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Abstract. Mud volcanoes (MVs) are the most prominent
indicators of active methane/hydrocarbon venting at the
seafloor on both passive and active continental margins.
Their occurrence in the western Mediterranean is patent at
the West Alboran Basin, where numerous MVs develop over-
laying a major sedimentary depocentre containing overpres-
sured shales. Although some of these MVs have been stud-
ied, the detailed biogeochemistry of expelled mud so far
has not been examined in detail. This work provides the
first results on the composition and origin of organic matter,
anaerobic oxidation of methane (AOM) processes and gen-
eral characteristics on MV dynamics using lipid biomarkers
as the main tool. Lipid biomarker analysis was performed
on MV expelled material (mud breccias) and interbedded
hemipelagic sediments from Perejil, Kalinin and Schneider’s
Heart MVs located in the northwest margin of the Alboran
Sea. Then alkane distributions andn alkane-derived indices
(CPI and ACL), in combination with the epimerization de-
gree of hopanes (22S/(22S+22R)) indicate that all studied
mud breccia have a similar biomarker composition consist-
ing of mainly thermally immature organic matter with an ad-
mixture of petroleum-derived compounds. This concordant
composition indicates that common source strata must feed
all three studied MVs.

The past or present AOM activity was established using
lipid biomarkers specific for anaerobic methanotrophic ar-
chaea (irregular isoprenoids and dialkyl glycerol diethers)
and the depleted carbon isotope composition (δ13C) of cro-
cetane/phytane. The presence of these lipid biomarkers, to-
gether with the low amounts of detected glycerol dialkyl
glycerol tetraethers, is consistent with the dominance of

anaerobic methanotrophs of the ANME-2 over ANME-1, at
least in mud breccia from Perejil MVs. In contrast, the scarce
presence or lack of these AOM-related lipid biomarkers in
sediments from Kalinin and Schneider’s Heart MVs, sug-
gests that no recent active methane seepage has occurred at
these sites. Moreover, the observed methane concentrations
support the current activity of Perejil MV, and the very low
methane seepage activity in Kalinin and Schneider’s Heart
MVs.

1 Introduction

Mud volcanoes (MVs) are mainly formed due to an exten-
sive discharge of hydrocarbon-rich fluids from deeper sed-
imentary units. This phenomenon, commonly occurring in
petroliferous regions, results from upward transport of deep-
generated water and hydrocarbons to the subsurface (e.g.
Guliyev and Feizullaev, 1997). The emitted fluids consist of
a mixture of mud, water and gases, mainly methane, together
with an admixture of carbon dioxide, hydrogen sulfide, heav-
ier methane homologues and other petroleum components
(Dimitrov, 2002; Milkov et al., 2003). The origin of hydro-
carbon gases at MVs can be either thermogenic (formed by
maturation of buried organic matter in the subsurface as a
consequence of increasing temperature and pressure) or bio-
genic (produced by anaerobic microorganisms from organic
matter at low temperatures), or a mixture of both (Milkov
et al., 2003; Stadnitskaia et al., 2007, 2008; Mastalerz et al.,
2007, 2009; Etiope et al., 2009).
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Figure 1. The Alboran Sea showing the location of the Mud Di-
apir Province and the Northern (NF) and Southern (SF) MV fields.
Black dots correspond to the studied (1) Perejil, (2) Kalinin and (3)
Schneider’s Heart MVs; white dots refer to other MVs. Modified
after Comas et al. (1999).

In addition to hydrocarbon-rich fluids, MVs expel large
volumes of clastic volcanic material called “mud breccia”
(Cita et al., 1981; Akhmanov, 1996). This is a complex mix-
ture of matrix and rock fragments, mechanically incorporated
into the eruption deposit by the powerful upward transport of
fluids (Akhmanov, 1996; Akhmanov and Woodside, 1998).
Mud breccias, rock clasts and matrix contain important infor-
mation regarding the composition and genesis of sediments
in the subsurface, their maturity and the hydrocarbon poten-
tial of the area (Akhmanov, 1996; Ovsyannikov et al., 2003;
Wheeler and Stadnitskaia, 2011 and references therein).

Ascending fluids radically affect sedimentary environ-
ments at and below the sea floor. Due to the supply of or-
ganic and inorganic components (methane, hydrogen sulfide,
carbon dioxide), MVs and cold seeps in general support a
unique niche of microbes and other organisms, establishing
their survival through chemosynthesis (e.g. Olu et al., 1996;
Corselli and Basso, 1996; Vanreusel et al., 2009). Micro-
bial anaerobic oxidation of methane (AOM) is performed
by a consortium of anaerobic methane-oxidizing archaea
(ANME) and sulfate-reducing bacteria (SRB) (Reeburgh
1976, 1996; Boetius et al., 2000, Knittel and Boetius, 2009)
and is considered to be one of the main processes occurring
at MVs and methane seepage environments. The methan-
otrophic archaea (falling in the ANME-1, -2 and -3 phyloge-
netic clusters; Knittel et al., 2005) that mediate this process
contain a variety of13C-depleted diagnostic lipid biomarkers
such as glycerol dialkyl glycerol tetraethers (GDGTs), iso-

prenoidal dialkyl glycerol diethers (DGDs) or irregular iso-
prenoids (Niemann and Elvert, 2008 and references therein).
Thus, their presence in sediments provides information on
the presence of AOM processes, and therefore the availabil-
ity of methane.

Here we report the lipid biomarker composition of Albo-
ran MVs, i.e. Perejil, Kalinin and Schneider’s Heart (Fig. 1).
We use these data to assess the source strata for the expelled
materials and to determine the thermal maturity level of the
organic matter present in the mud breccia matrices. We use
lipid biomarkers related to methanotrophic archaea, and the
measured methane content to evaluate the recent activity of
these MVs. In addition, we apply the relative contribution
of methanotrophic Euryarchaeota vs. planktonic Thaumar-
chaeota, to determine the AOM active zone. Furthermore,
on the basis of lipid biomarker distribution and compound-
specific stable carbon isotope composition, we also discuss
the AOM microbial community.

2 Geological background

The Alboran Sea is a marginal basin located in the western-
most Mediterranean Sea. Differences in structural architec-
ture, sedimentary infill and seafloor morphology within make
it possible to differentiate the western, eastern and south-
ern Alboran Basins (Fig. 1). The Alboran Sea Basin is a
remnant of the Miocene back-arc basin from the Gibraltar
Arc System. The Gibraltar Arc System comprises the Betics
(Spain) and Rif (Morocco) orogenic arc, the Alboran and Al-
gerian back-arc basins, and the forearc accretionary prism
in the Atlantic side. Within the Gibraltar Arc System, the
Alboran Basin evolved since the Late Oligocene in a geody-
namic setting characterized by a pervasive north–south con-
vergence between the Eurasian and African plates (Dewey et
al., 1989).

Geological and geophysical data demonstrate that the Alb-
oran Sea originated in the Early Miocene, and evolved first
by extensional tectonics (from Middle to Upper Miocene)
and later has undergone significant contractive tectonics
(from Late Miocene onwards). Post-Miocene contractive tec-
tonics caused a major reorganization of the basin, which re-
sulted in prominent north–south shortening of the marine
realm and uplifting and emersions on the surrounding Bet-
ics and Riff chains. The recent and actual active tectonics
conditioned the present coastal line position, as well as the
current seafloor morphology (Comas et al., 1999; and refer-
ences therein).

Basement and sedimentary cover beneath the Alboran Sea
are known from commercial wells and ODP Leg 161 drilling.
The thicker sedimentary depocentre is located in the West
Alboran Basin (Fig. 1) where more than 7 km of sediments
exist on top of the metamorphic basement (Fig. 2) (Jurado
and Comas, 1992; Soto et al., 1996; Comas et al.,1996).
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Table 1.General sampling information on the studied sites: location, water depth and length of the studied cores.

Core Code Structure Location Sampling Site Depth (m) Recovery (cm)

RL07BC Perejil Mud Volcano 36◦6.11′ N; 04◦53.08′ W Flank 818.9 40.0
RL08GC Perejil Mud Volcano 36◦6.11′ N; 04◦53.08′ W Flank 822.4 262.5
RL30BC Perejil Mud Volcano 36◦6.07′ N; 04◦53.11′ W Crater 807.8 30.0
RL31GC Perejil Mud Volcano 36◦6.07′ N; 04◦53.11′ W Crater 807.8 270.5
RL12GC Kalinin Mud Volcano 36◦3.00′ N; 04◦55.90′ W Flank 872.6 280.0
RL25GC Schneider’s Heart Mud Volcano 36◦0.28′ N; 04◦57.57′ W Flank 924.0 310.0

The West Alboran Basin is characterized by the presence
of extensive shale (mud rocks) diapirism and shale tecton-
ics conditioned by the existence of overpressured units at
depth (Comas et al., 1999, 2012; Soto et al., 2010). Over-
pressure is conditioned by significant gas and fluids contents
in the basal units of the West Alboran Basin (Unit VI and
Unit V from Jurado and Comas, 1992; Fig. 2), as has been
reported by logging (sonic velocity, density and resistivity)
data from Andalucia-G1 and Alboran-A1 boreholes drilled in
the West Alboran Basin. Furthermore, borehole sampling in-
dicates that Unit VI (Burdigalian in age) is formed of under-
compacted (pressurized) olistostromic or brecciated materi-
als made of heterogeneous rock-fragments (blocks, boulders
and clasts) of different ages embedded in a shale matrix inter-
calated with clayey, marly and sandy intervals, and that Unit
V (Langhian in age) also contains under-compacted green
clays (Jurado and Comas, 1992; Diaz-Merino et al., 2003)
(Fig. 2).

Mud volcanism and pockmarks occurring in the West Alb-
oran Basin lie on top of the huge Mud Diapir Province that
extends from the Iberian to the Moroccan margins (Fig. 1).
As evidenced by previous works, the mud volcanism is
linked to recent stages of shale diapirism happened during
compressive tectonics (Plio-Quaternary, from 4–5 Ma on-
wards), which conditioned pierced diapirs and lend subse-
quently to mud volcanism at the seafloor (Comas et al.,
2010; and references therein). Seismic profiles show that vol-
cano feeder-channels connect to deeper shale-diapir struc-
tures proving that volcanic processes bring up to the seafloor
over-pressured shales and olistostromes from Unit VI (Fig. 2)
laying at more than 5 km deep (Talukder et al., 2003; Comas
et al., 2012).

The extruded mud breccias contain exotic rocks from dif-
ferent sedimentary units. Micropalaeontological data from
core sampling indicate that MVs bring up to the seafloor
sedimentary rocks of different ages but ranging from the
Late Cretaceous to the Late Miocene (Sautkin et al., 2003;
Gennari et al., 2013). A deep thermogenic source of flu-
ids expelled by the Alboran MVs has been suggested on
the basis of13C isotope determinations in authigenic car-
bonates, pore-water analyses and gas composition (Blinova
et al., 2011; López-Rodríguez et al., 2014). Abundance of
chemosynthetic habitats (bivalves, tube worms) on the top of

some MVs concludes current methane/hydrocarbon seeping
in some of them (Hilário et al., 2011). However, the major-
ity of the Alboran MVs seem to be inactive, or maybe just
dormant (Comas et al., 2010).

3 Materials and methods

3.1 Samples

The studied sediment cores were collected during the first leg
of Ristretto e Lungo expedition in December 2010 on board
R/V Meteor. In total, sediments from four gravity cores and
two box-cores (Fig. 2, Table 1) were chosen for this study
on the basis of changes in lithology, gas manifestation and
gas saturation. The sampling operations were performed us-
ing a 1200 kg gravity corer with a 6 m barrel and 11 cm in-
ner diameter tubings. The 900 kg box-corer had a round box
with an internal diameter of 30 cm and a height of 55 cm. The
recovered gravity cores were cut in 1 m sections, split open
lengthwise and lithologically described. Box-cores were sub-
sampled using pvc tubes of 50 cm length and 9 cm inner di-
ameter which were pushed vertically in the sediment. Subse-
quently, these sampling tubes were split open lengthwise and
lithologically described. The sub-sampling for lipid biomark-
ers was done on board in a+4◦C container as soon as pos-
sible after recovery. The sediment was sampled every 2–
5 cm taking into consideration lithological variations. Sam-
ples were stored and transported at−20◦C for on-land labo-
ratory studies.

3.2 Extraction and separation

A total of 20–50 g of freeze-dried sediments were crushed
to a fine powder, and extracted with an automatic Accel-
erated Solvent Extractor (ASE 200/DIONEX) using a sol-
vent mixture of dichloromethane: methanol (9: 14, v/v) at
1000 psi and 100◦C. The obtained total lipid extracts were
rotary evaporated to near dryness and elemental sulfur was
removed by adding ca. 10 mg of activated copper and stir-
ring the sample overnight. An aliquot of the total lipid extract
was used for analysis of total lipid distribution. To this end,
fatty acids were methylated by adding CH2N2 and alcohol
groups were silylated by adding 25 µL pyridine and 25 µL

www.biogeosciences.net/11/3187/2014/ Biogeosciences, 11, 3187–3204, 2014
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Figure 2. (a)Seismic stratigraphic units, major regional reflectors and main sedimentary sequence documented in the Betic Neogene basins
(modified after Jurado and Comas, 1992; Rodríguez-Fernández et al., 1999); M: Messinian unconformity. R: reflectors correspond to major
unconformities within sediments.(b) High-resolution seismic line PS200MS across Perejil and Kalinin MVs (Talukder, 2003); Blue and red
lines refer to seismic reflectors within the Plio-Quaternary sequence (Unit I) (Jurado and Comas, 1992; Comas et al., 1999).(c) Multibeam
swath bathymetry of the Northern MV field showing Perejil, Kalinin and Schneider’s Heart MVs. Numbers referred to studied sites (gravity
and box-cores).

of N,O-bis(trimethylsilyl)-trifluoroacetamid (BSTFA) and
heating at 60◦C for 20 min. Another part of the total lipid
extract was chromatographically separated into apolar and
polar fractions using a column with Al2O3(activated for
2 h at 150◦C) as stationary phase. Apolar compounds were
eluted using hexane: dichloromethane (9: 1, v/v), and po-
lar compounds, including glycerol diethers and glycerol di-
alkyl glycerol tetraethers (GDGTs) core membrane lipids,
were obtained with methanol: dichloromethane (1: 1, v/v)
as eluent. To calculate absolute concentration of biomark-

ers in mud breccia matrices, a known amount of anteiso-C22
hydrocarbon was added to each fraction as internal standard
(Stadnitskaia et al., 2007, 2008).

3.3 Analysis and identification of lipid biomarkers

Gas chromatography (GC) was performed with a Thermo
Finnigan TRACE instrument equipped with a fused silica
capillary column (CP Sil-5, 25 m× 0.32 mm,df = 0.12 µm),
with a flame ionization detector and helium as a carrier gas.

Biogeosciences, 11, 3187–3204, 2014 www.biogeosciences.net/11/3187/2014/
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Samples were injected at 70◦C. The GC oven temperature
was subsequently raised to 130◦C at a rate of 20◦C min−1,
and then to 320◦C at 4◦C min−1. The temperature was then
held constant for 15 min.

All fractions were analysed by gas chromatography–mass
spectrometry (GC-MS) for compound identification. The gas
chromatograph was coupled to a Thermo Finnigan TRACE
DSQ quadrupole mass spectrometer with ionization energy
of 70 eV, with a mass range ofm/z 50–800. GC conditions
of GC-MS were the same as those described for GC.

To determine the distribution of intact glycerol dialkyl
glycerol tetraethers (GDGTs), the polar fractions of the sed-
iment extracts were analysed using high-performance liq-
uid chromatography–mass spectrometry (HPLC-MS) (Hop-
mans et al., 2000) using an Agilent 1100 series/1100
MSD series instrument, with auto-injection system and HP
Chemstation software. An Alltech Prevail Cyano column
(150 mm× 2.1 mm, 3 µ,m) was used with hexane: propanol
(99 : 1, 13v) as mobile phase (0.2 mL min−1). After 5 min,
a linear gradient to 1.8 % propanol was used (45 min).
MS analysis and quantification of both isoprenoidal and
branched GDGTs followed methods reported by Weijers et
al. (2006). The GDGT-based ratios (Methane Index, MI;
GDGT-0/Crenarchaeol and GDGT-2/Crenarchaeol) were ap-
plied to express the relative distribution of methanotrophic
Euryarchaeota (presumably represented by GDGT-1, -2 and -
3) vs. planktonic and possibly benthic Thaumarchaeota (rep-
resented by crenarchaeol and its regioisomer) (Sinninghe
Damsté et al., 2002; Zhang et al., 2011; Weijers et al., 2011;
Schouten et al., 2012).

Isotope-ratio-monitoring GC-MS (IRM-GC-MS) was per-
formed on a Finnigan MAT Delta Plus XL instrument used
for determining compound-specificδ13C values. The GC
used was a Hewlett Packard 6890 A series, and the same an-
alytical conditions were used as described for GC and GC-
MS. For carbon isotopic correction of the added trimethylsi-
lyl groups, the stable carbon isotope composition of the used
BSTFA was determined. Obtained values were reported in
per mil relative to the VPDB standard. In order to monitor
the accuracy of the measurements, the analyses were carried
out with co-injection of two standards, C20 and C24 n alka-
nes, with a known stable carbon isotope composition.

3.4 Methane and sulfate analyses

Methane concentrations in hemipelagic sediments and mud
breccia from Perejil, Kalinin and Schneider’s Heart MVs
were routinely measured on board. Decapped 10 mL syringes
were used to sample the fresh sediment immediately upon re-
covery. The volume of sediment was rapidly put into a 65 mL
glass vial prefilled with a saturated NaCl solution. The vial
was immediately closed and mixed. Subsequently, a 5 mL
headspace was made (for full procedure, see Mastalerz et al.,
2007).

The methane concentration in the headspace was deter-
mined on-board with a Shimadzu gas chromatograph with
a flame ionization detector.

For sulfate analyses, the pore water was extracted on board
using rhizons, acidified, and analysed on land using ICP-AES
(for details see Mastalerz et al., 2007).

4 Results

4.1 Core lithologies

4.1.1 Perejil MV

Two gravity cores and two box-cores were taken at Pere-
jil MV. Cores RL08GC and RL07BC were taken from the
flank, RL31GC and RL30BC from the crater of the structure
(Fig. 2). The “flank” box-core RL07BC contained 40 cm of
typical structureless dark grey mud breccia, for which the top
10 cm were oxidized (Fig. 3a). At this site, methane bubbles
were present as well as abundantPogonophoratube worms
at the top. Additionally, chemosynthetic fauna such as living
Acharaxbivalves were found at∼ 10 cm depth in the mud
breccia. Core RL08GC, also taken at the flank, contained
263 cm of alternations of hemipelagic sediments and mud
breccia (Fig. 3a). Although two mud breccia layers could be
distinguished, the boundaries were not always fully distinct.
The upper layer, from 65–79 cm, consisted of soft mousse-
like mud breccia with occasional rock clasts, intensively bio-
turbated. The lower interval from 135–209 cm consisted of
stiff mud breccia moderately bioturbated in the uppermost
part. In both mud breccia intervals a few fragments of mud-
stone were found, and there was a distinct, moderate smell
of H2S. Hemipelagic sediments consisted of greyish brown
marls with some foraminifera. The two sedimentary loca-
tions within the crater of Perejil MV showed different litholo-
gies at their topmost sediments (hemipelagic and mud brec-
cia, respectively) (Fig. 3a).

In contrast to the sediments on the flank of the MV, the
271 cm of crater sediments in core RL31GC were com-
posed of a typical structureless dark grey mud breccia,
with millimetre- to centimetre-sized rock clasts of clay-
stone, mudstone and carbonates (Fig. 3a). At this site, no
hemipelagic cover was present and a strong scent of H2S was
noticed along the whole mud breccia section. The top 8 cm
were visibly bioturbated. This is consistent with observations
in the nearby box-core RL30BC that contained 30 cm of oxi-
dized mud breccia for which the top 10 cm were clearly bio-
turbated. Authigenic pyrite in the form of spherules of centi-
metric size and concretions were observed in the mud breccia
matrix and rock clasts from this site.

4.1.2 Kalinin and Schneider’s Heart MVs

Gravity cores taken from Kalinin and Schneider’s Heart
MVs (RL12GC and RL25GC; Fig. 2) recovered 272 and
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crater and(B) Kalinin and Schneider’s Heart MVs. Striped area corresponds to hemipelagic sediments with lipid characteristics of mud
breccia. Relative concentrations were calculated by normalization of peak areas obtained by gas chromatography.
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Figure 3. Continued.

300 cm, respectively, containing both hemipelagic sediments
and mud breccia. The lowermost part of the hemipelagic
sediments at Schneider’s Heart MVs was moderately bio-
turbated (Fig. 3b), and at this site and at Kalinin MV the
boundary with the mud breccia interval were irregular and
not well expressed. In both structures the mud breccia in-
tervals were covered with hemipelagic sediments: 78 and
217 cm at Kalinin and Schneider’s Heart MVs, respectively.
MV deposits in both locations were represented by mousse-
like mud breccia with a few millimetre-sized rock clasts of
sandstone and mudstone. At both MVs, the upper part of the
mud breccia interval was moderately bioturbated.

4.2 Lipid biomarker distributions

The total lipid fractions of different sediment horizons from
the MVs sedimentary cores showed similar lipid biomarker
distribution patterns; apolar compounds significantly dom-
inated over the polar. Hydrocarbons (within the analytical
window of gas chromatography; i.e. up to a molecular weight
of ca. 800 Da) were mainly represented by a series of C17–
C37 n alkanes with dominance ofn C23–n C33, with a max-
imum atn C29 or n C31, and a moderate odd-over-even car-
bon number predominance (Fig. 3). The carbon preference
index (CPI)(19−36) (Bray and Evans, 1961) as well as the
average chain length (ACL) (Poynter, 1989) indices showed
some variation along the sedimentary sections, mainly at the
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Figure 4. Typical m/z 191 mass chromatograms showing distribu-
tions of pentacyclic triterpenoids present in selected mud breccia
samples of Perejil, Kalinin and Schneider’s Heart MVs. Numbers
refer to compounds listed in Table 3.

boundary between hemipelagic sediments and mud breccia
intervals. In mud breccia intervals the CPI values varied be-
tween 2.0 and 2.9 and ACL values ranged from 27.4 to 29.4
(Fig. 3, Table 2). Compared to mud breccia, hemipelagic sed-
iments showed higher CPI(19−36) values, from 3.0–3.4, as
well as higher ACL values, from 28.8–29.1 (Fig. 3, Table 2).
As noted above, the boundaries between hemipelagic sedi-
ments and mud breccia were not always distinct. This seems
also apparent for the CPI index, most notably for the lower-
most mud interval at Perejil flank (RL08GC, Fig. 3a).

Pentacyclic triterpanes were identified at all studied MVs
(Fig. 4, Table 3). For the apolar fractions the 17α, 21β (H)-
hopane (C30) was the most dominant compound followed
by 22R 17α, 21β(H)-homohopane (C31) and 17α,21β (H)-
30-norhopane (Fig. 4, Table 3). Hopanes with the 17α, 21β
(H)-configuration in the range of C30–C32 were the main
epimers. In this range,βα-epimeric series were not detected
and the only hopane with 17β, 21β (H)-configuration found
was homohopane. Unsaturated hopanoids were represented
by neohop-13(18)-ene, and hop-22(29)-ene (diploptene; V
see Supplement for structures) (Fig. 4, Tables 3–4). C32 ben-
zohopane was only found in the mud breccia of Perejil and
Kalinin MVs (Fig. 4, Table 3). Functionalized triterpenoids
were represented by diplopterol (17β, 21β (H)-hopan-22-ol;
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Figure 5. Fractional abundance of crocetane (Cr / (Cr+Ph)) and the
stable carbon isotope composition of the phytane/crocetane peak
vs. depth in mud breccia of the Perejil MV crater. Concentrations
of methane and SO2−

4 / Cl ratio from gases and pore fluids showing
the zone of anaerobic oxidation of methane (AOM).

VI), which was detected only in Perejil and Kalinin MVs
(Fig. 4, Tables 3–4).

Irregular isoprenoids diagnostic for methanotrophic ar-
chaea associated with AOM (e.g. Elvert et al., 2000; Pan-
cost et al., 2000; Hinrichs et al., 2000) such as crocetane
(2, 6, 11, 15-tetramethylhexadecane; I) and PMI (2, 6, 10,
15, 19-pentamethylicosane; II), were identified at all stud-
ied sites (Table 4). Crocetane was present in all the studied
sites, whereas PMI was found only at few depths intervals at
Perejil, Kalinin and Schneider’s Heart MVs (Table 4). Sedi-
ments from the crater of Perejil MV were examined for the
presence of crocetane relative to the more common and co-
eluting acyclic isoprenoid phytane. This was done using the
examination of mass chromatograms form/z 183 andm/z

169 – diagnostic fragment ions for phytane and crocetane,
respectively (see Bian et al., 2001). This resulted in an es-
timated fractional abundance of crocetane of 0.4 to 0.8 at
80–110 cm (Fig. 5). Compound-specific stable carbon iso-
tope measurements of the peak comprised of crocetane and
phytane revealed a variation from−65 to −37 ‰, with the
lowest values in the 80–110 cm interval (Fig. 5).

Archaea-derived isoprenoid dialkyl glycerol diethers
(DGDs), such as archaeol (III) and hydroxyarchaeol (IV),
were found at two MVs. Archaeol was detected in the
mud breccia from Perejil, both at the crater and flank sites,
and Kalinin MVs. Hydroxyarchaeol was only identified in
the mud breccia from Perejil MV crater as well as in
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Table 2.Compound indices related withn alkanes (CPI and ACL), hopane and GDGTs-based ratios for the studied sites.

n-Alkanes Hopanoids GDGTs GDGT-2/ GDGT-0/
Lithology intervals (cm b.s.f.) CPI CPI ACL C31 C32 Methane Index Crenarch. Crenarch.

(C19-C36) (C29-C32) (C19-C35) 22S/(22S+ 22R) 22S/(22S+ 22R)

Perejil Mud Volcano Flank RL07BC
Mud Breccia 0–3 2.6 4.6 28.8 – – 0.22 0.14 0.61

3–4 3.0 5.5 29.4 – – 0.20 0.13 0.56
4–5 2.3 3.7 29.5 – – 0.20 0.12 0.56
8–11 3.2 5.6 30.1 – – 0.23 0.15 0.68
16.5–19.5 2.3 4.1 28.4 – – 0.21 0.13 0.60
25–28.5 3.7 5.9 30.0 – – 0.21 0.13 0.58
33–36 3.0 4.7 29.6 – – 0.20 0.12 0.56

Hem. Sed. Average – – – – – – – –
M.B. Average 2.9 2.9 29.4 – – 0.21 0.13 0.59
Main Average 2.9 2.9 29.4 – – 0.21 0.13 0.59

Perejil Mud Volcano Flank RL08GC
Hemipelagic Sediments 1–4 2.7 4.4 29.7 – – 0.20 0.12 0.59

25–30 3.0 6.4 28.5 – 0.53 0.21 0.13 0.60
55–58 3.0 5.8 28.5 0.51 0.39 0.20 0.13 0.55

Mud Breccia 64–68 2.2 3.6 28.1 0.31 0.57 0.21 0.13 0.58
Hem. Sed. 86–88.5 1.7 2.1 27.5 0.38 0.36 0.25 0.17 0.61

91–94 5.0 14.7 29.4 0.43 0.31 0.22 0.14 0.60
Mud Breccia 137.5–140 3.8 6.7 29.6 0.57 0.45 0.20 0.13 0.53

151–154 3.1 5.5 29.1 – 0.41 0.23 0.15 0.56
185.5–190 1.2 2.5 27.8 0.45 0.50 0.34 0.27 1.00

Hemipelagic Sediments 221–231 2.0 2.7 28.1 0.40 – 0.38 0.33 1.08
246–250 3.6 6.1 29.8 0.38 0.31 0.21 0.13 0.56
257–261 3.1 5.6 29.2 0.56 0.38 0.21 0.13 0.58

Hem. Sed. Average 3.0 3.1 28.8 0.44 0.38 0.31 0.21 0.86
M.B. Average 2.8 2.9 28.7 0.44 0.48 0.24 0.17 0.67
Main Average 3.0 3.1 28.8 0.44 0.42 0.29 0.20 0.78

Perejil Mud Volcano Crater RL30BC
Mud Breccia 0–5 2.3 3.2 28.3 – – 0.22 0.14 0.59

5–7 2.1 2.6 28.2 – – 0.19 0.12 0.54
12–15 1.9 2.2 27.7 – – 0.25 0.17 0.72
18–22 2.2 2.6 27.5 – – 0.26 0.18 0.75
26–29 2.1 2.7 27.6 – – 0.31 0.24 0.86

Hem. Sed. Average – – – – – – – –
M.B. Average 2.1 2.1 27.9 – – 0.25 0.17 0.69
Main Average 2.1 2.1 27.9 – – 0.25 0.17 0.69

Perejil Mud Volcano Crater RL31GC
Mud Breccia 5–8 2.3 3.3 28.2 – 0.46 0.23 0.15 0.61

12–16 2.3 3.9 27.2 0.38 – 0.21 0.13 0.62
22–25 1.6 1.8 26.8 0.30 0.55 0.21 0.13 0.59
32–36 1.7 2.6 27.4 0.50 0.47 0.22 0.13 0.61
83–86 2.0 2.6 27.2 0.41 0.52 0.30 0.22 0.79
111–114 2.1 2.8 27.8 – – 0.29 0.22 0.84
155–159 1.8 2.9 26.9 – – 0.38 0.33 1.02
188–193 2.1 2.9 28.0 0.46 0.52 0.33 0.26 0.94
234–239 2.1 2.9 27.1 0.60 0.33 0.26 0.97
266–271 1.7 1.7 26.9 0.35 0.51 0.45 0.48 1.28

Hem. Sed. Average
M.B. Average 2.0 2.0 27.4 0.43 0.50 0.49 0.38 1.38
Main Average 2.0 2.0 27.4 0.43 0.50 0.49 0.38 1.38
Kalinin Mud Volcano RL12GC
Hemipelagic Sediments 2–4 2.9 5.8 29.0 0.52 0.50 0.21 0.12 0.54

25–29 3.8 10.0 29.3 0.39 – 0.22 0.12 0.55
72–76 3.4 6.7 29.1 0.43 0.42 0.23 0.13 0.56

Mud Breccia 81–83.5 2.9 5.6 29.0 0.32 0.43 0.23 0.13 0.54
89.5–91.5 2.2 4.1 28.2 0.45 0.53 0.26 0.15 0.66
96.5–100.5 2.0 3.6 27.8 0.44 0.43 0.28 0.16 0.72
172–176 1.7 2.9 27.5 0.55 0.47 0.35 0.22 0.86
230–233.5 1.8 3.0 27.6 0.44 0.49 0.31 0.19 0.74
268.5–272 1.7 3.0 27.1 0.42 0.45 0.35 0.22 0.85

Hem. Sed. Average 3.4 3.5 29.1 0.44 0.46 0.33 0.19 0.82
M.B. Average 2.1 2.1 27.9 0.43 0.47 0.30 0.18 0.73
Main Average 2.5 2.5 28.3 0.44 0.47 0.31 0.18 0.75

Schneider’s Heart Mud Volcano RL25GC
Hemipelagic Sediments 0–5 3.7 6.7 29.6 0.43 0.57 0.19 0.11 0.55

105–110 3.9 7.1 29.2 0.35 0.42 0.26 0.17 0.69
205–210 2.4 4.5 28.2 0.44 0.48 0.19 0.10 0.66

Mud Breccia 220–225 2.4 5.0 28.4 0.48 0.49 0.12 0.04 1.01
260–265 2.8 5.9 29.1 0.57 0.50 0.10 0.03 1.02
290–295 2.3 5.0 28.1 0.61 0.54 0.12 0.04 1.00

Hem. Sed. Average 3.3 3.4 29.0 0.41 0.49 0.22 0.13 0.63
M.B. Average 2.5 2.6 28.5 0.55 0.51 0.11 0.04 1.01
Main Average 3.0 3.1 28.7 0.48 0.50 0.16 0.08 0.82
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the uppermost sediments at the flank site (Table 4). Non-
isoprenoidal DGDs (Pancost et al., 2001) were only identi-
fied at the mud breccia interval from Schneider’s Heart MV
(Table 4).

Specific glycerol dibiphytanyl glycerol tetraethers
(GDGTs; Supplement) (Schouten et al., 2012 and reference
therein) were detected in all cores. The GDGT distributions
showed a clear dominance of isoprenoidal over branched
GDGTs (Fig. 6). The isoprenoidal GDGTs were dominated
by GDGT-0 (VII) and crenarchaeol (XI), with maximum
abundances in average of 46 and 51 %, respectively, in
mud breccias and 35 and 52 % in hemipelagic sediments.
The average abundances of GDGT-1 (VIII) and GDGT-2
(IX) were much lower, i.e. 7.3 and 7.6 % for hemipelagic
sediments, and 8.1 and 9.5 % for mud breccia.

At every site GDGT-based ratios (GDGT-0/crenarchaeol
and GDGT-2/crenarchaeol) revealed substantial variations
with depth, mainly matching with the boundary between
hemipelagic sediments and mud breccia intervals (Table 2).
In mud breccia from Perejil (crater and flank) and Kalinin
MV, both GDGT-0/crenarchaeol and GDGT-2/crenarchaeol
ratios were enhanced. In contrast, these ratios were different
for mud breccia from Schneider’s Heart MV, the latter being
similar to that at Perejil whereas the former was even lower
than that for hemipelagic sediments, respectively (Table 2).
The Methane Index (MI) defined by Zhang et al. (2011) was
used to trace the presence of methanotrophic archaea. The MI
ranged from 0.10, as the minimum value reported at Schnei-
der’s Heart mud breccia to a maximum of 0.45 at the mud
breccia interval from Perejil MV crater (Table 2). On aver-
age, MI ranged from 0.22–0.33 at the hemipelagic sedimen-
tary drapes, while at mud breccia intervals the MI varied be-
tween 0.11 and 0.49, in average (Table 2).

Low amounts of branched GDGTs (i.e.< 5 % of to-
tal GDGTs) are present at all studied sites. In comparison
with hemipelagic sediments, mud breccia intervals showed
slightly higher amount of branched GDGTs (Fig. 6).

4.3 Methane and sulfate

Methane concentrations for gravity cores taken at the centre
of Kalinin and Schneider’s Heart MVs were low, 0.21 and
0.17 µM wet sed, respectively. The methane concentration
for the gravity core taken at Perejil crater increased in the
lower part; the highest concentration being 231 µM wet sed
(Fig. 5). The concentration of pore-water sulfate remained at
seawater level for Kalinin and Schneider’s Heart MVs (un-
published results), whereas it had a significant decrease in
the lower part of the sediments recovered for Perejil crater
(Fig. 5).

5 Discussion

Within MV deposits, mud breccia rock clasts, matrix, fluid,
and gas may not all be co-genetic (e.g. Stadnitskaia et al.,
2008). In this regard, lipid biomarker distributions may pro-
vide key information on the potential source strata that feed
mud volcanism, on the sedimentary sequence pierced by
mud/fluids during eruptive episodes, and on the origin of the
gas fraction within the extruded material.

5.1 Source of organic matter in mud breccia and
hemipelagic sediments

Lipid biomarkers have been demonstrated to be useful geo-
chemical proxies to characterize the organic geochemical
signature of sediments from different facies e.g. mud vol-
canic deposits and hemipelagic sediments. In addition, this
capacity enables us also to record the source of organic mat-
ter in mud breccia (Stadnitskaia et al., 2007, 2008).

Eglinton and Hamilton (1967) determined that terrestrial
organic matter is typically characterized by relatively high
CPI values (4–10) of the long-chainn alkanes, derived from
higher plant waxes. Meanwhile, the short-chainn alkane dis-
tributions and low CPI values (close to 1) were reported to be
typical for petroleum-derived compounds (Bray and Evans,
1961; Eglinton and Hamilton, 1963; Peters et al., 2005). We
assume these two cases to be end-members with different
lipid biomarker signatures that may be useful to determine
different sources for the organic matter present in sediments
and mud breccias. We applied this interpretation ofn alkane
distribution patterns to the mud breccia matrices from Perejil,
Kalinin and Schneider’s Heart MVs. Intermediate CPI (2.0–
2.9) and ACL (27.4–29.4) values (Fig. 3, Table 2) suggest
a mixed origin of the organic matter contained in the mud
breccia.

For all MVs, the CPI and ACL values in the hemipelagic
sediments are slightly higher than in the mud breccia inter-
vals. This indicates that the contribution from higher plants
relative to petroleum-derived compounds is more predomi-
nant in hemipelagic sediments that it is in mud breccia. How-
ever, mixed signatures with more petroleum-derived content
have been also found in the hemipelagic sediments, espe-
cially near the boundary between hemipelagic and mud brec-
cia intervals. This particular finding is interpreted as a result
of significant sediment reworking at these boundaries, which
may be due to local blends caused by physical (i.e. sediment
mobilization) and/or biological processes (i.e. intensive bio-
turbation). These processes may not only lead to the geo-
chemical exchange between contiguous sedimentary facies
but also favour the mixture of microfaunas encountered in
these facies (Gennari et al., 2013). Consequently, we con-
clude that such processes may obscure the true location of the
boundary between hemipelagic sediments and mud breccia
in our studied cores. This is particularly evident in the low-
ermost mud flow of the Perejil flank core (RL08GC) where
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Table 3.Pentacyclic triterpenoids identified in Perejil MV crater and flank, Kalinin and Schneider’s Heart MVs.

Peak number Compound name Carbon number

1 17α(H)-trisnorhopane C27
2 17β(H)-trisnorhopane C28
3 17α-bisnormoretane C28
4 17α21β(H)-30-norhopane C29
5 17β21α(H)-30-norhopane C29
6 17α21β(H)-hopane C30
7 Isohop-13(18)-ene C30
8 17β21α(H)-hopane (moretane) C30
9 Diplopterol (17β21β(H)-hopan-22-ol) C30
10 17α21β(H)-homohopane 22S C31
11 17α21β(H)-homohopane 22R C31
12 Diploptene (hop-22(29)-ene) C30
13 17α21β(H)-bishomohopane 22R C32
14 17α21β(H)-bishomohopane 22R C32
15 17β21β(H)-homohopane C31
16 17α21β(H)-trishomohopane C33
17 20,32-cyclo-17α-bishomohopane-20,22,32-triene C32

all biomarker data suggest that the actual lower boundary is
at ∼ 230 cm rather than at the visually detected boundary at
209 cm depth (Fig. 3a). In the following discussions we will,
therefore, tentatively adopt this lower mud breccia boundary
to be at 230 cm (Fig. 3a).

5.2 Maturity of the organic matter

The suite of lipid biomarkers, and in particular hopanes,
found in sediments can be used to assess the degree of
thermal maturation of the organic matter. The suite of
hopanes found in the mud breccia matrices and especially
the 22S/(22S+22R) ratios for C31 and for C32 homohopane
have a comparable distribution for all studied cores (Table 2).
The average values for these two ratios are 0.49± 0.06 and
0.49± 0.02, respectively. These values are relatively close to
the thermodynamic equilibrium value (ca. 0.6; Seifert and
Moldovan, 1980; van Duin et al., 1997), indicating that at
least part of the organic matter present in the mud breccia
matrices has moderate to high degree of thermal maturation.
However, the occurrence of small amounts of 17β,21β(H)-
homohopane (Fig. 4, Table 3) indicates the presence of im-
mature organic matter also. The coincidence of these two
groups of rather different thermal maturity must indicate the
presence of two different sources of organic matter. The CPI
values forn alkanes confirm this hypothesis, having values
that imply moderately mature organic matter or a contri-
bution of petroleum-derived compounds (Fig. 3, Table 2).
However, the abundance ofn alkanes in the range of C29–
C31 indicates also the presence of immature organic matter
(Fig. 3, Table 2) (Bray and Evans, 1961; Eglinton and Hamil-
ton, 1963; Peters et al., 2005). The thermal maturation degree
that we found for hemipelagic sediment (22S/(22S+22R) ra-
tios for C31 and for C32 homohopanes) ranges between 0.41–

0.44 and 0.38–0.49, respectively. This ratio is also much
higher than commonly found for pelagic sediments, and sug-
gests that part of the hopanes present in these sediments must
come from a deeper source. This is in accordance with the
interpretation that substantial mixing has occurred between
hemipelagic and mud breccia sediments.

5.3 Probable source strata

The relatively high maturity degree that we report in mud
breccia matrices from Perejil, Kalinin and Schneider’s Heart
MVs (Table 2) are in good agreement with the level of matu-
rity found in other studies (Poludetkina and Kozlova, 2003,
2004; Poludetkina et al., 2008). In the same line, our matu-
rity estimation for the mud breccia matrices from the three
studied MVs are also in accordance with the previously re-
ported data by Blinova et al. (2011), who found in Carmen
MV a mixture of thermogenic and biogenic gases contain-
ing geochemical signatures typical of hydrocarbon generated
during early stages of catagenesis. Therefore, all these suppo-
sitions support our hypothesis that part of the lipid biomark-
ers hosted in the mud breccia matrices of Perejil, Kalinin and
Schneider’s Heart MVs must originate from thermally ma-
tured organic matter at depth, i.e. in the lowermost Unit VI
of the infill basin (Early to Middle Miocene in age), indicat-
ing the potential occurrence of primary cracking processes
able to generate some thermogenic hydrocarbons (including
methane).

This assumption is supported by the presence of thick
overpressured sedimentary units forming the Mud Diapir
Province that extend beneath the MVs edifices (Fig. 1, Co-
mas et al., 2010 and references therein). As demonstrated
by reflection seismic data, feeding conducts from mud vol-
cano edifices are frequently rooted on pierced mud diapirs
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Table 4.Depth distributions of concentration of acyclic archaeal isoprenoids diagnostic for methanotrophic archaea and specific methanogen
biomarkers such as diploptene and diplopterol for Perejil crater and flank, Kalinin, and Schneider’s Heart MVs.

Lithology intervals Cr/(Cr+ Ph) PMI Archaeol Hydroxyarchaeol Diplopterol Diploptene Non-isopren.
(cm b.s.f.) (µg g−1) (µg g−1) (µg g−1) (µg g−1) (µg g−1) DGD (µg g−1)

Perejil Mud Volcano RL07BC
Mud Breccia 0–3 0.71 nd 0.72 nd 2.67 nd nd

3–4 0.56 nd nd nd 1.13 nd nd
4–5 0.29 nd 0.71 nd 0.85 nd nd
8–11 0.65 nd 4.44 43.08 15.68 nd nd
16.5–19.5 0.56 2.37 nd nd 1.48 nd nd
25–28.5 0.51 0.44 0.34 3.13 0.69 nd nd
33–36 0.49 0.70 2.54 20.02 2.34 nd nd

Perejil Mud Volcano RL08GC
Hem. Sed. 1–4 0.52 nd nd nd 3.89 0.56 nd

25–30 0.30 nd nd nd nd 0.40 nd
55–58 0.35 nd nd nd nd 0.14 nd

Mud Breccia 64–68 0.40 nd nd nd 0.90 1.11 nd
Hem. Sed. 86–88.5 0.48 nd nd nd nd 1.53 nd

91–94 nd nd nd nd nd 0.21 nd
Mud Breccia 137.5–140 0.36 nd nd nd nd 0.23 nd

151–154 0.19 nd nd nd 2.26 0.71 nd
185.5–190 0.36 nd nd nd nd 1.34 nd

Hem. Sed. 221–231 0.39 nd nd nd 0.07 0.90 nd
246–250 nd nd nd nd nd nd nd
257–261 nd nd nd nd nd nd nd

Perejil Mud Volcano RL30BC
Mud Breccia 0–5 0.40 nd 0.32 9.25 2.02 nd nd

5–7 0.43 nd 0.24 6.16 0.71 nd nd
12–15 0.61 0.06 0.16 nd 0.25 nd nd
18–22 0.59 nd nd 17.29 1.02 nd nd
26–29 0.47 nd 1.26 nd 3.60 nd nd

Perejil Mud Volcano RL31GC
Mud Breccia 5–8 0.55 nd nd 2.62 2.91 1.02 nd

12–16 0.70 nd nd nd 1.24 0.63 nd
22–25 0.63 nd nd 5.50 2.09 0.44 nd
32–36 0.52 nd nd 0.53 0.29 0.98 nd
83–86 0.81 nd nd 1.29 0.16 1.11 nd
111–114 0.76 nd 0.04 0.68 0.07 1.04 nd
155–159 0.40 nd nd nd 0.26 1.31 nd
188–193 0.45 nd nd nd 0.08 1.02 nd
234–239 0.43 nd nd nd 0.08 1.34 nd
266–271 0.41 nd 0.12 2.66 0.22 1.32 nd

Kalinin Mud Volcano RL12GC
Hem. Sed. 2–4 nd nd nd nd nd nd nd

25–29 nd nd nd nd 11.31 nd nd
72–76 0.41 nd nd nd 2.45 nd nd

Mud Breccia 81–83.5 0.40 nd nd nd 4.73 0.71 nd
89.5–91.5 0.48 0.24 1.41 nd 4.31 1.09 nd
96.5–100.5 0.46 0.67 nd nd 12.49 0.85 nd
172–176 0.38 nd 2.48 nd 5.93 1.58 nd
230–233.5 0.44 nd 0.56 nd 2.16 1.50 nd
268.5–272 0.36 nd 3.40 nd 4.89 1.49 nd

Schneider’s Heart Mud Volcano RL25GC
Hem. Sed. 0–5 0.30 0.15 nd nd nd nd nd

105–110 nd nd nd nd nd nd nd
205–210 0.30 nd nd nd nd 0.58 nd

Mud Breccia 220–225 0.33 nd nd nd nd 0.41 0.63
260–265 0.42 nd nd nd nd 0.23 0.36
290–295 0.24 nd nd nd nd 0.55 0.93
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(i.e. Talukder et al., 2003; Comas et al., 2012; Soto et al.,
2010). Overpressured units forming the mud diapirs and sub-
sequently lending to the mud volcanism correspond to the
basal Unit VI and Unit V, Early to Middle Miocene (Fig. 2)
(i.e. Comas et al., 1999, 2012; Talukder et al., 2003; Soto
et al., 2003, 2010). Tectonic processes that have occurred
since the Middle Miocene (to nowadays) have been reported
to cause both the mud-diapirism and the subsequent mud
volcanism that reaches the actual sea floor (see Geological
Background above). Hence, they all identify the overpres-
sured deeper strata laid down in the West Alboran Basin
(Unit VI and the lower part of Unit V, Early to Middle
Miocene in age, Fig. 2) as the most probable source strata
of the mud-volcanism products.

For the West Alboran Basin, temperatures of∼ 100–
150◦C were suggested to be reached at 4–6 km sedimentary
depths, under a geothermal gradient of 25◦C km−1 (Torné et
al., 2000). According to these data and regarding the sedi-
mentary lithology of the lowermost unit of the basin (under-
compacted olistostromes embedded in a shale-rich matrix)
(Fig. 2), the beginning of the “oil window” may be located at
this depth, matching with the lower-to middle Miocene strata
(Unit VI). This is in good agreement with our lipid biomark-
ers data, and is supported by the location at depth and sed-
imentary lithologies of units VI and V (Fig. 2) as indicated
by seismic data (i.e. Comas et al., 2012, Soto et al., 2010).
Furthermore, this assumption is consistent with geochemical
studies carried out on pore water and gases for other Albo-
ran MVs, which reveals a thermogenic origin for the volcanic
fluids (Blinova et al., 2011).

5.4 Recent microbial activity

At the Alboran MVs, GDGTs in hemipelagic sediments re-
flect the predominant marine pelagic thaumarchaeotal signa-
ture (Fig. 6; Schouten et al., 2012 and references therein).
In contrast, mud breccia intervals show differences in GDGT
distribution between individual MVs. Schneider’s Heart MV
has a predominance of GDGT-0 and crenarchaeol, clearly
revealing the influence of marine pelagic thaumarchaeotal
and, consequently, inactive anaerobic oxidation of methane
(AOM) at this site. This is also confirmed by the absence of
irregular isoprenoids (crocetane and PMI) and isoprenoidal
dialkyl glycerol diethers (archaeol and hydroxyarchaeol)
(Table 4). This is in line with the observed methane content at
Schneider’s Heart relative to Perejil MV, being respectively
< 0.18 µM, relative to∼ 230 µM wet sediment. At Kalinin
MV and more especially at Perejil MV, the GDGT distribu-
tion and in particular the GDGT-based ratios (MI> 0.4; ele-
vated GDGT-2/Crenarchaeol and GDGT-0/Crenarchaeol ra-
tios; Table 2), document the occurrence of AOM performed
by anaerobic methanotrophic archaea (ANME). However,
some differences in GDGT-based ratios and also in archaeal
lipid biomarkers (mainly in crocetane contents; Table 2) in-
dicate a lower rate of anaerobic oxidation of methane (AOM)

at Kalinin MV compared with Perejil MV (Table 2). In Pere-
jil MV crater, the finding of authigenic pyrite in the mud
breccia suggests that recent methane fluxes and concordant
sulfate-reducing processes occur at this site. This concurs
with the observed profiles for methane and sulfate for Pere-
jil MV crater (Fig. 5). Furthermore, microbial communi-
ties that are involved in AOM biosynthesize specific lipid
biomarkers that are strongly depleted inδ13C (Hinrichs et al.,
1999; Pancost et al., 2000). Indeed, in Perejil MV crater, at
∼ 100 cm depth there is evidence for strongly depleted croc-
etane (Fig. 5), confirming the consumption of hydrocarbons,
mainly methane, by archaea of ANME-2 cluster for this MV
(Niemann and Elvert, 2008). Moreover, at Perejil MV, the
distribution of GDGTs also suggests that archaea belonging
to the ANME -1 group also perform AOM in these mud brec-
cia (Fig. 6, Table 4) (Blumenberg et al., 2004, Stadnitskaia et
al., 2005).

5.5 MV dynamics

The lipid biomarker composition provides information about
the dynamic processes at the MVs, such as discrete events of
mud-flow expulsion. Furthermore, the presence or absence
of hemipelagic intervals intercalated or draping mud breccia
episodes helps to determine volcanic pulses.

At the Perejil MV crater, the absence of hemipelagic sedi-
ments and the observed gas bubbling noticed during the core
recovery, indicate that our sampled site correspond to a rel-
atively very recent mud flow eruption. Where no clear litho-
logical boundaries can be seen, some changes in the distri-
butions of lipid biomarkers (Figs. 3, 6, Table 2) can be used
to make a more precise lithology distinction between “real”
hemipelagic and mud breccia intervals.

In accordance with our biomarker results, cases of bound-
ary transitions between the two lithologies occur in Kalinin
MV (core RL12GC) at∼ 80 cm and in Schneider’s Heart
MVs (core RL25GC) at∼ 220 cm depth (Fig. 3b). At Pere-
jil MV crater (core RL31GC), the more subtle but evident
decrease in branched GDGTs, together with the variation
in other lipid biomarkers such as CPI values andn alkane
distributions (Fig. 3a), are noted at∼ 110 and∼ 190 cm,
which may represent (brief) interruptions of mud expulsion,
whereas the change above 40 cm may reflect the ongoing bio-
turbation since the last eruptive event. In accordance with this
interpretation, three consecutive mud expulsion events are
detected at Perejil MV crater, i.e. below 190, 110–190 cm,
and above 110 cm. Compared to Perejil MV, Kalinin and
Schneider’s Heart MVs are characterized by relatively thick
hemipelagic draping, indicative of relatively old mud brec-
cia flows (Fig. 3b). This fact, together with the absence of
chemosynthetic macrofauna, suggests that both MVs are cur-
rently inactive, at least at our sampling locations.

The observed reduced relative abundance of branched
GDGTs and the interpretations given are consistent with the
occurrence of some oxidative mixing between pelagic and

Biogeosciences, 11, 3187–3204, 2014 www.biogeosciences.net/11/3187/2014/



C. López-Rodríguez et al.: Origin of lipid biomarkers in mud volcanoes 3201

mud breccia facies. As indicated above, mud fluid ejection
and biological processes such as bioturbation may have in-
fluenced such mixing (Fig. 3, Table 2) at some boundaries
between hemipelagic/ mud breccia intervals. Studies on
the microfauna contained in mud breccia from some other
Alboran MVs revealed significant mixture of foraminifera
species from diverse ages, thus proving that mixing between
hemipelagic sediments and mud breccia facies exists (Gen-
nari et al., 2013). Consequently, and in accordance with our
findings, we propose that lipid biomarkers, can be used as
reliable proxy to discriminate between sedimentary and MV-
derived facies within mud volcano edifices.

The presence of AOM-related biomarkers, although at rel-
atively low levels, is evident at the three studied MVs of the
Alboran Sea (Table 4). This indicates that at least brief pe-
riods of methane emission must have occurred but that con-
tinuous fluxes of hydrocarbon-rich fluids at these MVs are
unlikely. This interpretation is consistent with hydrocarbon
gas data (Fig. 5) determined here and those reported by Bli-
nova et al. (2011). Although our methane content for Pere-
jil MV is much higher than those reported by Blinova et
al. (2011) (230 µM sed vs.∼ 2 µM sed), compared to actively
seeping MVs, the methane concentrations observed at Perejil
are rather low (230 µM sed), compared to >1000 µM sed for
known active MV seepages (e.g. Mastalerz et al., 2007).

Differences exist in the methane concentrations at Pere-
jil MV that are reported here and those reported by Blinova
et al. (2011) from neighbouring sampling sites, which can
be explained due to the dissimilar hydrocarbon contents of
seeps via contiguous conduits within the volcano. Alterna-
tively, such differences may result from changes in the com-
position and activity of seepages through time. However, fur-
ther analyses and in situ MV-monitoring are needed to clearly
discriminate between both options.

Furthermore, the presence of AOM-related biomarkers
confirms that AOM activity at Perejil MV is relatively recent
(Fig. 5, Table 4). Also the absence of a hemipelagic drape
supports that core RL31CG, recovered from the crater of the
Perejil MV, sampled a recent mud-flow event that may have
occurred only some years ago. On the basis of all these find-
ings we consider Perejil MV the currently most active MV at
the northern margin of the West Alboran Basin.

6 Conclusions

Mud breccias sampled in three studied MVs from the north-
ern West Alboran Basin present similar suites of lipid
biomarker compositions and maturity properties of organic
matter indicating a common source for the extruded mud
breccia at the studied volcanic structures.

Our lipid biomarker results, in agreement with previous
geophysical and stratigraphic data, confirm that the source
strata of the organic matter in mud breccia belong to over-
pressured deep units occurring at depth in the West Albo-

ran Basin (Unit VI and Unit V, Early to Middle Miocene in
age). The moderate mature–immature characteristics of the
organic matter present in mud breccias corroborate a deep
source for the upward fluids, at least at Perejil and Kalinin
MVs.

Significant mixing may occur between hemipelagic sedi-
ment and mud-breccia facies at the interval boundaries, re-
sulting in the significant variation of some lipid biomarkers,
such asn alkanes. Using this variability found in the lipid
biomarker distributions, we suggest the occurrence of a very
recent mud-flow eruption at Perejil MV and at least another
two previous volcanic events.

The presence of specific AOM-related biomarkers together
with direct evidence of recent activity (e.g. chemosynthetic
fauna, gas bubbling, enhanced levels of methane and reduced
level of sulfate), proves the occurrence of actual methane
seepage at Perejil MV.

At Perejil MV, the presence of these AOM-related
biomarkers indicates that active AOM is occurring at this
structure. Additionally, the specific AOM-related biomarkers
found at this MV have proved the co-occurrence of ANME-2
over ANME-1 group. In contrast, the low occurrence or ab-
sence of specific lipid biomarkers related to methanotrophic
archaea in the mud breccia at Kalinin and Schneider’s Heart
MVs suggests that very low or no AOM occurs at these sites,
respectively.

The Supplement related to this article is available online
at doi:10.5194/bg-11-3187-2014-supplement.
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