is more pronounced, and the olivine-rich
troctolite 305-1309D-227R-3 6-12 cm, located at 1095 mbsf,
is representative of the gabbroic and ultramafic rocks which
are relatively unaffected by seawater circulation.

The total extracted organic carbon contents are ~5 ppm
and low compared to samples from the southern wall (Ta-
ble 3). The saturated hydrocarbon fractions consist of n-al-
kanes ranging from C;s up to C4. The gas chromatograms
show a relatively homogeneous distribution, higher abun-
dances of n-C,4 and n-C;; alkanes and the presence of pris-
tane, phytane and squalane. No odd over even carbon
number predominance is observed; however the abun-
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uniform throughout the hole.
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Fig. 5. (a) Variations in 8'*Cyc values versus total carbon (TC) content of the serpentinites, metasomatic fault rocks and gabbros from the
southern part of the Atlantis Massif. Positive 5'*Crc values correspond to serpentinites with calcite veins and indicate a marine carbon input.
(b) 8'*Crc values versus % total inorganic carbon (TIC) showing that the bulk rock carbon isotope compositions (8'*Crc) reflect a mix of
marine carbonate, with 8'*C up to approximately 3%,, and organic carbon with 3'3C of approximately —26%,.

dances of the n-alkanes decrease with increasing carbon
number (Fig. 9). Trace amounts of hopanes and steranes
were also identified in these two samples. Compared to
the gas chromatograms of the serpentinites from the south-
ern wall, the distributions of hydrocarbons, such as the
presence of longer-chained hydrocarbons, in the olivine-
rich samples of the central dome are clearly different and
may indicate different sources and processes of formation.

5. DISCUSSION
5.1. Origin of organic matter in the basement rocks

Five possible sources can be considered for the origin of
organic compounds in the basement rocks of the Atlantis
Massif and LCHF: (1) an abiotic origin through Fischer-
Tropsch Type (FTT) reactions; (2) a biogenic origin
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Fig. 6. Gas chromatograms showing the distributions of n-alkanes and isoprenoids (norpristane, pristane, phytane and squalane) in
serpentinite samples 3881-1119, 3651-1252, 3867-1623, and 3863-1301. All chromatograms are distinct, which suggests that no contamination
was recovered during the extraction procedure. The chromatograms exhibit higher abundances of C;s—C, n-alkanes, which together with the
isoprenoids suggest an input from marine dissolved organic carbon. The hump corresponds to the unresolved complex mixture (UCM)
formed by branched and cyclic compounds. Sample 3651-1252, located at the basement of the Poseidon structure (Fig. 2b), shows the highest
relative amounts of squalane, a potential biomarker for methane-cycling Archaea.
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through in-situ microbial activity in the basement rocks; (3)
a thermogenic origin through thermal alteration of sedi-
mentary organic matter; (4) an origin from incorporation
of marine dissolved organic carbon (DOC) through seawa-
ter circulation; and (5) mantle carbon originating from or-
ganic matter present in sediments and recycled during
subduction. Incorporation of particulate organic carbon
(POC) through seawater circulation is not considered as a
significant source of organic compounds in the basement
rocks, as the pool of POC in deep seawater is relatively min-
or compared to DOC reservoir. In the following, we discuss
first the evidence for a biological origin of organic matter at
the Atlantis Massif and then possible contributions from
abiotic reactions and other sources of hydrocarbons (recy-
cling and thermogenic).

Companion studies of the Sr and Nd isotope geochemis-
try (Delacour et al., 2005, 2007, 2008b), the sulfide mineral-
ogy, and sulfur geochemistry of the samples investigated
here (Delacour et al., 2005, 2007) indicate that long-lived
serpentinization and alteration of the southern wall of the
Atlantis Massif took place at distinctly high water—rock ra-
tios (up to 10°). North Atlantic deep ocean water contains

on average 43 uM of DOC (Hansell and Carlson, 1998),
thus, marine DOC transported into the basement rocks
through extensive hydrothermal circulation must be consid-
ered as a viable source of carbon in the serpentinites.

The consistent presence of isoprenoids (pristane and
phytane), the n-alkane distribution with chain lengths up
to Cy4 maximizing between C;q and C,y, and the presence
of hopanes and steranes in the basement rocks below Lost
City point to a marine organic input of predominantly algal
origin (Brassell et al., 1981; Mackenzie et al., 1982; ten Ha-
ven et al., 1988; Grice et al., 1998; de Leeuw et al., 1989;
Kannenberg and Poralla, 1999; Volkman, 2006). Pristane
and phytane are molecules originating from the phytol
side-chain of chlorophyll-a in phototrophic organisms
(Brassell et al., 1981) and were found in all of the serpenti-
nites and olivine-rich troctolites. Phytane may also derive
from lipids of some Archaea, notably those related to meth-
ane metabolism (Goossens et al., 1984; Volkman and Max-
well, 1986). Polycyclic compounds, hopanes and steranes,
were identified in most of the serpentinites, with higher
abundances found in samples close to the hydrothermal
vents (3651-1252 and 3881-1119). Hopanes are common
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rated molecules derived from sterols, which are important
components of membranes in marine or terrestrial eukary-

components of cell membranes in eubacteria (Kannenberg
and Poralla, 1999), whereas steranes are tetracyclic satu-
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Fig. 9. Gas chromatograms showing the distributions of the n-alkanes and isoprenoids (norpristane, pristane, phytane and squalane) of two
samples of the central dome: a troctolite 304-1309D-65R-2 6-17 cm and an olivine-rich troctolite 305-1309D-227R-3 6-12 cm. Both
chromatograms show the presence of isoprenoids indicative of a marine carbon input, and suggest that seawater circulation through faults
transported marine DOC at depth in the gabbroic section of the massif. The n-alkane distribution, characterized by a decrease in abundance
with increasing carbon number, may also result from Fischer-Tropsch Type synthesis.
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otic organisms (Mackenzie et al., 1982; de Leeuw et al.,
1989; Volkman, 2006). Higher abundances of C;s to Cyg
n-alkanes characteristic of most of the samples at the south-
ern wall (Figs. 6 and 7) are also consistent with a marine al-
gal input (Volkman, 2006).

Squalane is an irregular acyclic isoprenoid. It is consid-
ered a biomarker for some Archaea (halophiles, methano-
gens or methanotrophs; Tornabene et al., 1979; Brassell
et al., 1981; ten Haven et al., 1988; Grice et al., 1998; Brocks
and Summons, 2003) and can be a component in marine
DOC. The presence of squalane in the serpentinites may
be attributed to methane-cycling Archaea, similar to those
hosted in the carbonate chimneys and hydrothermal fluids
of the LCHF (Lost City Methanosarcinales (LCMS) and
ANME-1 phylotypes; Brazelton et al., 2006). The highest
abundance of squalane was identified in sample 3651-1252
located directly beneath Poseidon (Fig. 2b). This active
structure is characterized by high temperature (90 °C), high
hydrogen content (Kelley et al., 2005; Proskurowski et al.,
2006) and dense populations of microorganisms dominated
by a single archaeal phylotype of LCMS (Brazelton et al.,
2006).

A clear link between the presence of squalane and meth-
ane-cycling Archaea and hydrothermal activity at Lost City
remains equivocal because squalane was detected in almost
all serpentinite samples and was also found in the two oliv-
ine-rich samples of the central dome. Squalene is synthe-
sized by a wide range of organisms (Peters and
Moldowan, 1993) and it (or its diagenetic transformation
product squalane) may be an indicator of common marine
microorganisms (e.g., algae). The presence of squalane to-
gether with other isoprenoids in the central dome samples
may merely reflect incorporation of marine DOC during
seawater alteration and imply that seawater circulated to
a depth of 1095 mbsf at the central dome. However, isoto-
pic studies of the central dome (Delacour et al., 2008a,b)
indicate that seawater interaction is relatively limited at
depth and circulation was mainly restricted to local fault
zones. The presence of isoprenoids in the samples of the
central dome cannot originate from contamination by the
drilling mud and oil, which would be evidenced by higher
abundances of long-chain hydrocarbons (C,5—Cy) and
high-molecular weight cyclic compounds (Dunham, 2006).
In addition, shipboard microbiological experiments with
fluorescent microspheres was carried out to test potential
contamination of the drilling fluid into the samples and re-
vealed no contamination in the interior of the samples
(Blackman et al., 2006).

Analyses of compound-specific carbon isotope composi-
tions of the n-alkanes from the serpentinites of the southern
wall yielded §'°C values from —38.6%, to —24.6%, (Table
3). These values are within the range of compositions of lip-
ids derived from marine organic carbon, which are ~2-69,
lighter than the primary biomass (—18%, to —239,,; Druffel
et al., 1992; Hayes, 2001) and in the range of marine POC
(813C: =309, to —20%,; Des Marais, 2001). The most neg-
ative 3'>C values were found in samples 3877-1307 and
3873-1300 (Table 3), located furthest away from the active
Lost City hydrothermal system and which show an odd
over even carbon number predominance, typical of waxes

from C3 higher plants, and indicative of terrigeneous inputs
(813C: =36%, to —25%,; Rieley et al., 1991, 1993). Similar
occurrences were documented by Simoneit et al. (2004)
for sulfide deposits of the Rainbow hydrothermal field,
who point out the unlikelihood of transporting high-molec-
ular weight odd n-alkanes from terrestrial higher plants to
the mid-ocean ridges. Such an unexpected contribution of
relatively recent biogenic material in the Lost City serpenti-
nites could be attributed either to settling of particulate or-
ganic matter that has “contaminated” the rocks exposed at
the seafloor, or to recent organic matter introduced during
sample handling and preparation; however, we consider
these possibilities to be very unlikely as all samples show
different chromatograms. Variations in the 3'>C values of
pristane, phytane and squalane may reflect different meta-
bolic pathways used by bacteria and/or Archaea for their
synthesis (Hayes, 1993; Schouten et al., 1998). For example,
Hayes (1993) reported differences of about 1.59, between
the isoprenoids and the linear compounds synthesized from
the same (micro)-organism. Schouten et al. (1998) show
that phytol in algae is enriched in '*C of about 2-5%, com-
pared to the C;¢ fatty acids due to their synthesis by two
different metabolic pathways.

The carbon isotope compositions of the n-alkanes show
a similar range of values as the 8"3Croc of the serpentinites
(—27.2%, to —21.5%,), and for some samples, extracted or-
ganic fraction accounts for a significant proportion of the
TOC content. Marine DOC transported by seawater into
the serpentinites may likely be adsorbed on newly formed
mineral surfaces. The efficiency of DOC sorption on surface
minerals in sediments depends on a number of factors, such
as temperature, redox conditions, pH, and water-rock ra-
tios (Montlugon and Lee, 2001; Schwarzenbach et al.,
2003; Svensson et al., 2004). Sorption decreases at elevated
temperatures and reducing conditions (Montlugon and Lee,
2001; Svensson et al., 2004). The basement rocks of the
LCHF are characterized by high fluid fluxes, oxidizing
and moderate temperature conditions (Delacour et al.,
2005, 2007, 2008b; Boschi et al., 2008) that will favor sorp-
tion of DOC in minerals. In addition, the serpentinites are
mainly composed of phyllosilicate minerals (i.e. serpentine
and chlorite) that favor uptake of organic molecules
(Hedges, 1977; Wang and Lee, 1993).

5.2. Fischer-Tropsch Type (FTT) reactions and volatiles at
the LCHF

Despite evidence for a significant biogenic carbon compo-
nent discussed above, we cannot a priori disregard the pres-
ence of an abiogenic contribution of hydrocarbons formed
via Fischer-Tropsch Type (FTT) synthesis in the serpenti-
nites. CH4 and H; are significant components of the Lost City
fluids, and carbon and hydrogen isotope studies indicate a
dominant abiotic origin (Kelley et al., 2005; Proskurowski
et al., 2006, 2008). In addition, Proskurowski et al. (2008) re-
ported low-molecular weight hydrocarbons (ethane, pro-
pane, butane) in the hydrothermal fluids and attribute these
to an abiogenic carbon source from the basement rocks.

Abiotic formation of CH4 and higher hydrocarbons via
FTT has been investigated experimentally (Berndt et al.,
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1996; Horita and Berndt, 1999; McCollom and Seewald,
2001, 2006, 2007) and is considered to be the primary mech-
anism for the origin of CHy in the ultramafic-hosted Rain-
bow hydrothermal fluids (Charlou et al., 1998; Holm and
Charlou, 2001; Charlou et al., 2002; Douville et al., 2002;
Simoneit et al., 2004). Serpentinization results in strongly
reducing conditions through the reaction of ferrous iron-
bearing minerals (i.e. olivine or orthopyroxene) with water
and produces molecular H,. Hydrogen production will be
limited by the amount of Fe oxidized and is generally de-
scribed by the reaction:

Olivine + H,O = Serpentine + Magnetite £+ Brucite + H,

Hydrogen may react with C-bearing species in the fluids,
such as CO, CO,, or HCO;~ to produce CH4 (Berndt
et al., 1996; Horita and Berndt, 1999) and other long-
chained hydrocarbons (McCollom and Seewald, 2006),
via FTT reactions. FTT reactions commonly refer to indus-
trial reduction of CO and include reactions, such as:

2H, + CO = CH, + 1/20,
4H, + CO, = CH, + 2H,0
4H, + HCO, = CH; + OH™ +2H,0

FTT reactions are enhanced by the presence of catalysts,
such as iron- (e.g., magnetite) or nickel- and chromium-
bearing minerals (Berndt et al., 1996; Foustoukos and Sey-
fried, 2004). In addition, a recent study of Fiebig et al.
(2007) on low-temperature fumarolic gases of three Medi-
terranean volcanic systems indicated that hydrothermal
reduction of CO, to CH4 is favored by the presence of a sat-
urated water vapor phase in the system and that chemical
and isotopic equilibrium between CO, and CH,4 may be at-
tained at temperatures as low as ~260 °C.

Experimental studies of aqueous FTT synthesis during
serpentinization document the formation of abiotic hydro-
carbons. These are characterized by: n-alkanes up to Css; a
lack of carbon number predominance; and a decrease in n-
alkanes abundance with increasing carbon number (see
Fig. 2 in McCollom and Seewald, 2006, 2007). The studies
of McCollom and Seewald (2006) determined a carbon iso-
tope fractionation factor of about 369/, between dissolved
CO, and hydrocarbons, and showed that abiotic FTT syn-
thesis can produce n-alkanes with 8'*C values in the same
range as those formed by biological processes. In these
experimental studies, the longer-chain hydrocarbons were
characterized by uniform and constant 8'*C values indicat-
ing that no fractionation takes place during the polymeriza-
tion step of FTT; however, ethane, propane and butane
were '*C-enriched relative to other hydrocarbons.

The distribution of n-alkanes in the olivine-rich samples
of the central dome are characterized by a lack of odd over
even carbon number predominance and a decrease in abun-
dances of n-alkanes with increasing carbon number (Fig. 9)
and, thus are comparable to the distribution found in FTT
experiments. In contrast, the Lost City serpentinites show a
distribution of hydrocarbons (Figs. 6 and 7) that are incon-
sistent with experimental results, suggesting a minimal con-
tribution of n-alkanes by FTT. In addition, isoprenoids or
other branched hydrocarbons have yet to be synthesized

in FTT experiments and no other abiotic sources of these
compounds are known. Therefore, at present we can only
attribute the presence of isoprenoids in the serpentinites
and olivine-rich samples to a biologic origin.

Carbon for abiotic formation of hydrocarbons in the
AM serpentinites has multiple possible sources: mantle
CO,, dissolved seawater bicarbonate (HCO, ), and/or ace-
tate (CH3;COO™) and formate (HCOO™) that may form
during incipient serpentinization (McCollom and Seewald,
2001, 2003a,b). In a recent isotopic study, Proskurowski
et al. (2008) argue that the source of carbon of the CHy
and short-chained hydrocarbons in the hydrothermal fluids
is mantle carbon rather than seawater bicarbonate. The car-
bon isotope compositions (—99%, to —169%,) of the C;—C4
hydrocarbons from the LCHF fluids are progressively neg-
ative with increasing chain length and are opposite to pat-
terns for hydrocarbons produced thermogenically
(Proskurowski et al., 2008). Therefore, a mantle source
for potential abiotic formation of hydrocarbons in the base-
ment rocks needs also to be considered, and their isotopic
signatures may provide further constraints on processes of
formation.

Reduction of CO, to formate or acetate during serpent-
inization produces negligible carbon isotope fractionation
(Rishavy and Cleland, 1999) and their §'*C values will be
similar to those of the mantle carbon source (~—5%, to
—7%,)- Experimental studies indicate that abiotic formation
of hydrocarbons from CO,, formate or acetate lead to s3C
values between —419,, and —369, (McCollom and Seewald,
2006). Assuming a carbon isotope fractionation factor of
369, as proposed by McCollom and Seewald (2006), which
does not change with reaction progress, abiotic synthesis of
organic compounds in the serpentinites of the southern wall
would require a carbon source with a positive 5'>C value of
about +2.5-1+99,. Carbon isotope analysis of carbonate
from the Lost City towers indicate the presence of a heavy
inorganic carbon component of up to at least +139%, in the
carbonate structures (Kelley et al., 2005); however, the
source of the '*C-enriched carbon remains equivocal. In
addition, heavy isotopic compositions compared to back-
ground seawater DOC were also reported for excess DOC
measured in the vent fluids (Lang et al., 2005).

While consistent with other C-isotope data from the
LCHF, the compound-specific isotope signatures alone do
not allow a clear verification nor quantification of contribu-
tion from abiotic mantle source. This discrepancy may not
be surprising considering the fact that the samples collected
by dredging or submersibles for our studies represent the
“outer skin” of this system and, thus, the end-product of
long-lived tectonic and hydrothermal activity during forma-
tion and emplacement of the massif as an OCC. Therefore,
the chemical signatures used to infer sources and fluid
fluxes may not be fully representative of the present-day
conditions in the basement peridotites that directly feed
the Lost City system. It is likely that marine organic com-
pounds now dominate the carbon geochemistry of the sam-
ples investigated here, and the high seawater fluxes in the
outermost wall of the massif have overprinted abiotic signa-
tures of early stages of serpentinization and lower fluid
fluxes.
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5.3. Hydrocarbons in the oceanic lithosphere

There are few studies characterizing the carbon geo-
chemistry and isotope compositions in mafic and ultramafic
rocks, and the origin of *C-depleted carbon components in
the mantle remains controversial. Some authors suggest
that carbon components extracted at low-temperature by
step-heating experiments of basaltic and mantle rocks and
characterized by 8'C values of —22%, to —26%, (Pineau
and Javoy, 1983; Mathez, 1987; Deines, 2002) are due to or-
ganic contamination (Mattey et al., 1984). Other studies
propose an indigenous origin of hydrocarbons with similar
C-isotope compositions (Pineau and Mathez, 1990; Deines,
2002). Sugisaki and Mimura (1994) reported the presence of
hydrocarbons (Cy4 to Cs3) in unaltered peridotites in ophi-
olites and in xenoliths, whereas these were lacking in their
investigated serpentinite samples. Although a specific origin
of the mantle hydrocarbons (biotic versus abiotic) was not
clearly specified in the study of Sugisaki and Mimura (1994)
they imply that hydrocarbons and isoprenoids (pristane
and phytane) may be related to recycling of sediment mate-
rial, rich in organic molecules, into the mantle. However,
the absence of hydrocarbons in the serpentinites analyzed
in the study of Sugisaki and Mimura (1994) contrasts with
our results and with previous analyses of Friith-Green et al.
(2004) on total organic carbon contents of serpentinites
from various tectonic environments. Frith-Green et al.
(2004) showed that up to 1500 ppm non-carbonate carbon
may be trapped in oceanic serpentinites and conclude that
a significant amount of this carbon may be present as
hydrocarbons.

Our results from the southern wall of the AM provide
new evidence for the presence of hydrocarbons in serpenti-
nites. In particular, the n-alkanes in the serpentinites of the
southern wall show no carbon number predominance and
no decrease in abundance with increasing carbon number,

and are characterized by higher abundances in Ci4 to Csg
n-alkanes and by the presence of isoprenoids; all of which
strongly point to a marine source. In light of the high sea-
water fluxes recorded in the samples of the southern wall,
we propose that organic carbon was introduced into the
serpentinites from marine DOC during the long-lived his-
tory of water—rock interaction at the Atlantis Massif. The
fact that the basement rocks, hydrothermal deposits and
vent fluids at Lost City show marked variations in chemical
and isotopic signatures suggests that different areas with
varying degrees of serpentinization are presently being
tapped by the seawater-derived fluids channeled and ex-
pelled along fault zones at the southern wall. At the central
dome, there may be a contribution of n-alkanes by FTT
reactions; however, the presence of pristane, phytane, squa-
lane and higher abundances of n-C,4 and n-C,; alkanes, to-
gether with the contribution of hopanes and steranes, point
to a marine DOC input. Thus, relatively limited seawater
circulation channeled in fault zones also seems to be capa-
ble of transporting small amounts of marine DOC deep in
the gabbroic section of the central dome.

TOC contents and isotopic compositions of serpentinites
and gabbros reported for other oceanic sites (e.g., Hess
Deep, MARK, SWIR, Cayman Rise, Iberian Margin,
Vema FZ, Mariana and Tyrrhenian Sea; Friith-Green
et al., 1996; Kelley and Friih-Green, 1999, 2000, 2001;
Frith-Green et al., 2004) are compared with the serpenti-
nites and gabbros of the Atlantis Massif in Fig. 10. A wide
range of 8'°C values (—329%, to —16%,) and TOC contents
(20-1005 ppm) characterize the oceanic gabbros from the
different localities. Within an individual site (Fig. 10a),
TOC contents and carbon isotope compositions are vari-
able and likely reflect the rock type or late fluid circulation
during deformation and alteration. For example, the plu-
tonic section of Hole 735B (SWIR) experienced a complex
history of intrusion, deformation and penetration of
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Fig. 10. Variations in 8'*Croc versus total organic carbon (TOC) content of (a) oceanic gabbros and (b) oceanic serpentinites from various
oceanic sites (Hess Deep, SWIR, MARK, Iberian Margin, Tyrrhenian Sea, Vema FZ; data from Frith-Green et al., 2004) compared with the
basement rocks of the Atlantis Massif (central dome and southern wall). Oceanic serpentinites are characterized by high variations in carbon
content and 5'>C values, which likely reflect variations in serpentinization/alteration conditions and fluid fluxes, whereas oceanic gabbros
show similar carbon contents and 8'*C values, except some samples of the central dome showing higher TOC contents up to 1005 ppm.
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hydrothermal fluids (Kelley and Frith-Green, 1999), and
the gabbroic rocks of Hess Deep re-equilibrated with late
volatile-rich fluids (Kelley and Friith-Green, 2000). The
gabbroic rocks of the Atlantis Massif have carbon isotope
compositions (—28.9%, to —26.6%,) and TOC contents
(Fig. 10a) within the range defined by the oceanic gabbros
from various sites; however, some gabbros show high TOC
contents (up to 1005 ppm; Fig. 10a).

Oceanic serpentinites from various settings also show a
wide range of carbon isotope compositions (—28.99, to
—7.9%, and scattered TOC contents (20-2660 ppm;
Fig. 10b). The majority of the serpentinites of the Atlantis
Massif contain low TOC (<500 ppm) and 8'*C values that
cluster in a narrow range between —309, and —209,
(Fig. 10b). The low TOC contents and negative 8'*C values
may be related to low-temperature (<200 °C) and more oxi-
dizing alteration conditions (Delacour et al., 2005), as sug-
gested by Friith-Green et al. (2004) for the serpentinites
from the Vema Fracture Zone and the Iberian Margin.
Therefore, variations in total organic carbon contents and
isotopic compositions of oceanic serpentinites may be related
to variable carbon contents and speciation in the mantle, and
the subsequent serpentinization conditions and fluid fluxes.

These compilations for oceanic serpentinites and gab-
bros (Fig. 10a and b) emphasize the heterogeneous carbon
compositions of the oceanic crust (Kelley and Frith-Green,
2000, 2001) and indicate that TOC in oceanic basement
rocks are commonly characterized by depleted carbon iso-
tope compositions. These signatures may be related either
to the presence of organic compounds in the rocks (indige-
nous or transported) as documented in the Lost City serp-
entinites or to the presence of carbon volatiles (CO,, CHy)
trapped in fluid inclusions. Kelley and Frith-Green (1999,
2000, 2001) reported carbon isotope compositions for sev-
eral generations of fluid inclusions trapped in the SWIR
gabbroic rocks during a complex history of fluid speciation
and alteration. The two main types, CO,—CH4-H,O-bear-
ing fluid inclusions and CH4—H,-bearing fluid inclusions
were analyzed for carbon isotope compositions. Both CO,
and CH,; show depleted isotopic compositions, with
3'3C(CO,) ranging from —24.9% to —19%, and
3'3C(CHy) ranging from —27.1 + 4.3%, (Kelley and Friih-
Green, 2001). The occurrences of similar volatile phases
in fluid inclusions have been reported from other areas,
e.g., MARK and Hess Deep (Kelley, 1996, 1997; Kelley
and Malpas, 1996). These volatiles may be more wide-
spread than previously realized and may account for a sig-
nificant contribution to the depleted carbon isotope
signature of plutonic and ultramafic rocks in the oceanic
crust.

6. CONCLUSIONS

This study contributes new data on the geochemistry of
organic carbon in oceanic serpentinites and gabbroic rocks
and provides constraints on the fate of dissolved organic
carbon in seawater during long-lived serpentinization and
hydrothermal alteration of the oceanic lithosphere. The
occurrences of isoprenoids (pristane, phytane and squa-
lane), polycyclic compounds (hopanes and steranes) and

higher abundances of n-C;¢ to n-C,, alkanes in the serpen-
tinites of the southern wall point to a marine organic input
with a possible minor component from in-situ chemosyn-
thesis indicated by the high content of squalane in a ser-
pentinite sample forming the basement of the active
hydrothermal chimney Poseidon. In contrast, FTT reac-
tions have been invoked to explain the origin of C; to C4
hydrocarbons and a '*C-enriched excess of DOC in the
hydrothermal vent fluids at Lost City (Lang et al., 2005;
Proskurowski et al., 2008). Although an abiogenic forma-
tion of m-alkanes is also consistent with the presence of
methane and hydrogen in the vent fluids, there is no clear
evidence for a significant inorganic source of n-alkanes in
the serpentinites of the southern wall. We propose that
the high seawater fluxes in the basement rocks of the south-
ern part of the AM likely favor the transport of marine
DOC into the serpentinites and overprint any earlier abiotic
signature acquired during initial stages of serpentinization
and lower fluid fluxes. Thus, our study suggests that hydro-
carbons account for an important proportion of the total
carbon stored in the Atlantis Massif serpentinites and that
serpentinites may represent an important—as yet unidenti-
fied—reservoir of DOC from seawater.

The detection of the biomarkers pristane, phytane and
squalane at depths of 1095 mbsf at the central dome further
implies seawater circulation deep into the gabbroic rocks
likely using fault zones as pathways. However, the distribu-
tion of the n-alkanes characterized by a decrease in abun-
dance with increase in carbon number may be attributed
to formation by FTT synthesis. Unfortunately, the low con-
centrations of the saturated fractions in these samples pre-
vented compound-specific isotopic characterization.

Hansell and Carlson (1998) reported a decrease in DOC
concentration of ~14 uM of deep water between the North
Atlantic and the North Pacific oceans, but the mechanisms
of this removal are not well understood (Hansell, 2002).
Circulation of deep water DOC through the oceanic crust
may affect the oceanic DOC reservoir. Lang et al. (2006)
calculated a global loss of 0.7 to 1.4 x 10'° g C/yr through
high temperature axial vents, which accounts for less than
2% of the ~14 uM DOC loss during the oceanic deep circu-
lation. High seawater fluxes, characteristic of the Lost City
serpentinite-hosted hydrothermal system, and the sorption
efficiency of newly formed phyllosilicates in serpentinite-
dominated portions of oceanic crust may account for a rel-
atively significant removal of DOC from the oceans to the
oceanic crust. In addition, these data have to be considered
into estimates of carbon fixed in the oceanic crust.

Assuming the extracted organic carbon fractions only
originate from dissolved organic carbon in seawater, this
extracted organic carbon content in the basement rocks of
the Atlantis Massif, ranging from 5 to 41 ppm (Table 3),
would give an estimation of the DOC trapped in the oce-
anic crust per year. Using the crustal production rate of
6.0 + 0.8 x 10'® g/yr calculated by Mottl (2003) and assum-
ing that approximately 20-25% of the oceanic crust is com-
posed of serpentinized peridotites (Cannat et al., 1995), so
that only 5% of the new seafloor produced per year is com-
posed of ultramafic rocks (Bach et al., 2001), this gives an
estimate of the annual storage rate of organic carbon in



Carbon geochemistry of serpentinites at Lost City 3699

the oceanic crust ranging from 1.5x 10 to 1.2 x
10" mol C/yr. In earlier studies, Staudigel et al. (1989)
and Alt and Teagle (1999) estimated that the crust is a
net sink of 1.5-2.7 x 10" mol C/yr; however, this calcula-
tion accounts only for the inorganic carbon component
(i.e. carbonate veins) and our studies indicates a further car-
bon component derived from DOC. Further investigations
on oceanic serpentinites and gabbros may help to better
constrain the amount of DOC removed through seawater
circulation in the oceanic crust and consequently to better
understand the carbon cycle.

Several authors (Shock, 1990; Holm et al., 1992, 2006;
Shock and Schulte, 1998; Martin and Russel, 2006) propose
that abiotic formation of organic compounds necessary for
early life requires alkaline conditions and high H, content
in hydrothermal fluids. Similarly, H,- and CHy-rich and
alkaline hydrothermal fluids produced by serpentinization
of mantle peridotites typify the Lost City hydrothermal sys-
tem and sustain dense microbial communities. Future stud-
ies of modern active peridotite-hosted hydrothermal
systems and the linkages among serpentinization, volatiles
and microbial activity may thus shed new light on the con-
ditions of emergence of life on Earth.
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