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Widespread mud volcanism across the thick (≤14 km) seismically active sedimentary prism of the Gulf of
Cadiz is driven by tectonic activity along extensive strike–slip faults and thrusts associated with the
accommodation of the Africa–Eurasia convergence and building of the Arc of Gibraltar, respectively. An
investigation of eleven active sites located on the Moroccan Margin and in deeper waters across the wedge
showed that light volatile hydrocarbon gases vented at the mud volcanoes (MVs) have distinct, mainly
thermogenic, origins. Gases of higher and lower thermal maturities are mixed at Ginsburg and Mercator MVs
on the Moroccan Margin, probably because high maturity gases that are trapped beneath evaporite deposits
are transported upwards at the MVs and mixed with shallower, less mature, thermogenic gases during
migration. At all other sites except for the westernmost Porto MV, δ13C–CH4 and δ2H–CH4 values of ~−50‰
and −200‰, respectively, suggest a common origin for methane; however, the ratio of CH4/(C2H6+C3H8)
varies from ~10 to N7000 between sites. Mixing of shallow biogenic and deep thermogenic gases cannot
account for the observed compositions which instead result mainly from extensive migration of thermogenic
gases in the deeply-buried sediments, possibly associated with biodegradation of C2+ homologues and
secondary methane production at Captain Arutyunov and Carlos Ribeiro MVs. At the deep-water Bonjardim,
Olenin and Carlos Ribeiro MVs, generation of C2+-enriched gases is probably promoted by high heat flux
anomalies which have been measured in the western area of the wedge. At Porto MV, gases are highly
enriched in CH4 having δ13C–CH4~−50‰, as at most sites, but markedly lower δ2H–CH4 values b−250‰,
suggesting that it is not generated by thermal cracking of n-alkanes but rather that it has a deep Archaeal
origin. The presence of petroleum-type hydrocarbons is consistent with a thermogenic origin, and at sites
where CH4 is predominant support the suggestion that gases have experienced extensive transport during
which they mobilized oil from sediments ~2–4 km deep. These fluids then migrate into shallower, thermally
immature muds, driving their mobilization and extrusion at the seafloor. At Porto MV, the limited presence of
petroleum in mud breccia sediments further supports the hypothesis of a predominantly deep microbial
origin of CH4.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Sub-marine mud volcanoes (MVs) provide an important pathway
for the expulsion of fluids and light volatile hydrocarbon gases from
dewatering sedimentary wedges in collisional settings or subduction
zones (e.g., Milkov, 2005). Generation and expansion of hydrocarbon
gases due to depressurization during transport is thought to
constitute a major driving factor in sustaining the buoyant ascension
of fluidized mud and clasts (i.e., mud breccia) and its breaching to the
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seafloor (e.g., Hedberg, 1974; Brown, 1990). In spite of their key role in
cold seep processes, investigations into the origins of light volatile
hydrocarbon gases in such environments (Charlou et al., 2003; Blinova
et al., 2003; Schmidt et al., 2005; Stadnitskaia et al, 2006; Mastalerz
et al., 2007) rely almost entirely on the analysis of their molecular
and stable isotopic compositions. Although models based on these
parameters provide broad constraints for the formation of sedimen-
tary hydrocarbon gases (Bernard et al., 1978; Schoell, 1980; Whiticar
et al., 1986; Chung et al., 1988), major uncertainties remain for a wide
range of environmental conditions (e.g., production by methanogenic
Archaea, Valentine et al., 2004 and references therein; abiogenic
generation, McCollom and Seewald, 2006; Horita and Berndt, 1999)
and with regard to the effects of transport (Fuex, 1980; Prinzhofer and
Pernaton, 1997). At cold seeps, these uncertainties are exacerbated
by the fact that hydrocarbon gases vented at the seafloor or in the
shallow subsurface may have experienced post-generational altera-
tion during migration (e.g., James and Burns, 1984). Previous
investigations of Gulf of Cadiz MVs have reported on the deep thermal
origin of the light volatile hydrocarbon gases vented in this cold seep
province (Mazurenko et al., 2002, 2003; Stadnitskaia et al., 2006;
Hensen et al., 2007), and studies on lipid biomarkers and microbial
activity at threeMVs showed the occurrence of seep-related anaerobic
oxidation of methane (AOM) in the past and present (Niemann et al.,
2006; Stadnitskaia et al., 2008). In this study, we evaluate the
conclusions of previous efforts by combining analyses of the
molecular and isotopic composition of hydrocarbon gases with the
organic geochemistry of the sediments to infer the depth of formation
of hydrocarbon gases compared to that of fluids (Hensen et al., 2007)

and of mobilized mud. Our approach shows that multiple gas sources
and transport pathways occur in different areas of the tectonically
active sedimentary wedge.

2. Sampling and methods

2.1. Sediment sampling

Sediment, fluid, and gas samples were recovered by gravity coring
from eleven active MVs throughout the Gulf of Cadiz during the RV-
Sonne SO 175-2 cruise in 2003 (Kopf et al., 2004), the RV-Merian
MSM1 cruise in 2006 and the RV-Professor Logachev TTR-14, -15 and
-16 cruises in 2004, 2005 and 2006, respectively. The sites sampled
during the different expeditions are presented in Table 1 and shown in
Fig. 1. The cores were segmented into 1m lengths and cut lengthwise
in a cooled laboratory at ~6 °C (except onboard the RV-Professor
Logachev). Sediment samples were collected within 1–2h after core
retrieval. Gas hydrate samples were obtained from Porto, Captain
Arutyunov and Bonjardim MVs (Table 1).

2.2. Light volatile hydrocarbon gases

Light hydrocarbon gases were stripped frommud samples onboard
according to the headspace equilibration method of McAullife (1971)
modified as described in Bowes and Hornibrook (2006). The gas
samples were stored by displacement in glass vials filled initially
with pH=1,10% KCl solution to avoid air contamination andmicrobial
alteration. Concentrations of light volatile hydrocarbon gases were

Table 1
Site location, water depth and core identification for the mud volcanoes sampled in this study.

Site Core ID Core type Longitude Latitude Water depth Core length Gas hydrate Cruise
(°W) (°N) (m) (cmbsf)

Bonjardim MV GeoB9051 Gravity core 09°00.03′ 35°27.61′ 3087 250 Inferred SO-175-2
MSM1-130 Gravity core 09°00.14′ 35°27.81′ 3048 280 MSM1
AT624 Gravity core 08°59.84′ 35°27.56′ 3065 205 Recovered TTR-16

Carlos Ribeiro MV MSM1-154 Gravity core 8°25.35′ 35°47.26′ 2198 210 – MSM1
AT613 Gravity core 8°25.24′ 35°47.26′ 2204 251 – TTR-16
AT614 Gravity core 8°25.30′ 35°47.25′ 2210 85 – TTR-16
AT616 Gravity core 8°25.30′ 35°47.25′ 2200 167 Inferred TTR-16

Olenin MV AT626 Gravity core 8°37.54′ 35°35.00′ 2628 470 No TTR-16
Soloviev MV AT619 Gravity core 9°06.45′ 35°12.78 3295 117 Inferred TTR-16
Semenovitch MV AT592 Gravity core 9°05.24′ 35°13.42′ 3242 205 – TTR-15

AT620 Gravity core 9°05.20′ 35°13.43′ 3243 143 Inferred TTR-16
Porto MV AT596 Gravity core 9°30.53′ 35°33.81 3878 165 Inferred TTR-15

MSM1-143 Gravity core 09°30.44′ 35°33.70′ 3862 115 MSM1
MSM1-163 Gravity core 09°30.483′ 35°33.734′ 3861 – Recovered MSM1
AT621 Gravity core 9°30.40′ 35°33.78′ 3921 140 – TTR-16
AT623 Gravity core 9°30.46′ 35°33.76′ 3875 150 Inferred TTR-16

Captain Arutyunov MV (CAMV) GeoB9041 Gravity core 7°19.97′ 35°39.70′ 1313 200 Small crystals observed SO-175-2
GeoB9072 Gravity core 7°19.95′ 35°39.71′ 1321 325 Small crystals observed SO-175-2
GeoB9036 TV-Grab 7°19.96′ 35°29.68′ 1320 – Recovered SO-175-2
AT543 Gravity core 7°19.98′ 35°39.69′ 1345 160 Small crystals observed TTR-14
AT545 Gravity core 7°20.06′ 35°39.69′ 1337 300 Small crystals observed TTR-14
AT548 Kasten core 7°20.03′ 35°39.70′ 1345 150 Small crystals observed TTR-14
MSM1-205 Gravity core 7°20.08′ 35°39.69′ 1326 350 MSM1
MSM1-174 Gravity core 7°19.95′ 35°39.73′ 1323 305 MSM1
MSM1-218 Box core 07°20.01′ 35°39.69′ 1318 Recovered MSM1

Ginsburg MV GeoB9061 Gravity core 7°05.29′ 35°22.42′ 911 110 Small crystals observed SO-175-2
AT521 Gravity core 7°05.28′ 35°22.28′ 919 216 Small crystals observed TTR-14
AT522 Gravity core 7°05.30′ 35°22.42′ 912 202 – TTR-14

Mercator MV MSM1-239 Gravity core 6°38.70′ 35°17.91′ 353 200 – MSM1
MSM1-263 Gravity core 6°38.79′ 35°17.86′ 351 135 – MSM1

Meknes MV AT540 Gravity core 7°04.41′ 34°59.07’ 701 115 – TTR-14
AT542 Gravity core 7°04.36′ 34°59.18′ 703 90 – TTR-14
AT580 Gravity core 7°04.35′ 34°59.20′ 705 72 – TTR-15

Shouen MV AT612 Gravity core 7°15.47′ 35°28.45′ 1180 132 – TTR-16

SO-175-2: RV-Sonne cruise SO175-2.
MSM1: RV-Merian cruise MSM1.
TTR-14, 15, 16: RV-Professor Logatchev cruises TTR-14, 15, and 16.

360 M. Nuzzo et al. / Chemical Geology 266 (2009) 359–372



Author's personal copy

measured at the Biogeochemistry Research Centre at the University
of Bristol using a Perkin Elmer Clarus 500 gas chromatograph (GC)
fitted with a mega-bore PLOT Q capillary column (0.53 mm×25 m)
and on a Varian 3400 GC fitted with a PLOT Q capillary column
(0.32 mm×30 m), both equipped with a flame ionisation detector
(FID) and operated with helium (35 ml min−1) as carrier gas. The
relative precision of the Varian 3400 was typically better than ±7%
for CH4 and C2H6, and ±10% for heavier homologues. The relative
precision of analysis using the PE Clarus 500 instrument was better
than ±2% for CH4 and C2H6, and ±5% for heavier homologues.
Calibration standards for methane consisted of a range of BOC (UK)
alpha-gravimetric mixtures.

Analyses of 13C/12C ratios in CH4 were conducted by GC-
Combustion-Isotope Ratio Mass Spectrometry (GC-C-IRMS) at the
BBRC at Bristol University using a Thermoelectron XP mass spectro-
meter. Light hydrocarbon gases were separated on a Varian 3400 GC
fitted with a PLOT Q capillary column (0.32 mm×30 m) and
combusted to CO2 at 1000°C in a ceramic reactor containing Cu and
Pt wires. A high purity blend of 1% O2 in helium was fed into the
reactor at 0.2 ml min−1 to ensure complete combustion. Analysis of
13C/12C ratios in methane homologues (ethane to pentanes) was
achieved using the same instrument after GC separation of the
compounds by applying the following program: online injection on
port maintained at a constant temperature of 250°C, column
temperature ramping from 30 to 180°C at a rate of 10°C min−1, and
then 4 min isothermal. CH4 calibration standards consisted of BOC
(UK) alpha-gravimetric gas mixtures that had been analyzed for δ13C
values at external laboratories, and the values are reported in units of
per mil relative to the Vienna Pee Dee Belemnite standard (‰VPDB).
A δ13C–CO2 gas standard was obtained from Oztech Corporation
(USA), and the natural gas standard was supplied by Intergas (UK).
The analytical precision of the IRMS instrument was better than
±0.5‰VPDB for CH4 and better than ±1.5‰VPDB for C2H6 to C5H12

homologues.

Stable isotope notation is based upon the IUPAC Recommendations
2008 document (Coplen, 2008). The delta value (δ13C) is defined as:

δ13C =
ð13C =

12CÞsample

ð13C =12C ÞVPDB
−1 ð1Þ

where (13C/12C)VPDB=1123.75×10−5.
The stable hydrogen isotope composition of methane (δ2H–CH4)

was analyzed on headspace gas samples at Isotech Laboratories
(Champaign IL, USA) using online gas chromatography-pyrolysis-
isotope ratio mass spectrometry (GC-py-IRMS). The analytical system
consisted of an Agilent 6890 gas chromatograph coupled to a pyrolysis
unit, Finnigan GCCIII interface, and a Thermo Delta V Plus Isotope
Ratio mass spectrometer. The hydrocarbon components were sepa-
rated by GC, and CH4 was thermally converted to CO2 and H2 in the
pyrolysis furnace at 1450°C. The resulting H2 was introduced directly
into the mass spectrometer. The δ2H values are reported in units
of permil (‰) relative to the Vienna Standard Mean Ocean Water
(VSMOW). One gas standard was analyzed every ten analyses and the
analytical precision of the instrument was ±5‰VSMOW.

2.3. Sedimentary lipids

Mud breccia sediments for lipid biomarker analyses were stored
at−20°C immediately after sampling. The samples were freeze-dried
at−40°C and then extracted using a Soxhlet apparatus and a 2:1 (v:v)
dichloromethane (DCM):methanol mixture for 20 h. Ten microliters
of an internal standard consisting of 202 ng µl−1 of n-C37 and 200 ng
µl−1 of hexadecan-2-ol was added to the samples. The organic
extracts were separated by alumina gel flash column chromatography
into an apolar (saturated hydrocarbon) fraction eluted with 9:1
n-hexane:DCM and a polar fraction (methanol). The apolar fraction
was analyzed by gas chromatography using a Carlo Erba GC equipped

Fig.1. Simplified structuralmap of the Gulf of Cadiz [modified fromMedialdea et al. (2004) and Zitellini et al. (2009)], showing the contours of the sedimentary prism (in grey). Major
tectonic features include (i) thrust faults of the Marquês de Pombal (MPF), and the Horseshoe (HsF), (ii) strike–slip faults of the Porto–Bonjardim (PBF), Gorringe-Horseshoe (GHsF)
and SWIM shown in dark grey, and (iii) important crustal highs (Gorringe Bank, Guadalquivir Bank, and Coral Patch Ridge). Major faults onshore SW Iberia (e.g., Messejana Fault),
and NWMorocco (Jebha and Nekor Faults; JF and NF, respectively) are also depicted on this Figure. The location of mud volcanoes (MVs) discovered to date is indicated by small black
triangles, the 11 sites studied in this work being highlighted by white circles.
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with a flame ionisation detector and fitted with a chrompack® fused
silica capillary column (50 m×0.32 mm internal diameter) coated
with CP Sil-5CB stationary phase (dimethylpolysiloxane equivalent,
0.12 µm film thickness). The carrier gas was H2, and the samples
were injected on column using the following temperature program:
70–130°C at 20°C min−1, 130–300°C at 4°C min−1, and 20 min
isothermal. Compound identification was performed by gas chroma-
tography-mass spectrometry (GC-MS) on a Thermoquest Finnigan
Trace GC interfaced with a Thermoquest Finnigan TraceMS operating
with an electron ionisation source at 70 eV and fitted with a CP Sil-
5CB column and GC conditions identical to those described above
(except with He as the carrier gas). The MS was set to scan for m/z
ranges of 50–850Da.

3. Geological setting

The Gulf of Cadiz is located in a tectonically (Gràcia et al., 2003a,b)
and seismically (Buforn et al., 1995) active convergent setting inwhich
the boundary between the African and Eurasian plates is concealed
beneath thick (up to ~14 km) Mio-Pliocene sedimentary deposits
(Thiebot and Gutscher, 2006). The sedimentary wedge is extensively
faulted (e.g., Pinheiro et al., 2003, 2005), with a predominance of

conjugate NE–SW and NW–SE thrusts on the Iberian margin, and
major WNW–ESE strike–slip faults, which are thought to accommo-
date the NW-directed plate convergence (Argus et al., 1989;
Medialdea et al., 2004; Zitellini et al., 2009; Fig. 1) in a diffuse plate
boundary setting (Sartori et al., 1994). Although several studies
suggest that the westward progression of the Arc of Gibraltar in the
Gulf of Cadiz ceased before the Pliocene (e.g., Lonergan and White,
1997), Gutscher et al. (2002) propose that E–W subduction remains
active and is driven by the roll-back of a relic of subducted Tethyan
oceanic crust beneath the Arc of Gibraltar.

Mud volcanism is a widespread manifestation of present-day
expulsion of fluid and hydrocarbon gases from the dewatering
sedimentary wedge. The MVs are mainly located along major strike–
slip faults, or at the intersection of these faults with arcuate thrusts,
indicating that venting occurs under tectonic control (Pinheiro et al.,
2003, 2005; Fig. 1). Extensive fields of authigenic carbonate chimneys
and crusts found along diapiric ridges on the Spanish and Moroccan
margins indicate that intense venting of hydrocarbon gas-rich fluids
has also occurred under tectonic control in the past (Diaz-del-Rio
et al., 2003). Present day seepage activity in the Gulf of Cadiz has been
characterized as moderate in comparison to other marine settings
based on a microbiological and biogeochemical study of anaerobic

Table 2
Pore water concentrations of light volatile hydrocarbon gases in Gulf of Cadiz mud volcano sediments.

Site Depth CH4 C2H6 C3H8 i-C4H10 n-C4H10 i-C5H12 n-C5H12 CH4/(C2H6+C3H8)
(cmbsf) (mM)§ (mM)§ (mM)§ (mM)§ (mM)§ (mM)§ (mM)§

Bonjardim MV
AT624 191 24.5 0.3 2.5 10−2 3.6 10−2 4.7 10−3 0.1 9.0 10−7 67
GeoB9051 240 4.1 0.3 0.1 3.1 10−2 2.4 10−2 4.8 10−2 7.0 10−3 11
MSM1-130 280 1.9 9.9 10−2 1.7 10−2 4.4 10−2 1.4 10−2 4.4 10−2 7.7 10−4 16
AT624 (gas hydrate)⁎ – 55.1 2.68 1 10−2 5 10−2 n.d. n.d. n.d. 20

Carlos Ribeiro MV
MSM1-154 210 3.4 4.7 10−2 8.9 10−3 4.2 10−3 7.9 10−3 7.4 10−3 n.d. 61
AT616 148 14.1 0.3 5.0 10−2 1.6 10−2 3.9 10−2 4.2 10−2 1.7 10−2 36
AT614 84 7.8 0.2 3.0 10−2 2.7 10−2 2.0 10−2 2.2 10−2 5.9 10−3 42
AT613 223 7.5 5.8 10−2 3.7 10−2 1.9 10−2 5.0 10−3 1.1 10−2 3.5 10−3 79

Olenin MV
AT626 409 0.1 5.1 10−2 2.8 10−3 1.5 10−3 1.7 10−3 6 10−4 1.4 10−3 13

Soloviev MV
AT619 106 8.5 1.3 10−3 n.d. n.d. 2.9 10−4 n.d. 2.1 10−4 6662

Semenovitch MV
AT592 205 0.5 1.2 10−4 n.d. n.d. n.d. n.d. n.d. 4536
AT620 134 11.6 5.1 10−3 n.d. 3.3 10−3 4.9 10−4 3.2 10−3 3.4 10−4 2282

Porto MV
AT596 165 5.2 2.7 10−3 n.d. n.d. n.d. n.d. n.d. 1908
AT621 129 8.6 1.1 10−3 n.d. n.d. n.d. n.d. n.d. 7660
AT623 150 21.7 9.4 10−3 n.d. n.d. n.d. n.d. n.d. 2298
MSM1-143 102 3.5 6.8 10−4 n.d. n.d. 8.4 10−5 n.d. n.d. 5251
MSM1-163 (gas hydrate)⁎ – 98.1 n.d. n.d. n.d. n.d. n.d. n.d. 1462

Captain Arutyunov MV
GeoB9041 195 5.2 4.0 10−3 6.0 10−4 1.8 10−4 6.4 10−5 4.5 10−5 5.8 10−5 1109
GeoB9072 300 8.2 3.7 10−3 1.4 10−3 4.7 10−4 1.6 10−4 n.d. n.d. 1594
MSM1-174 305 4.3 2.1 10−3 2.3 10−3 8.3 10−4 2.7 10−4 1.1 10−3 n.d. 995
MSM1-205 295 2.5 4.4 10−3 1.5 10−3 9.7 10−4 1.8 10−4 2.7 10−4 n.d. 429
AT545 300 4.3 2.7 10−3 n.d. n.d. 8.4 10−4 n.d. 9.7 10−4 1611
MSM1-218 (gas hydrate)⁎ – 18.2 2.8 10−2 n.d. n.d. n.d. n.d. n.d. 660
GeoB9036 (gas hydrate)⁎ – 52.4 6 10−2 2.5 10−4 n.d. n.d. n.d. n.d. 616
AT544 (gas hydrate)⁎ – 50.4 7.4 10−2 1.3 10−4 n.d. n.d. n.d. n.d. 674

Ginsburg MV
GeoB9061 140 4.8 9.3 10−2 2.3 10−2 2.5 10−3 2.2 10−2 2.0 10−2 1.1 10−2 41
AT521 175 5.6 7.9 10−3 1.1 10−3 n.d. 1.0 10−3 n.d. 1.1 10−3 628
AT522 190 2.6 1.5 10−2 6.7 10−3 5.6 10−3 4.5 10−3 n.d. n.d. 125

Mercator MV
MSM1-239 200 1 6.4 10−3 2.3 10−3 3.6 10−3 1.3 10−3 8.9 10−3 6.6 10−4 112
MSM1-263 135 1.4 2.3 10−2 5.9 10 4.3 10−3 1.4 10−3 2.4 10−3 5.4 10−4 50

Meknes MV
AT540 100 5.8 1.2 10−2 6.2 10−3 1.4 10−3 5.1 10−3 9.0 10−4 2.8 10−3 289
AT542 90 5.3 1.3 10−3 2.4 10−4 n.d. 4.0 10−4 n.d. n.d. 3390
AT580 85 0.2 6.9 10−5 n.d. n.d. n.d. n.d. n.d. 2313

⁎Gas hydrate recovered in sediments by gravity coring, concentration values expressed in percent volume (%v).
§Calculations to obtain concentrations in mM are provided in Nuzzo (2007).
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Table 3
Stable carbon and hydrogen isotope composition of methane, and stable carbon isotope composition of ethane to pentanes in pore fluids from Gulf of Cadiz mud volcanoes.

Site Depth δ13C–CH4 (n) δD-CH4 δ13C–C2H6 (n) δ13C–C3H8 (n) δ13C-i-C4H10 (n) δ13C-n-C4H10 (n) δ13C-i-C5H12 (n) δ13C-n-C5H12

(cmbsf) (‰VPDB) (‰VSMOW) (‰VPDB) (‰VPDB) (‰VPDB) (‰VPDB) (‰VPDB) (‰VPDB)

Bonjardim
AT624 112–191 −49.9±0.4 8 −27.5±0.3 12 −20.4±0.5 4 −27.3±0.5 4 −21.6 1 −24.6±0.4 4 –

GeoB9051 150-240 −49.5±0.2 6 −27.9±0.2 7 −24.1±0.5 7 −26.6±0.5 7 −24.8±1.2 7 −25.4±0.4 7 –

MSM1-130 180–280 −49.4±0.5 5 −27.3±0.2 8 −21.3±0.7 8 −25.9±0.8 3 −25.5±1.6 8 −24.0±0.9 8 −24.8 (n=1)
AT624 ⁎ – −52.7 1 −202 −27.6 1 −19.0 1 −26.0 1 −29.4 1

Carlos Ribeiro
MSM1-154 55–210 −54.9±0.3 8 −210 (200)⁎ −24.2±0.4 13 −22.0±1.3 6 −25.2±0.7 6 −28.3 1 −24.9±0.1 3 −20±1.2 (n=3)
AT616 89–168 −54.1±0.9 5 −187 (148)⁎ −24.0±0.2 6 −22.0±0.4 4 −24.8±1.4 4 −24.8±1.4 4 −25.0±0.4 4 −26.2±2.2 (n=3)
AT614 64–84 −51.9±1.3 3 −23.4±0.2 3 −19.7 1 −24.2±0.1 3 −22.4±0.3 3 −25.5±0.6 3 −21.3 (n=1)
AT613 213–244 −69.0±0.4 3 −32.8±1.3 3 −17.0±0.4 7 −23.5±0.1 3 −20.24 1 −24.0±0.6 3 n.d.

Soloviev
AT619 106 −57.0 1 −186 (96)⁎ n.d. n.d. n.d. n.d. n.d. n.d.

Semenovitch
AT592 205 −73.3 1 −210 (205)⁎ n.d. n.d. n.d. n.d. n.d. n.d.
AT620 98–134 −53.8±0.5 5 −214 (134)⁎ n.d. n.d. n.d. n.d. n.d. n.d.

Porto
AT596 165 −55.6 1 n.d. n.d. n.d. n.d. n.d. n.d.
AT621 129 −53.7 1 −257 (129)⁎ n.d. n.d. n.d. n.d. n.d. n.d.
AT623 120–150 −51.7±0.4 3 −262 (150)⁎ n.d. n.d. n.d. n.d. n.d. n.d.
MSM1-143 72–115 −53.1±0.5 5 −226 (52)⁎ n.d. n.d. n.d. n.d. n.d. n.d.
MSM1-163⁎ – −54.9 1 −261 n.d. n.d. n.d. n.d. n.d. n.d.

CAMV
GeoB9041 55–195 −48.5±0.2 12 −204 (195)⁎ n.d. n.d. n.d. n.d. n.d. n.d.
GeoB9072 210–325 −47.7±0.2 12 n.d. n.d. n.d. n.d. n.d. n.d.
MSM1-174 115–305 −47.9±0.8 8 −182 (305)⁎ −24.4±1.1 4 −10.7±1.8 4 −24.6 1 n.d. n.d. n.d.
MSM1-205 70–350 −48.4±1.7 10 n.d. n.d. n.d. n.d. n.d. n.d.
AT545 100–300 −46±0.4 12 n.d. n.d. n.d. n.d. n.d. n.d.
MSM1-218⁎ – −50.5 1 −25.3 1 n.d. n.d. n.d. n.d. n.d.
GeoB9036⁎ – −52.0 1 −192 n.d. n.d. n.d. n.d. n.d. n.d.
AT544⁎ – −50.7 1 n.d. n.d. n.d. n.d. n.d. n.d.

Ginsburg
GeoB9061 73–140 −40.8±0.2 8 −153 (155)⁎ −22.5 1 −22.1 1 −24.1 1 n.d. n.d. n.d.
AT521 125–175 −48.9±1.4 6 −220 (313)⁎ n.d. n.d. n.d. n.d. n.d. n.d.
AT522 130–190 −47.2±0.2 8 n.d. n.d. n.d. n.d. n.d. n.d.

Mercator
MSM1-239 95–200 −33.8±0.4 5 −129 (200)⁎ −34.1±1.1 6 −17.3 1 −25.9 1 −31.1 1 −25 1 −27.3 (n=1)
MSM1-263 70–135 −38.8±0.6 4 −142 (135)⁎ −23.9±0.2 4 −25.4±0.7 4 −27.4±0.5 4 −25.2 1 −27.2±1.1 3

Meknes
AT540 50–130 −51.6±0.1 9 −204 (110)⁎ n.d. n.d. n.d. n.d. n.d. n.d.
AT542 70–90 −48.9±0.3 3 n.d. n.d. n.d. n.d. n.d. n.d.
AT580 85 −52.8 1 n.d. n.d. n.d. n.d. n.d. n.d.

⁎The number in between brackets indicates the depth of the sample (in cmbsf).

363
M
.N

uzzo
et

al./
Chem

ical
G
eology

266
(2009)

359
–372



Author's personal copy

oxidation of methane at three active MVs (Niemann et al., 2006).
However, active seepage of fluids and hydrocarbon gases to the water
column has been observed recently during filming of the seafloor at
Mercator MV (van Rooij et al., 2005; Kenyon et al., 2005) and the
presence of gas hydrates at several MVs across the Gulf of Cadiz is
indicative of sustained fluxes of hydrocarbon-rich fluids at these sites.

4. Results

4.1. Light volatile hydrocarbon gases in interstitial fluids

The pore water hydrocarbon gas samples were recovered in the
deepest part of the cores, well below the sulphate–methane transition

zone, as shown on pore water geochemical profiles in Hensen et al.
(2007) and Nuzzo et al. (2008). These samples are therefore thought
to reflect the composition of deep hydrocarbon gases transported
towards the seafloor at the MVs. Pore water concentrations of light
volatile hydrocarbon gases (methane to pentanes) in mud breccia
sediments are provided in Table 2, with carbon and hydrogen isotopic
compositions listed in Table 3. Fig. 2a presents a “Bernard diagram”,
plotting δ13C–CH4 values versus CH4/(C2H6+C3H8) ratios for pore
water hydrocarbon gases (Bernard et al., 1978). Samples from
Bonjardim, Carlos Ribeiro, Ginsburg and Mercator MVs are character-
ized by a significant abundance of higher molecular weight methane
homologueswith CH4/(C2H6+C3H8) ratios as lowas ~10 at Bonjardim
MV. The δ13C–CH4 values range from ~−54‰ at Carlos Ribeiro MV
to ~−35‰ at Mercator MV. In contrast, samples from all other sites
(CAMV, Porto, Meknes, Semenovich, Soloviev MVs) and from core
AT521 at Ginsburg MV have δ13C–CH4 values of ~−50‰, but much
higher and more variable proportions of CH4 relative to heavier
homologues (290≤CH4/(C2H6+C3H8)≤7700). In contrast to most
of the data, samples from one core at Carlos Ribeiro MV (AT613)
contained more 13C-depleted CH4 (−69.0±0.4‰; Table 3). Compo-
sitionally different as well was the gas from the active seafloor vent
at Mercator MV (core MSM1-239) which was 13C-enriched CH4 (and
had CH4/(C2H6+C3H8) ratios up to 330.

A “C-D diagram” (Whiticar et al., 1986) plotting δ13C- versus δ2H–
CH4 values for samples from 8 MVs is shown in Fig. 2b. Samples from
Mercator and Ginsburg MVs on the Moroccan Margin have δ13C- and
δ2H–CH4 values ranging from −40 to −35‰ and −153 to −129‰,
respectively, with the highest values analyzed at the bubbling site at
Mercator MV (MSM1-239). Methane δ13C and δ2H values are more
negative at all the other sites, including the second core fromGinsburg
MV (AT521). CH4 fromPortoMV is distinctively 2H-depleted compared
to samples from all other sites.

The series of δ13C values for the different light volatile hydrocarbon
gases are plotted in order of increasing molecular weight of the
homologues in Fig. 3. At most sites, the δ13C-values for CH4 are
markedly more negative than the homologues, which range between
−30 and −20‰, typical of thermogenic gases (Chung et al., 1988).
Propane, however, is clearly more 13C-enriched than the other
homologues at CAMV, with values as positive −8‰. An exception is
the Mercator MV where CH4 has a δ13C value of ~−35‰ very similar
to that of higher homologues. Samples from core AT613 at Carlos
Ribeiro MV also depart from the general trends because both CH4 and
C2H6 possess markedly more negative δ13C values whereas C3H8 is
relatively enriched in 13C (Fig. 3).

Plotting the δ13C–C3H8 values against pore water concentrations
of propane (Fig. 4a) delineates three main groupings of C3H8 data:
(i) samples from most sites having δ13C–C3H8 values of ~−21‰,

Fig. 2. [A] “Bernard diagram” plotting δ13C–CH4 (in ‰VPDB) versus CH4/(C2H6+C3H8)
in samples from nine Gulf of Cadiz MVs (after Bernard et al., 1978). Carlos Ribeiro MV
(CRMV): circles: MSM1-154; triangles: AT614; diamonds: AT613; squares: AT616.
Bonjardim MV (Bon. MV): circles: GeoB9051; triangles: MSM1-130; diamonds: AT624;
star: gas hydrate (AT624). Semenovich MV (Sem. MV): circles: AT620; diamonds:
AT592. Porto MV (Port. MV): circles: AT623; diamonds: AT621; triangles: AT596;
squares: MSM1-143; star: gas hydrate (MSM1-163). Soloviev MV (Sol. MV): circles:
AT619. Meknes MV (Mek. MV): circles: AT540; diamonds: AT580; triangles: AT542.
MercatorMV (Mer. MV): circles: MSM1-268; diamonds: MSM1-239. GinsburgMV (Gin.
MV): circles: GeoB9061; diamonds: AT521; triangles: AT522. Captain Arutyunov MV
(CAMV): circles: GeoB9041; diamonds: GeoB9072; triangles: MSM1-205; squares:
MSM1-174; dash: AT545; cross: gas hydrate (MSM1-218); star: gas hydrate
(GeoB9036). The two rectangular fields represent typical δ13C–CH4 values and CH4/
(C2H6+C3H8) ratios for microbial (M) and thermogenic (T) gases. The mixing curve
(broken line) joining the two fields shows the improbability that the isotopic and
molecular signatures of gases at all sites could result from mixing of conventional
microbial and thermogenic gases, except in core AT613 from Carlos Ribeiro MV. The
mixing line (plain line) between high thermal maturity gas from Mercator MV vent
(MSM1-239) and lower thermal maturity gas from Carlos Ribeiro MV (e.g., MSM1-154)
shows that the composition of gases at Ginsburg MV (GeoB9061) and Mercator MV
(MSM1-263) could be produced by such a mixture. [B] “C-D Diagram” plotting pore
water δD- versus δ13C–CH4 in samples from nine Gulf of Cadiz mud volcanoes (modified
after Whiticar et al., 1986). The fields correspond to combined stable hydrogen and
carbon isotope compositions typical for CH4 formed by thermal cracking of sedimentary
organic matter (“Thermal”); by Archaea-mediated reduction of sedimentary CO2

coupled to the oxidation of H2 (“Bicarbonate reduction”); by Archaea-mediated
fermentation of acetate to CO2 and CH4 (“Acetate fermentation”).

Fig. 3. Plot showing δ13C-values for CH4 to C5H12 homologues (‰VPDB) at Carlos Ribeiro
MV; BonjardimMV; CAMV; Ginsburg MV; andMercatorMV (adapted from Chung et al.,
1988). Colour code for sites as shown on figure.
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(ii) samples from core AT613 at Carlos Ribeiro MV with δ13C–C3H8

values of−17‰, and (iii) samples from coreMSM1-263 from the non-
bubbling site at Mercator MV having the most 13C-depleted propane
(~−25‰). Overall, concentration values vary at different locations
(cores) of the MVs but the isotopic compositions remain similar, with
the exception of CAMV where δ13C–C3H8 values are markedly higher
(up to −8‰) and concentrations lower than at other sites.

A trend of increasing ratio of iso-C4H10 to normal-C4H10 with
increasing δ13C–nC4H10 values is apparent for samples from cores
AT616, AT614 and AT613 at Carlos Ribeiro MV and cores MSM1-130
and AT624 at Bonjardim MV (Fig. 4b). At Mercator MV, the ratio i-
C4H10/n-C4H10 is similar (~3) for samples from the active vent
(MSM1-239) and the non-bubbling site (MSM1-263), but δ13C-n-
C4H10 values are different (−31.1‰ and −25.2‰, respectively).

4.2. Lipid biomarkers

4.2.1. Acyclic alkanes
The distribution of acyclic hydrocarbons is highlighted for CAMV,

Bonjardim MV and Olenin MV by the m/z 57 mass chromatogram in
Fig. 5, with the distribution of all hydrocarbons shown by the total ion
current (TIC) mass chromatogram in the insert. Hydrocarbons are
dominated at CAMV and BonjardimMV by n-alkanes ranging from C17
to C35 and the regular isoprenoids pristane and phytane, but not at
Olenin MV where pristane and phytane abundances are low (Fig. 5).
The distribution in n-alkanes follows two distinct patterns. In the first
distribution pattern, the peaks corresponding to odd carbon number
n-alkanes are higher than their even homologues in the range of
C25 to C31. The second pattern shows a clear decrease in n-alkane
abundances with increasing carbon chain length and no odd-over-
even carbon number preference (or vice versa). The first pattern
prevails at Olenin MV and the second at CAMV as shown in Fig. 5 and
indicated in Table 5 by the Carbon Preference Index (CPI) and the Odd
Even Preference (OEP) indexes. A mixed distribution can be observed
at Bonjardim MV on Fig. 5b. A similar trend is shown at all other
sites by an increasing odd versus even predominance of C25–C31
compounds from Carlos Ribeiro and BonjardimMVs to PortoMV (core
AT621; Table 5). In general, hydrocarbon abundances are lowest
where the odd-numbered n-alkanes (C25 to C31) dominate the
distribution pattern, as shown at Olenin MV, where both the number
of compounds and their amounts are lower than at other sites
(Fig. 5c).

4.2.2. Hopanes
The distribution of hopanes is highlighted by the m/z 191 mass

chromatograms at CAMV, Bonjardim MV and Olenin MV (Fig. 6), with
the 17β,21α(H)/(17β,21α(H)+17α,21β(H)) hopane ratio highlighted
in Table 5 (hereby referred to as βα/(βα+αβ) ratio). The key to

compound identification in Fig. 6 is given in Table 4. The hopane
distribution is similar at all sites,marked by the coexistence of thermally
immature (i.e., hopanes in their biological 17β,21β(H) stereochemical

Fig. 4. [A] Diagram plotting δ13C- against the concentration in propane and showing trends for transport and biodegradation effects. [B] Plot of the ratio i-C4H10/n-C4H10 against
δ13C-n-C4H10. The arrow shows a trend for increasing biodegradation effect between samples from Carlos Ribeiro MV. Colour code for sites as shown on figure.

Fig. 5. Distribution of n-alkanes, pristane and phytane highlighted by partial m/z 57
mass chromatograms of the saturated hydrocarbons extracted from mud breccia
sediments from [A] Captain Arutyunov MV (GeoB9072); [B] Bonjardim MV (AT624);
and [C] Olenin MV (AT626). The distribution of all saturated hydrocarbons is shown in
the partial total ion current mass chromatograms in insert for the respective sites.
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configuration; peaks 1′, 2′ and 6′ in Fig. 6) and mature (17α,21β(H)
hopanes and both 22S and 22R isomers; peaks 4, 5, 6–12 in Fig. 6)
compounds. Homohopanes with the αβ configuration predominate
over thermally immature hopanes at CAMV, and to a lesser extent at
Carlos Ribeiro and Bonjardim MVs, whereas thermally immature
hopanes are relatively more abundant at Ginsburg and Porto MVs and
dominate the distribution at Olenin MV (Fig. 6 and Table 5). At Olenin
MV, the predominance of immature biomarkers correlates with very
low hopane abundances (Fig. 6c).

4.2.3. Steranes and diasteranes
The distribution of steranes, diasteranes and monoaromatic

steranes is highlighted by the m/z 217 mass chromatograms for
CAMV, Bonjardim MV and Olenin MV (Fig. 7), and indicated by
the diasteranes/(diasteranes+steranes) and C21–C22 monoaromatic
steranes ratios inTable 5. The key to compound identification in Fig. 7 is
given in Table 4. As observed for hopanes, the sterane distributions are
similar at all sites, except at OleninMV. Atmost sites, the distribution is
dominated by C27 and C29 diasteranes and C27, C28 and C29 steranes.
Low molecular weight steranes (C21–C22) occur in highest relative
abundances at CAMV,with lower relative abundances at Carlos Ribeiro
MV, and very low abundances at Bonjardim, Ginsburg and Porto MVs.
At Olenin MV, sterane abundances are much lower than at all other
sites and C21–C22 components were not detected (Table 5).

5. Discussion

5.1. Gases of different origins at Gulf of Cadiz mud volcanoes

At most sites, the δ13C values of vented methane generally suggest
a deep thermal origin (Fig. 2a), consistent with reports from
Mazurenko et al. (2002, 2003), Stadnitskaia et al. (2006) and Hensen
et al. (2007). Samples from core AT613 at Carlos Ribeiro MV are
an exception in that the data plot along a mixing line between
i) thermogenic gas having a composition similar to that observed in
other Carlos Ribeiro MV cores, and ii) a microbial end-member, as
depicted in Fig. 2a. Stadnitskaia et al. (2006) identified two groups of
MVs across the Gulf of Cadiz based on the composition of hydrocarbon
gases. These authors distinguished thermogenic gases vented at
Moroccan Margin MVs, which are thought to have a higher thermal
maturity based on their molecular and isotopic compositions, from
gases seeping at Deep Portuguese Field (DPF) MVs, which they
characterized as mainly thermogenic in origin but of a lower maturity
and containing admixtures of shallow Archaeal CH4. Our results are in
agreement with those of Stadnitskaia et al. (2006) regarding the
occurrence of thermogenic gases of different thermal maturities at the
MVs. In contrast to Stadnitskaia et al. (2006), however, we observed
that venting of lower thermal maturity gases is not restricted to the
DPF MVs, but does also occur at many Moroccan Margin sites.
Additionally, at Porto MV in the DPF, our results suggest that the
gases do not have a main thermogenic origin. We will therefore refer
to sites venting “mature” and “lower maturity” thermogenic gases
instead of DPF and Moroccan Margin sites, and discuss the case of
Porto MV separately.

5.1.1. “Lower maturity thermogenic gases”
Pore water gas samples from the DPF MVs have relatively invariant

methane δ13C values of ~−50‰ but also highly variable CH4/(C2H6+

Fig. 6. Distribution of hopanes highlighted by partial m/z 191 mass chromatograms of
the saturated hydrocarbons extracted from mud breccia sediments from [A] Captain
Arutyunov MV (GeoB9072); [B] BonjardimMV (AT624); [C] Olenin MV (AT626). Partial
total ion current mass chromatograms are shown in Fig. 5. The key to compound
identification is provided in Table 4.

Table 4
Hopane and sterane identification key for Figs. 6 and 7, respectively.

Peak number Compound/configuration Carbon number

Ts 22,29,30-Trisnorhopane-II 27
Tm 22,29,30-Trisnorhopane 27
1⁎ Hopene 29
1 17α,21β(H)-30-norhopane 29
2 17β,21α(H)-30-norhopane (normoretane) 29
3 17α,21β(H)-30-hopane 30
4 17α(H)-30-nor-29-homohopane 30
1′ 17β,21β(H)-30-norhopane 29
5 17β,21α(H)-30-hopane (moretane) 30
6 17α,21β(H)-29-homohopane 22S 31
7 17α,21β(H)-29-homohopane 22R 31
3′ 17β,21β (H)-30-hopane 30
8 17α,21β(H)-29-homohopane 22S+22R 31
9 17α,21β(H)-29-bishomohopane 22S 32
10 17α,21β(H)-29-bishomohopane 22R 32
6′ 17β,21β (H)-29-homohopane 31
11 17α,21β(H)-29-trishomohopane 22S 33
12 17α,21β(H)-29-trishomohopane 22R 33
13 17α,21β(H)-29-tertrakishomohopane 22S 34
14 17α,21β(H)-29-tertrakishomohopane 22R 34
15 17α,21β(H)-29-pentakishomohopane 22S 35
16 17α,21β(H)-29-pentakishomohopane 22R 35
⁎ Contamination (column bleed)
a Diasterane 27
b Diasterane 27
c 5α,14α,17β-Cholestane 27
d 5α,14α,17-Cholestane 27
e Diasterane 29
f 5α,14α,17-Ergostane 28
g 5α,14β,17α-Stigmastane 29
h 5α,14α,17-Stigmastane 29
i 13β,17α-dia-n-propylcholestane 30
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C3H8) ratios (Fig. 2a; Tables 2 and 3). Samples from Porto,
Semenovich, and Soloviev MVs are highly enriched in CH4, whereas
gases from Bonjardim, Olenin and Carlos Ribeiro MVs have low CH4/
(C2H6+C3H8) ratios. On the Moroccan margin, gases vented at
Meknes MV, CAMV and two locations at Ginsburg MV (cores AT521
and AT522) are also highly enriched in CH4 and have the same isotopic
composition (Table 2 and Fig. 2). The variation in the distribution
of hydrocarbons is unlikely to result from mixing of microbial
and thermogenic gas sources because rates of shallow microbial
methanogenic activity are very low in Gulf of Cadiz MV sediments
(Nuzzo et al., 2008) and because changes in themolecular distribution
do not correlate to changes in δ13C–CH4 values (Fig. 2a). Consistently,
δ2H–CH4 values ~−200‰ at all sites except for Porto MV suggest a
common origin for CH4 as shown on the “CD” diagram in Fig. 2b,
which is an empirical guide that can be used to distinguish CH4

formed by thermal cracking of n-alkanes versus that formed by
methanogenic Archaea oxidizing H2 coupled to the reduction of CO2 or
dissimilating acetic acid (Whiticar et al., 1986).

5.1.2. Archaeal methane at Porto MV?
At Porto MV, the gases are highly enriched in CH4 having δ13C

values ranging from ~−55 to −50‰ as at all the sites mentioned
above, but distinctively more negative δ2H–CH4 values of −267 to
−253‰ which are indicative of an aceticlastic Archaeal origin
(Fig. 2b). Methane formed by acetate fermentation is 13C-enriched
compared to other Archaeal sources because carbon isotope frac-
tionation between the methyl group of acetate (substrate) and
methane (product) is small (as little as 7‰) for thermophilic
organisms (Valentine et al., 2004). Methane vented and trapped in
clathrates at Porto MV could be produced mainly by aceticlastic
methanogens in the deep sediments, although δ13C–CH4 values are
similar to those of typical thermogenic CH4 at Gulf of Cadiz MVs. A
shallowmicrobial origin for the gas can probably be excluded because
of the low Total Organic Carbon content of ~0.3wt.% of Porto MV
mud breccia sediments. Notably, pore water acetate concentrations
of up to 2478±163 µM have been measured at Ginsburg MV (Nuzzo
et al., 2008), which shows that deep-sourced fluids at Gulf of Cadiz
MVs can be very highly enriched in organic acids, although such
measurements have not been performed at PortoMV. At GinsburgMV,
the deep-sourced fluid is also enriched in sulphate, and the high levels
of acetate do not stimulate methanogenesis but instead are oxidized
to CO2 coupled to the reduction of SO4

2− (Nuzzo et al., 2008). The pore
fluids are not enriched in sulphate at Porto MV, and consequently the

Table 5
Maturity-dependent biomarker parameters for Gulf of Cadiz mud volcano apolar lipid extracts.

Site (core ID) CPI OEP1 OEP2 Diast./(Diast+Ster.)a (%) βα/(βα+αβ)
Hopanes (%)b

22S/(22S+22R)c MA(I)/(MA(I)+MA(II))d

Ginsburg MV (GeoB9061) 1.3 1.2 1.2 15.8 41.7 0.3 19.8
Shouen MV (AT612) 1.2 1.4 1.1 16.7 63.3 0.3 37.5
Carlos Ribeiro MV
AT616 1.2 1.1 1.3 23.2 33.0 0.5 27.8
AT614 1.2 1.1 1.3 – – 0.5 39.3
AT613 1.2 1.1 1.3 24.0 39.4 0.5 47.2
Bonjardim MV(AT624) (40–50cmbsf) 1.3 1.2 1.2 21.7 36.5 0.4 24.4
(102–112cmbsf) 1.3 1.2 1.2 23.1 37.3 – 46.1
(191–201cmbsf) 1.3 1.2 1.2 20.3 25.1 0.4 15.5
Olenin MV (AT626) 4.5 1.4 3.9 – 40.3 n.d. –

CAMV (GeoB9072) 1.1 1 1.9 26.5 31.6 0.6 50.0
Porto MV AT621 2.1 1.3 2.0 14.8 39.2 0.4 24.7
AT623 (50–60cmbsf) 1.7 1.4 1.7 22.7 40.2 0.4 32.1
(130–140cmbsf) 1.4 1.4 1.1 24.1 – 0.4 28.3
Semenovitch MV (AT620) 1.3 1.1 1.5 25.8 17.6 0.5 36.0
Soloviev MV (AT619) 1.3 1.3 1.2 20.7 22.0 0.4 24.8

(a) C27–C29 diasteranes/(C27–C29 regular steranes+C27–C29 diasteranes).
(b) 17β,21α (H)-30-norhopane (normoretane)/17α,21β (H)-30-norhopane.
(c) 17α,21β (H)-29-Bishomohopane (22S)/[17α,21β (H)-29-Bishomohopane (22S)+17α,21β (H)-29-Bishomohopane (22R)].
(d) C21–C22 monoaromatic steroids: MA(I); C27–C29 monoaromatic steroids: MA(II).

Fig. 7. Distribution of steranes highlighted by partial m/z 217 mass chromatograms of
the saturated hydrocarbons extracted from mud breccia sediments from [A] Captain
Arutyunov MV (GeoB9072); [B] BonjardimMV (AT624); [C] Olenin MV (AT626). Partial
total ion current mass chromatograms are shown in Fig. 5. The key to compound
identification is provided in Table 4.
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presence of acetate in the interstitial fluids could fuel methanogenic
activity. Methane production by Archaea fermenting acetate supplied
by deep-sourced fluids could occur at depth in the buried sediments
or in shallow extruded sediments.

5.1.3. “Mature thermogenic gases”: Ginsburg and Mercator MVs
The pore water gases from the active vent at Mercator MV (MSM1-

239) contain CH4 that is more 13C- and 2H-enriched than CH4 from the
non-active location at the sameMV (MSM1-263; Fig. 2), This indicates
that CH4 vented at the bubbling site (MSM1-239) has a higher
formation temperature because residual CH4 becomes further
enriched in heavy isotopes for both C and H during late maturation
stages due to an open system Raleigh distillation effect occurring
throughout the thermal maturation process (Schoell, 1980). A high
maturity thermogenic origin also is consistent with the limited
differences in carbon isotopic composition between the homologues
in samples from siteMSM1-239 at Mercator MV (Fig. 3) because these
differences are known to decrease during the maturation process
(James, 1983). The gas from core GeoB9061 at Ginsburg MV has the
same isotopic and molecular composition as gas in core MSM1-263 at
MercatorMV (Fig. 2). Samples fromboth cores plot along amixing line
between low thermal maturity gases (e.g., Bonjardim and Carlos
Ribeiro MVs) and high maturity gas from the active Mercator MV vent
(core MSM1-239) in the Bernard and CD diagrams, suggesting that
they are probably produced by mixing of gases from both sources
(Fig. 2). This hypothesis is supported by the molecular and isotopic
compositions of gases sampled from cores AT521 and AT522 at
Ginsburg MV, which are typical of the lower thermal maturity gases
vented at CAMV, MeknesMV or at the DPFMVs.We therefore propose
that mixtures of thermogenic gases of different thermal maturities
(i.e., sources) are vented at different locations of Ginsburg and
Mercator MVs.

5.2. Effects of transport and biodegradation in the shallow sub-surface
on hydrocarbon gas composition

The deep-source thermogenic hydrocarbon gases vented at all Gulf
of Cadiz MVs have experienced extensive transport, and during
transport in solution, different hydrocarbon gas homologues can
become separated because their solubility in water increases with
increasing molecular weight (McAullife, 1966). This separation
process results in a progressive enrichment in the lighter homologues,
predominantly CH4. The diffusion of CH4 in the sediments has been
found to have no influence on its isotopic composition according
to some authors (Fuex, 1980), and on the contrary to induce a
progressive depletion in 13C, with differences in δ13C values between
source and migrated CH4 of 20‰ or more (Prinzhofer and Pernaton,
1997). Hence the enrichment in CH4 relative to its heavier homologues
at many “lower thermal maturity” sites could be produced by a
transport effect inducing (i) changes in CH4/C2+ ratios but no marked
changes in δ13C values (i.e. δ13C–CH4 of source gas ~−50‰) or (ii)
changes both in the molecular composition of the migrated gas and in
δ13C–CH4 values (i.e. δ13C–CH4 of source gasb−50‰). In either case,
the effects of transport on the molecular composition of light volatile
hydrocarbon gases can account for the varying CH4/C2+ ratios at
“lower thermal maturity” sites.

Biodegradation of thermogenic gases also can alter their composi-
tion; C3H8, n-C4H10 and n-C5H12 are more extensively degraded than
their branched homologues, leading to 13C-enrichment in residual gas
compared to undegraded gas (James and Burns, 1984). No clear trend
for decreasing pore water C3H8 concentrations coupled to increasing
δ13C–C3H8 values can be seen at Gulf of Cadiz MVs, except for a few
data points at CAMV (core MSM1-174) where low concentrations of
13C-enriched propane indicate extensive biodegradation processes
have taken place, Carlos Ribeiro MV (core AT613) and Mercator MV
(Fig. 4a). In core AT613 at Carlos RibeiroMV, an increase in the i-C4H10/

n-C4H10 ratio coincides with an increase in δ13C-n-C4H10 values,
suggesting that n-butane has been biodegraded (Fig. 4b). At this site,
low δ13C values for CH4 and C2H6 (Fig. 3) also suggest the occurrence of
microbial generation of CH4 and C2H6 (e.g., Milkov et al., 2005). Hence
at Carlos Ribeiro MV and CAMV, biodegradation of propane and n-
butane, as well as secondary methane and ethane production at Carlos
Ribeiro MV partly explain variations in gas geochemistry in samples
from different cores. However, our results exclude the hypothesis of
significant biodegradation processes at all other MVs, and the large
range of CH4/C2+ ratios observed at low thermalmaturity sites are best
explained by extensive transport effects.

5.3. Petroleum in sediments from Gulf of Cadiz MVs

5.3.1. Mixed sources of organic matter in mud volcano sediments
The distribution of selected lipid biomarkers indicates that there

are multiple sources of organic matter having different thermal
maturities and that the proportional abundance of immature versus
mature organic matter varies amongst the sites. The distribution of
n-alkanes at Olenin MV is marked by the predominance of odd-
numbered homologues in the range of C25 to C31 and a correspond-
ingly high CPI, the later being characteristic of thermally immature
organic matter dominated by a significant contribution from terres-
trial plants (e.g. Eglington and Hamilton, 1967; Fig. 5 and Table 5).
Further evidence that extractable organic matter at the Olenin MV is
thermally immature comes from the predominance of the biogenic,
but thermodynamically unfavourable ββ configuration of the hopanes
(Fig. 6 and Table 5). On the contrary, the n-alkane distribution at
CAMV (Fig. 5a and Table 5) is dominated by relatively low molecular
weight homologues with no odd-over-even predominance (reflected
by a CPI of ~1) and abundant pristane and phytane. Such a composition
is typical for thermally mature organic matter, whether petroleum
(i.e., migrated out of the source rock) or bitumen (i.e., immobile phase
in the source rock). Further evidence that this organic matter is
thermally mature is the homohopane isomerization ratio (22S/(22R+
22S)), which is approximately 0.6 and typical of bitumen that has
reached at east the oil window (e.g., Seifert and Moldowan, 1986;
Table 5). It is also in agreement with an elevated monoaromatic
steroid ratio (MA(I)/[MA(I)+MA(II)]) value of 50% (e.g., Seifert and
Moldowan, 1978), low βα/(βα+αβ) norhopane ratios and the most
elevated diasterane/(diasterane+sterane) ratios of all sites (Peters
et al., 1990).

CPIs from other MVs show intermediate values, reflecting
contributions from both the petroleum/bitumen and higher plant-
derived patterns, with a predominance of thermally mature organic
matter at Carlos Ribeiro, Semenovich and Bonjardim MVs, and low
maturity organic matter at Ginsburg and Porto MVs (Table 5).
Supporting a mixed source of organic matter, the biomarker thermal
maturity parameters at the Semenovich, Bonjardim, Porto, Ginsburg,
and Shouen MVs are intermediate between the CAMV and Olenin MV
end-members. The parameters listed in Table 5 suggest that the
thermal maturity of bitumen at the sites decreases in the order
CAMVNCarlos Ribeiro MVNSemenovich MVNGinsburg MVNPorto
MV, with organic matter at Olenin MV containing only thermally
immature organic matter. However, both 17β,21β(H) hopanes
(immature) and 17α,21β(H)-homohopanes with a 22S/(22S+22R)
ratio of 0.6 (mature) are present at CAMV. Likewise, the occurrence of
thermally mature and immature biomarkers is observed at all other
sites (Table 5). Thus the distribution of hydrocarbons suggests that
thermally immature organic matter from the sediment is mixed with
varying proportions of petroleum that has migrated upward into
shallow sediments. This implies that a relatively shallow mud source,
which has experienced little thermal maturation, has been fluidized
by the influx of deep fluids (Hensen et al., 2007), associated not only
with hydrocarbon gases but also with petroleum.
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5.3.2. Thermal maturity and the origin of petroleum at Gulf Of Cadiz MVs
The thermalmaturity of the petroleum transported fromdepth into

the shallow mud source can be inferred from the parameters listed in
Table 5. At no site does the organicmatter of inferred petroleum origin
exceed an equivalent temperature range ~100°C because higher
temperatures would begin to cause thermal degradation of steranes
and hopanes (Peters and Moldowan, 1991). Such temperatures are
consistent with the range of diasterane and monoaromatic steroid
ratios (Peters et al., 1990). Positive heat flux anomalies are rare over
most of the Gulf of Cadiz, being observed only in theWest in the area of
Porto, Bonjardim and Carlos Ribeiro MVs (Kopf et al., 2004;
Grevemeyer et al., 2009). Therefore the petroleum transported from
depth into the shallower mud breccia source is probably formed at
depths b3–4 km, well within the mixed terrestrial and marine Mio-
Pliocene sediments (Medialdea et al., 2004). Mixed sedimentary
sources are also in agreement with the C27 to C29 sterane distributions
which suggest a mixed terrestrial andmarine sedimentary source rock
(Table 5). Both petroleum sources and generation temperatures (~60–
100°C) correspond to those expected for the generation of high
amounts of clay-dehydration fluids across the wedge (Hensen et al.,
2007).

5.4. Conclusion: Tectonic and stratigraphic control on the generation and
transport of hydrocarbon gases at Gulf of Cadiz MVs

The Gulf of Cadiz MVs have previously been divided into two
groups based on the molecular and isotopic composition of the light
volatile hydrocarbon gases: the Moroccan Margin (high thermal
maturity) and DPF (lower thermal maturity) sites (Stadnitskaia et al.,
2006). Our findings support a predominantly thermogenic origin for
gases vented at MVs across the Gulf of Cadiz, but indicate that there is
not a common source for each of the groups defined by Stadnitskaia

et al. (2006), but rather a higher variety of cases in which local
tectonic and stratigraphic conditions control both hydrocarbon
formation and transport mechanisms. The differences in molecular
and isotopic compositions between the 11 sites investigated across the
Gulf of Cadiz are mainly attributed to their generation in distinct
stratigraphic and tectonic settings, as exemplified by Mercator MV,
CAMV, Bonjardim MV and Porto MV. The dominant gas production
and transport processes at the other sites investigated in this study are
related to those of the four models presented below.

5.4.1. Evaporitic deposits in the sediments: admixing of thermogenic
gases from different depths (Mercator and Ginsburg MVs)

At Mercator MV (“high thermal maturity” site), the sulphate
concentrations in the deep-sourced fluid exceed saturation values,
suggesting the presence of thick gypsum-bearing evaporitic deposits
at depth (Haeckel et al., 2007), which is supported by geophysical
data for this area (Flinch, 1996). The presence of evaporites also is
suspected at Ginsburg MV (Hensen et al., 2007). It is thus likely that
the evaporites act as a barrier between deeper and shallower
hydrocarbon-bearing sediments, with metagenic CH4 production
occurring in the deepest compartment and lower maturity gases
in the upper sediments. Additionally, the availability of sulphate in
deep interstitial fluids may promote the anaerobic oxidation of
hydrocarbons at depth. Although it is unlikely that deep thermal or
microbial oxidation of methane is solely responsible for the increased
δ13C–CH4 values at the active seep (Barker and Fritz, 1981; Krouse
et al., 1988) because the sulphate concentrations are high in pore
fluids at both Mercator MV locations (as opposed to only at the active
vent), both thermal maturation and anaerobic oxidation result in
increasing δ13C–CH4 and δ2H–CH4 values and can explain the values
observed at this site. The processes of transport and mixing of
hydrocarbon gases are schematically depicted for Mercator MV in

Fig. 8. Schematic representation of the sources and transport mechanisms for hydrocarbon gases, fluids, petroleum and mud at [A] Mercator MV; [B] CAMV; [C] Bonjardim MV; and
[D] Porto MV. See explanations in the text. Basement depths from Thiebot and Gutscher, 2006.
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Fig. 8a. Clay mineral fluid expulsion and thermogenic gas formation
occur to a depth of ~4 km, with further cracking of homologues to
methane (metagenesis), and possibly AOM, occurring beneath salt
deposits at greater depths (Fig. 8a). Transport and mixing of the
metagenic CH4 and lower thermogenic hydrocarbon gases are
favoured by the location of the MV along a major south west iberian
margin strike–slip fault (Zitellini et al., 2009; “SWIM” fault in Fig. 1) as
observed at otherMVs from the Gulf of Cadiz (Hensen et al., 2007) and
from other settings (e.g., Mediterranean Ridge: Huguen et al., 2004).
In the conceptual model presented here, gas vented at the bubbling
site (core MSM1-239) contains essentially deeper-sourced CH4, while
at the other location (MSM1-263) it is produced by mixing of gases
from deep and shallow sources (Fig. 8a). We propose that similar
processes are occurring at Ginsburg MV.

5.4.2. Extensive generation and transport of fluids, petroleum and
hydrocarbon gases from deeply-buried sediments (Captain Arutyunov,
Meknes, Semenovitch and Soloviev MVs)

CAMV is also located on the Moroccan Margin, but in an area
where sediment thickness is greater than anywhere else in the Gulf of
Cadiz (up to 14 km; Thiebot and Gutscher, 2006). Although evaporitic
deposits are probably present at CAMV, pore fluid geochemical studies
show that their occurrence is much more limited than at Mercator or
Ginsburg MVs (Hensen et al., 2007). We propose that the enhanced
flux of deep-sourced clay mineral dehydration fluid (Hensen et al.,
2007), hydrocarbon gases and petroleum in shallow sediments from
CAMV results from a combination of (i) the generation of greater
volumes of fluids and hydrocarbons, and (ii) increased rates of
transport due to the location of the MV at the tip of a major lateral
fault (Fig. 1; Hensen et al., 2007).

The production of large amounts of fluid, oil and hydrocarbon
gases is attributed to both the thickness of the sediments and the
low thermal gradient in this part of the wedge (Kopf et al., 2004;
Grevemeyer et al., 2009), which together allow for generation to take
place at ~60–100°C over greater depth intervals. Extensive migration
of thermogenic gases is also consistent with increased thickness of the
sediments in this area and could account for the higher CH4/C2+ ratios
at CAMV than at Carlos Ribeiro and BonjardimMVs. The influx of fluids
and gases drives the mobilization of shallow mud sources, and
immature organic matter from the mobilized sediments is mixed with
petroleum that has migrated along with the gases, as depicted in
Fig. 8b.

The upward-directed transport of deep-sourced fluids and hydro-
carbons is favoured by the location of CAMV at the tip of a wide lateral
fault (Figs. 1 and 8b), as indicated by increased advection rates of
upward-transported fluids at this site (Hensen et al., 2007). We
tentatively propose that Meknes, Semenovich and Soloviev MVs
have analogous functioning because of the similarity in geochemical
composition of gases, sediments and fluids (Nuzzo, 2007), and
tectonic settings. These structures are indeed located on recently-
discovered “SWIM” lateral faults (Zitellini et al., 2009; Fig. 1), similar
to CAMV.

5.4.3. Active generation of C2+ - enriched gases under tectonic control
(Carlos Ribeiro, Bonjardim and Olenin MVs)

Sediment thicknesses decrease westward in the area of the DPF
MVs (Thiebot and Gutscher, 2006) and evaporites are absent in this
part of the wedge (Medialdea et al., 2004). NE–SW and NW–SE
oriented thrust faults predominate in this area (Fig. 1) and positive
heat flux anomalies have been measured across W–E transects over
thrust faults (Kopf et al., 2004; Grevemeyer et al., 2009). The MVs
are located at the intersection of thrust faults with regional-scale
lateral faults such as the Porto–Bonjardim Fault (Fig. 1) along which
both theMVs are located (Pinheiro et al., 2005). Increased heat fluxes
are expected to promote the generation of clay-dehydration fluids
and C2+-enriched gases at shallower depths in the area of the DPF

MVs (b4 km) than in the vicinity of CAMV, as schematically shown
for BonjardimMV in Fig. 8c. However, the co-occurrence of thermally
immature and mature biomarkers in mud breccia sediments
demonstrates that hydrocarbons (petroleum and gases) have
migrated in the sediments, because the thermally unstable biomar-
kers would not be present if generation had taken place within the
MV source sediments. Hence active thermogenic gas generation is
probably controlled by the westward movement of the sedimentary
prism, which is accommodated by thrust faults (Gutscher et al.,
2002; Zitellini et al., 2009), independently from the processes
leading to mud volcanism along major strike–slip faults (Pinheiro
et al., 2005; Hensen et al., 2007). Nevertheless, the hydrocarbon
gases vented at Bonjardim MV have probably experienced less
extensive transport than gases vented at CAMV, as indicated by lower
CH4/C2+ ratios at the former site (Fig. 8). We propose that at Carlos
Ribeiro and Olenin MVs C2+-enriched gases are also generated at
depths b4 km due to increased heat fluxes in the area. However,
gases vented at Olenin MV probably have a shallower origin and thus
much lower concentrations, consistent with the near absence of
petroleum in Olenin MV sediments. The abundance of petroleum in
Carlos RibeiroMV sediments is higher than at BonjardimMV (refer to
CPI values; Table 5) perhaps because of the presence of higher
amounts of petroleum in buried sediments from the area of Carlos
Ribeiro MV than from the more distal area of Bonjardim MV.

5.4.4. Deep acetoclastic methanogenesis at Porto MV?
Porto MV is located at the toe of the active sedimentary wedge

(Zitellini et al., 2009) close to the Coral Patch crustal high in an area
which is probably floored by ocean–continent transition crust (OCTC
in Fig. 8d; Contrucci et al., 2004). The C and H isotope composition of
CH4 are consistent with a major contribution from Archaea microbes,
probably based upon acetate dissimilation (Whiticar et al., 1986). The
small amount of oil in mud breccia sediments from PortoMV (Table 5)
is also in agreement with a limited thermogenic origin of hydrocarbon
gases vented at this site. However, the TOC value in Porto MV
sediment is low and given the distal location of the MV, it is unlikely
that the sedimentary organic matter is labile enough to sustain a
significant microbial activity. Archaeal CH4 production is instead more
likely related to acetate enrichment of the deep-sourced fluids. The
production of fluids enriched in reduced methanogenic substrates at
depth should be investigated further because it is expected to involve
the deep hydrothermal alteration of OCTC basement rocks and
therefore has important implications regarding the “microbial link”
between crustal and sedimentary processes.
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