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During the TTR-17 Leg 1 cruise in the West Alboran Basin, gravity cores were acquired from three mud vol-
canoes (MVs): Dhaka, Carmen and the recently discovered Maya. This paper presents micropaleontological
and radiocarbon dating results from the three mud volcanoes, using cores containing mud breccias overlain
by and interbedded with hemipelagic sediments. At Dhaka MV, the mud-breccia matrix contains very rare
Holocene planktonic foraminifera associated with abundant reworked specimens of mixed Late Cretaceous
to Mio-Pliocene age. At Carmen MV, the reworked assemblage is dominated by Miocene to Pliocene forami-
nifera occurring together with rare Late Cretaceous species while at Maya MV the mud-breccia matrix is
characterized by the dominance of Santonian–Maastrichtian forms, with subordinate Tertiary species.
Shallow-water benthic foraminifera such as Ammonia spp. and Elphidium spp. are generally rare and random-
ly distributed, but present at all studied sites. Based on these results, we suggest that the main sediment
source of the mud-breccia extruded at Dhaka, Carmen and Maya MVs is possibly the lowermost
overpressured olistostromic Unit VI (Aquitanian?–Burdigalian). Differences in the micropaleontological com-
position of the mud-breccia matrix at different sites are most likely due to differences in the main source
layer and in the plumbing systems underneath the MVs. Radiocarbon dating of hemipelagic sediments asso-
ciated to the mud-breccia allowed to define the age of the latest extrusion activities (>0.27 ka to >15.6 ka
BP), which seem to be episodic, short-lived and recurrent over thousands of years.

1. Introduction

Mud volcanism and diapirism include both subaerial and subaque-
ous manifestations (Chapman, 1974) and are a widespread phenom-
enon in many areas of the world's oceans such as the Mediterranean
Sea, the Gulf of Cadiz, the Black Sea, Barbados, Makran, Aleutians,
and the Caspian Sea. They occur on both active and passive margins,
but are more abundant in convergent tectonic settings (reviews in
Dimitrov, 2002; Kopf, 2002).

Mud volcanoes (MVs) are prominent surface or seafloor features
resulting from the upward migration of hydrocarbon-rich fluids and
solids generated by pore-fluid overpressures in clay-rich formations
at depth (e.g., Dimitrov, 2002; Kopf, 2002; Praeg et al., 2009). Their
surface expression is the result of the progressive accumulation of ex-
truded mud-breccia, a semi-liquid, clayey matrix containing various

amounts of heterogenic rock fragments and clasts, derived from the
geological section through which the mud ascends, which are eventu-
ally incorporated into the matrix (Cita et al., 1981; Staffini et al., 1993;
Dimitrov, 2002; Kopf, 2002).

Mud volcanoes can root in sedimentary deposits that are several
kilometers below the seafloor (Higgins and Saunders, 1974; Fowler
et al., 2000; Aslan et al., 2001) and can thus be considered as ‘win-
dows’ into the sedimentary basins that reveal the composition of
deep sediments. However, fluids rising through deep-rooted feeding
channels may be also stored at intermediate to shallow-depth mud
chambers and be remobilized via sub-surface interconnected plumb-
ing systems (Deville et al., 2003, 2010; Praeg et al., 2003, 2009;
Mazzini et al., 2009).

In the Eastern Mediterranean, mud volcanoes (MVs) were first
discovered west of Crete (Cita et al., 1981) on the Mediterranean
Ridge, an accretionary prism with double vergence developed in a
subduction zone (e.g., Camerlenghi et al., 1995; Premoli Silva et al.,
1996). Since then, intensive investigation mostly carried out in the
framework of the Training Through Research Program (TTR) has
resulted in the discovery of numerous new MVs on the crest of the
Mediterranean Ridge (Limonov et al., 1996). Drilling during ODP Leg
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160 proved that mud volcanoes in the northern margin of the
Mediterranean Ridge were active since at least 1 Ma (Robertson and
Ocean Drilling Program Leg 160 Scientific Party, 1996). Mud volcanoes
active over the last 3 Ma were recently discovered along the off-shore
Calabrian Arc, at the tip of the Apenninic–Maghrebide accretionary sys-
tem (Praeg et al., 2009). Occurrence of mud volcanism and diapirism in
the Eastern Mediterranean is also recorded in an extensional setting:
the Nile Deep Sea Fan (e.g., Loncke et al., 2004; Dupré et al., 2007)

Mud volcanoes are well known west of the Gibraltar Strait, in the
Gulf of Cadiz, along the Atlantic counterpart of the Alboran Basin in
the Gibraltar Arc System (GAS; e.g., Pinheiro et al., 2003; Somoza et
al., 2003; Fernández-Puga et al., 2007) where the related phenomena
such as cold seepage, pockmarks, hydrocarbon venting, methane-
derived authigenic carbonates and gas hydrates have been investigated
since 1996 (Baraza and Ercilla, 1996; Baraza et al., 1999; Ivanov et al.,
2000, 2001; Kenyon et al., 2000; Somoza et al., 2000, 2003; Gardner,
2001; Mazurenko et al., 2002; Pinheiro et al., 2003, 2006; Magalhães
et al., 2012). Their origin is associated with recent compressive tectonics
on shale and salt deposits of the olistostrome/accretionary complex units,
emplaced as an allochthonous unit in the Late Miocene as a result of Af-
rica– Eurasia convergence (Maldonado et al., 1999; Somoza et al., 2003).

In the Western Mediterranean, MVs are relatively scarce features
(e.g., Sautkin et al., 2003), and in particular, in the Alboran Sea, they
are related to mud diapirs and active sediment and fluid flow in a
back-arc basin setting (Talukder, 2003; Talukder et al., 2003; Comas et
al., 2010). Their existence in this basin was first documented in 1999
during the TTR-9 Leg 2 along theMoroccanmargin. Further surveys car-
ried out from 2002 to 2008 (TTR-12, 14, 17) revealed the existence of
several mud volcanoes, pockmarks and seepage-related structures on
both the Spanish and the Moroccan margin of the West Alboran Basin.
Among them, the mud volcano named Carmen, discovered in 2004
during TTR-14, was proved to be active (Fig. 1; Comas et al., 2000,
2003a, 2003b, 2006, 2010; Kenyon et al., 2000, 2003, 2006; Sautkin
et al., 2003; Talukder et al., 2003; Blinova et al., 2011).

During the TTR-17 Leg 1 cruise, the mud volcano fields of the West
Alboran Basin (Iberian and Moroccan margins) were revisited to core
some of the MVs previously known and to explore the occurrence of
new MVs and related features in the region (Fig. 1). As a result of
this extensive survey, a new small mud volcano, named Maya, was
discovered and cored for the first time (Blinova et al., 2011;
Margreth et al., 2011).

Previous works on the Mud Diapiric Province focused on the MV
structures and their relationship with shale diapirs (Sautkin et al.,
2003; Talukder et al., 2003; Somoza et al., 2012), as well as on the
identification of the source layer (Sautkin et al., 2003). Recently, the
study of fluid discharged at different seep sites in the area proved
that Carmen MV is presently active (Blinova et al., 2011).

In this research,we investigate themicropaleontology of three gravity
cores retrieved from Dhaka, Carmen and Maya MVs during the TTR-17
cruise (Fig. 2). The cores containmud breccias interbeddedwith or over-
laid by hemipelagic sediments. Following previous studies onmud volca-
noes (e.g., Staffini et al., 1993; Premoli Silva et al., 1996, Sautkin et al.,
2003), this study focuses on themud-brecciamatrix, because it is consid-
ered as more representative of the whole breccia-framework, in which
coarser clasts are often of difficult interpretation and attribution, due to
the fact that they may correspond to remobilization of olistostromic
allochthonous bodies. The aims of our study are:

1. To investigate the stratigraphic succession underlying the mud
volcanoes;

2. To identify the source of the extruded mud-breccias;
3. To date recent extrusive episodes.

2. Geological setting

The Alboran Sea, located behind the Gibraltar Arc, is the western-
most basin of the Mediterranean Sea. Its northern boundary is the
Betic Cordillera (Southern Spain) and its southern boundary is the
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Fig. 1. Location map of the studied cores in the Alboran Sea (GA: Gibraltar Arc; AS: Alboran Sea; WAB, SAB, EAB:Western, Southern, Eastern Alboran Sea; AR: Alboran Ridge; Vertical
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Rif and Tell Mountains in North Africa (Comas et al., 1999). It is part of
the Gibraltar Arc System (GAS) and corresponds to a remaining sub-
merged part of the Miocene Alboran Basin (Comas et al., 1999).

The geodynamic behavior of the GAS is the consequence of its posi-
tion at the boundary between two plates – Africa and Eurasia – that
have had variable directions of relative motion since the late Cretaceous.

Plate-tectonics restoration suggests that this segment of the African–
Eurasian plate boundary experienced about 200 km of roughly N–S ori-
ented convergence between the mid-Oligocene and late Miocene,
followed by about 50 km of NNW directed oblique convergence since
the late Miocene (Dewey et al., 1989). Active tectonics related to plate
convergence continues to influence the development of the GAS to

Fig. 2. Photographs of the studied cores together with their lithologic logs and AMS-14C age dating.
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the present, and there is evidence from seismicity patterns that the
Alboran Basin is still deforming in response to present-day plate tecton-
ics (e.g., Faccenna et al., 2004; Frizon de Lamotte et al., 2006;
Fernández-Ibáñez et al., 2007, and references therein).

The Alboran Basin originated in the Early to Middle Miocene from
extension and subsidence related to crustal thinning, which took
place coeval with crustal thickening in the peripheral thrust belt
(e.g., Comas et al., 1992, 1999; García-Dueñas et al., 1992 and refer-
ences therein).

TheWest Alboran basin contains aMiocene to Quaternary sedimen-
tary succession up to 9 km thick filling grabens and half-grabens be-
tween basement highs as indicated by seismic reflection data (Comas
et al., 1992, 1996; Martínez del Olmo and Comas, 2008) Based on
multichannel seismic surveys, wire line log interpretation and well
data from commercial holes and from DSDP Site 121, six seismic strati-
graphic units bounded by major reflectors corresponding to regional
unconformities were recognized in the sedimentary cover of the basin
(Unit VI to I; Comas et al., 1992; Jurado and Comas, 1992; Fig. 3, a)
Alboran Sea). Scientific drilling during ODP leg 161 (e.g., Site 976;
Comas et al., 1996, 1999) provided further significant information on
sediment lithology and ages. According to these data, the oldest sedi-
ments that directly overlay the metamorphic basement are latest
Aquitanian?–Burdigalian marine deposits consisting of clastic material
and under-compacted shales, containing olistostromes (Unit VI). Unit

VI has been drilled only at Alboran A-1 well offshore southern Spain.
Based on the seismic character and geometries displayed, this unit
has been interpreted as a syn-rift deposit and has been correlated to in-
land complexes composed of clays and detrital deposits containing
olistostromes (e.g., Rodríguez-Fernández et al., 1999; Fig. 3, b) Betic
Neogene basins). Unit V (Langhian–early Serravallian) is composed by
clays and marls interbedded by volcanic and volcanoclastic deposits.
Sandy intervals and fining-upward graded sequences are also present.
Very similar lithologies characterize also Unit IV (Serravallian–early
Tortonian), whose basal boundary is constituted by a volcanic bed. Sed-
iments from seismic Unit III (early–late Tortonian) consist in clays and
silty clays with sandstone interbeds. The Messinian deposits (seismic
Unit II) consist of marine siliciclastic or shallow carbonate facies, with
occasional gypsum and anhydrite intervals. Pliocene to Quaternary sed-
iments (Unit I) are mainly fine-grained distal marls and clays, with rare
interbedded sandstones (Comas et al., 1992, 1999; Jurado and Comas,
1992).

In Unit VI and lowermost Unit V, physical properties typical of
undercompacted clays have been recognized in well log parameters
(wells Alboran A-1 and Andalucia G-1; Jurado and Comas, 1992).
According to seismic reflection evidence, mud volcanoes in the
“Mud Diapir Province” of the West Alboran basin are rooted in
these overpressured clays (Unit VI of Comas et al., 1992, 1999;
Jurado and Comas, 1992; Martínez del Olmo and Comas, 2008).

Fig. 3. Correlation of theAlboran Sea seismic units (a)with themain sedimentary sequences documented in theBeticNeogenebasins (b), togetherwith a short description of sedimentary
environments (modified from a) Jurado and Comas, 1992; Comas et al., 1996; b) Rodríguez-Fernández et al., 1999);M:Messinian unconformity; H: Hiatuses (grey rectangles; correlative
unconformities are not shown); Strat. Seq: Stratigraphic Sequences of Rodríguez-Fernández et al. (1999). c) A schematic succession of the main foraminiferal assemblages based on the
present study, according to age and/or environmental marker species is also given: 1 = Globigerina cariacoensis (pelagic, Quaternary); 2 = Beella praedigitata (pelagic, Quaternary); 3 =
Globorotalia margaritae (pelagic, Pliocene); 4= Zeaglobigerina nepenthes (pelagic, Pliocene), 5= Elphidium sp. (shallowwater): 6= Amphistegina sp. (shallowwater and/or reef); 7, 9=
Praeorbulina glomerosa (pelagic, EarlyMiocene); 8= Bolboforma capsula (pelagic, LateMiocene); 10= Bolboforma subfragoris (pelagic, LateMiocene); 11=Globoquadrina dehiscens (pe-
lagic, Late Oligocene–LateMiocene); 12=Globorotalia peripheronda (pelagic, Early–MiddleMiocene); 13= Globotruncana hilli (pelagic, Maastrichtian): 14= Pseudoguembelina palpebra
(pelagic, Maastrichtian); 15 = Praeorbulina glomerosa (pelagic, Early–Middle Miocene); 16 = Bolboforma spinosa (pelagic, Lower Miocene).
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3. Materials and methods

The three studied cores were obtained with a 6-m-long gravity
corer with a diameter of 15 cm during the R/V Professor Logachev
TTR-17 cruise.

The Dhaka and Maya mud volcanoes are located in the Southern
MV Field (Fig. 1, Table 1). The studied gravity cores were retrieved
from the top of the volcanoes at a water depth of 370 m on the
Dhaka MV (MS411G) and of 410 m on the Maya MV (MS419G).

Carmen MV is located in the northernmost part of the Southern
MV Field (Fig. 1, Table 1). Core MS385G was retrieved from the
flank of Carmen MV, at a water depth of 806 m.

3.1. Micropaleontological analysis

Samples from pelagic/hemipelagic sediments and mud-breccia ma-
trix were selected and analyzed to evaluate the thickness of the breccia
layers and to assess the age of the source sediments involved in the
mud-breccia extrusion. Planktonic foraminifera were studied in eighty-
six samples from Dhaka, Maya and Carmen MVs. Fifty-three of these
samples were from the mud-breccia layers. They were soaked in diluted
hydrogen peroxide and then washed under running water with >250,
250–125 and 125–40 μm mesh sieves. The obtained three size fractions
were dried on a hot plate and studied under a binocular microscope.
Abundances of planktonic foraminifera were based on the number
of specimens per field of view (s/fov) and defined as follow: very
rare, 1 s/fov; rare, 2 s/fov; rare to common, 3 s/fov; common, 4 s/fov;
abundant: 5 s/fov.

3.2. AMS-14C dating

The age assessment of mud volcanic activity at the three studiedMVs
is based on five Accelerator Mass Spectrometry (AMS) 14C age determi-
nation (Table 2; Fig. 2) obtained at the Leibniz Laboratory for Age
Determinations and Isotope Research of the University of Kiel. For each
of the studied cores, sediment samples were taken from the hemipelagic
layers, immediately above and below (Dhaka and Carmen) the mud-
breccia interval. Radiocarbon data from Dhaka and Maya MVs have
been recently published (Margreth et al., 2011); data from Carmen MV
(15 cm and 235 cm b.s.f.) are presented in this study (Table 2). For
each sample, at least 5 mgof planktonic foraminifera (Globorotalia inflata
or mixed planktonic foraminifera) were handpicked to provide 0.2 to
1.2 mg of carbonate material. The organic material was removed in an
ultrasonic bathwith 15%H2O2. The hydrolysis of the residual pure calcite
was obtained at 90 °Cwith 100% orthophosphoric acid. The carbon diox-
ide was converted to graphite with hydrogen on an iron catalyst. The
iron–graphitemixturewasmeasured on theAcceleratorMass Spectrom-
eter (AMS). A reservoir correction of 400 years (Siani et al., 2000) was
subtracted from the obtained radiocarbon conventional ages, which
were calibrated using the program CALIB 5 (Stuiver and Reimer, 1993).

4. Results

4.1. Core description

Core MS411G (Dhaka MV) retrieved 162 cm of sediments (Fig. 2).
The first 2 cm consist of brown, structureless and water-saturated

marls with abundant foraminifera and down to 30 cm, sediments
are composed of hemipelagic marls (lithofacies A1). From 30 to
55 cm b.s.f. (lithofacies B), they contain abundant foraminifera and
cold-water coral fragments (Margreth et al., 2011). Lithofacies Br rep-
resents a layer with abundant mixing between elements from the
hemipelagic sediments and the mud-breccia (55 to 70 cm b.s.f.). The
mud-breccia (lithofacies C) is observed from 70 cm to about 145 cm
b.s.f. It consists of a dark-grey, structureless clay (matrix) and
marlstone- or semilithified marly-clasts up to more than 10 cm in di-
ameter. The matrix contains planktonic foraminifera of different ages
together with shallow and deep-water benthic foraminifera. Signs of
oxidation and bioturbation are observed at 128 cm. At 150 cmb.s.f. sed-
iments are represented again by hemipelagic marls (lithofacies A2).

Core MS419G (Maya MV) has 165 cm of recovery (Fig. 2). From the
core top down to 95 cm b.s.f., sediments consist of grey clay, soupy and
water-saturated in the uppermost 20 cm, with foraminiferal burrows
and abundant foraminifera (lithofacies A1). Scattered coral fragments
are present in the uppermost 20 cm. From 95 cm to 125 cm b.s.f., the
sediments contain foraminifera, shell fragments and cold-water coral
fragments of lithofacies B (Margreth et al., 2011). The mud-breccia
(lithofacies C) is present from 125 cm down to the core's bottom and
consists of layered light-grey and grey to brownish-grey matrix with
clasts less than 3 cm in diameter. As observed at Dhaka MV, the
mud-breccia also contains a mixture of planktonic foraminifera of dif-
ferent ages together with shallow and deep-water benthic species.

Core MS385G (Carmen MV; Fig. 2) recovered 258 cm of sediments.
The upper 20 cm consist of hemipelagic, brown,water-saturated clayey
marls (Lithofacies A1). The mud-breccia (C1 and C2) is present from
20 cm down to the core's bottom, with a single hemipelagic intercala-
tion (lithofacies A2) occurring at around 230–245 cm b.s.f. The mud-
breccia consists of a structureless clayey matrix with randomly distrib-
uted clasts, highly variable in size (1 mm to 10 cm). Clasts present
different lithologies: claystones, marlstones, siltstones, sandstones,
tectonic breccia and conglomerates from very light in color to dark
brown. A strong smell of H2S was detected in the lower part of the core.

4.2. Micropaleontology

The results of the micropaleontological investigations are presented
in Figs. 4 to 8. The identified different planktonic and benthic foraminifer-
al species, aswell as Bolboforma, are listed in Appendix A. Fig. 9 shows the
stratigraphical distribution of significant species identified in the studied
samples. Cretaceous biostratigraphy follows the scheme of Premoli Silva
and Verga (2004), Paleogene biostratigraphies are from Spezzaferri
(1994), Premoli Silva et al. (2003), and Pearson et al. (2006). For theNeo-
gene the schemes of Kennett and Srinivasan (1983), Iaccarino (1985,
2002), Sprovieri et al. (2002), and were applied.

The planktonic foraminiferal assemblages from the three MVs
encompass a wide stratigraphic range and are composed by a mixture
of late Cretaceous to Holocene species. Various degrees ofmixing of fossil
and recent species are observed throughout the cores. Samples from the
mud breccias always contain rare quaternary specieswhile samples from
the hemipelagic layers are often characterized by the occurrence of fossil
species. This may be due to 1) bioturbation by benthic macrofauna, 2)
ejection of fine-grained material (i.e., extruded mud breccia and mobile
hemipelagic sediments at the seafloor) into the water column during
erupting activity and following redeposition, as proposed by Kohl and
Roberts (1994), or 3) a combination of the two processes.

4.2.1. Dhaka MV
The planktonic foraminiferal assemblages from the upper part of the

hemipelagic sequence (lithofacies A1) of Dhaka MV are not represented
in Fig. 4, as they contain only recent-Holocene forms without evidence
of reworking. This part of the interval is dominated by planktonic species
such asGloborotalia inflata,Globigerinoides spp., Turborotalita quinqueloba,
Globigerinita glutinata and benthic foraminifera such as Globocassidulina

Table 1
Location, water depth and length of the studied core.

Gravity core Site Position Length
(cm)

Water depth
(m)

TTR-17MS411G Dhaka MV 35°25.43 N; 04°31.89 W 162 370
TTR-17MS419G Maya MV 35°27.11 N; 04°37.14 W 167 410
TTR-17MS385G Carmen MV 35°43.31 N; 04°44.06 W 258 806
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subglobosa, Uvigerina mediterranea, Cassidulina carinata, and Bolivina
difformis.

The underlying lithofacies B contains foraminiferal assemblages
typical of cold-water coral ecosystems (Margreth et al., 2009, 2011).
The planktonic foraminiferal fauna is dominated by Neogloboquadrina
incompta together with Turborotalita quinqueloba and associated less
abundant Globigerinita glutinata and Globigerina bulloides. In this in-
terval, epifaunal-attached benthic foraminifera are more abundant
than in the above hemipelagic sediments and are characterized by the
occurrence of Discanomalina coronata, a species that was interpreted
as a bio-indicator of living cold-water coral ecosystems along the Irish
coasts in the Northeast Atlantic (Margreth et al., 2009), and Cibicidoides
sp., Cibicidoides pachyderma, Angulogerina angulosa, and Lobatula
lobatula (Margreth et al., 2011). In this part of the sedimentary
sequence very rare reworked specimens consisting of Late Cretaceous
(Campanian–Maastrichtian), and Eocene-Oligocene and Miocene-
Pliocene long-range species are also present (Fig. 4). Lithofacies C,
corresponding to the mud-breccia, contains very rare recent Holocene
species and abundant specimens of mixed Late Cretaceous to Mio-
Pliocene age (Fig. 4). This interval contains also randomly distributed
and rare shallow water benthic foraminifera such as Elphidium spp.,
Ammonia spp., Amphistegina sp. (Fig. 5). Hemipelagic sediments are
also present in an interval at the bottom of the core (A2) and contain
rare Late Cretaceous and very rare Miocene species (Fig. 4)

4.2.2. Maya MV
Theupper hemipelagic interval atMayaMV(lithofacies A) is dominat-

ed by recent to Holocene planktonic foraminifera as observed at Dhaka
MV, and in particular by G. inflata (Margreth et al., 2011). This interval
contains also very rare Late Cretaceous and rarer long-range Eocene-
Oligocene planktonic foraminifera. In Unit B, Cretaceous species are
slightly more abundant; the accompanying assemblages include also
rare long range Paleogene and Neogene species. Foraminiferal composi-
tion in this interval is similar to the cold-water coral-rich (lithofaceis B)
interval observed at DhakaMV. In themud-breccia (lithofacies C)modern
species are rare and reworked specimens strongly increase in abundance.
Late Cretaceous (Campanian–Maastrichtian) species with subordinate
Tertiary specimens dominate the planktonic assemblages (Fig. 6a).
Shallow-water benthic foraminifera such as Elphidium spp. and Ammo-
nia spp. are present but generally rare (Fig. 6b).

4.2.3. Carmen MV
The hemipelagic upper interval at Carmen MV (lithofacies A1) is

dominated by recent to Holocene planktonic foraminifera as observed
at Dhaka andMayaMVs. In this interval very rare specimens ofMiocene
and Pliocene planktonic foraminifera are found (e.g., Paragloborotalia
siakensis, P. acrostoma, Globorotalia miozea, and G. margaritae). Very
rare Late Cretaceous specimens are randomly present and display

poorer preservation than the major components of the assemblages
and cannot be attributed to a specific time-interval.

Lithofacies B, containing coral fragments and the typical associat-
ed benthic foraminiferal assemblages, is absent at Carmen MV.

The mud breccia units are identified from 20 to 230 cm b.s.f. (C1)
and from around 245 cmdown to the core's bottom (C2). The reworked
planktonic assemblages include some marker species from Zones
N8-N10 such as Globorotalia peripheronda, Praeorbulina transitoria,
P. sicana, P. glomerosa, among others. Late Cretaceous planktonic fora-
minifera (e.g., Contusotruncata fornicata and Globotruncana aegyptiaca)
are very rare and poorly preserved throughout the entire Unit C and
one single specimen of theUpper Albian planktonic species Planomalina
buxtorfi is found at around 45 cm b.s.f. (C1; Fig. 7).

Shallowwater benthic foraminifera such as Elphidium and Ammonia
are generally rare and randomly distributed in this Unit. Remarkable is
the presence of a few specimens of Bolboforma such as B. spinosa,
B. compressispinosa, B. laevis and B. subfragoris (Fig. 8).

Pelagic sediments are found in the interval between 230 and
245 cm b.s.f. (A2), where Holocene and recent fauna is relatively
more abundant than in the hemipelagic layers overlying the mud-
breccia at Dhaka and Maya MVs.

4.3. Radiocarbon dating

The mud-breccia intervals from the three MVs are associated with
hemipelagic sediments that allow dating by AMS-14C on planktonic
foraminifera. In particular at Dhaka MV the more recent breccia
layer occurs between 4345 ± 60 and 4175 ± 62 cal. yr BP. At Maya
MV the end of the more recent activity is dated as old as 15583 ±
185 cal. yr BP. At Carmen MV the more recent, uppermost breccia
layer occurs between 8998 ± 59 and 271 ± 17 cal. yr BP (Fig. 2,
Table 2).

5. Discussion

5.1. Stratigraphic succession underlying the mud volcanoes

By comparing the seismic units of Jurado and Comas (1992) and
Comas et al. (1996) and the sedimentary record cropping out in the
Betic Neogene Basins (Rodríguez-Fernández et al., 1999) with the mi-
cropaleontological content of the mud-breccia from the three studied
MVs (Fig. 3) it is possible to discriminate between elements from the
olistostromic basal Unit VI (older than early Langhian; source layer
sensu stricto) and from the overlying sedimentary sequence (younger
than early Langhian). Furthermore, is possible to attribute discrete
ages to the sedimentary sequences of the deep-seated breccias as
follows (from older to younger):

Table 2
Results of AMS-14C dating. A reservoir age of 400 years was subtracted.

Lab code Core Depth Material 14C age (yr BP) Calibrated age (yr BP) Reference

KIA 39076 TTR-17MS411G 55 G. inflata 4120 ± 35 4175 ± 62 Margreth et al. (2011)
KIA 39078 TTR-17MS411G 150 G. inflata 4240 ± 40 4345 ± 60 Margreth et al. (2011)
KIA 39200 TTR-17MS419G 115 G. inflata 13580 ± 70 15583 ± 185 Margreth et al. (2011)
KIA 41267 TTR-17MS385G 15 G. inflata 620 ± 20 271 ± 17 This study
KIA 41268 TTR-17MS385G 235 Mixed plankt. forams 8405 ± 45 8998 ± 59 This study

Fig. 4. Range chart of the planktonic foraminiferal species identified at Dhaka MV. 1) Long-range Oligo-Miocene species; 2) Miocene species spanning the Aquitanian–Burdigalian;
3) long-range Oligocene to Pliocene species; m) marker species of zones N8–N10 (Burdigalian pro parte–Langhian). Species abundance: vr = very rare; r = rare; r/c = rare to
common; c = common. Sample numbers represent depth from core's top.
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Samples 
Species list

Globigerina bulloides 

Globigerinoides subsacculifer

Neogloboquadrina atlantica dx

Praeorbulina sp.

Praeorbulina sicana (2, m)

Zeaglobigerina druryi (2)

Paragloborotalia acrostoma (2)

Globoquadrina praedehiscens (1)

Paragloborotalia pseudokugleri

Pseudohastigerina barbadoensis

Dentoglobigerina venezuelana (1)

Subbotina angiporoides

Catapsydrax sp. (1)

Catapsydrax unicavus (1)

Catapsydrax dissimilis (1) 

Subbotina linaperta
Acarinina sp.

Acarinina medizzai

Acarinina pentacamerata

Abathomphalus sp.

Archeoglobigerina sp.

Contusotruncana fornicata

Globigerinelloides prairiehillensis

Globigerinelloides sp.
Globotruncana arca
Globotruncana sp.

Globotruncana aegyptiaca

Globotruncana cf. bulloides

Globotruncana hilli

Gumbelitria cretacea

Hedbergella  holmdelensis

Heterohelix sp.

Heterohelix globulosa

Heterohelix striata

Laeviheterohelix glabrans

Planoglobulina acervulinoides

Pseudoguembelina palpebra

Pseudotextularia elegans

Racemiguembelina fructicosa

Rugotruncana sp.

Rugoglobigerina sp.

Rugoglobigerina rugosa

Globigerinoides obliquus extremus

Neogloboquadrina atlantica sin

Globoturborotalita ciperoensis (1)

Paragloborotalia opima

NEOGENE

PALEOGENE

CRETACEOUS

Globotruncana orientalis

Globotruncana havanensis

Globotruncanella petaloidea
Globotruncanita sp.

Quaternary species

Acarinina aquiensis

Guembelitrioides lozanoi

Globigerinatheka seminvoluta

Globorotalia peripheronda (2, m)

Dentoglobigerina langhiana (2)
Globoquadrina dehiscens (2)

Globorotalia scitula 

Orbulina  suturalis

Globigerinoides obliquus 

Globigerinoides trilobus 

Dentoglobigerina altispira (3)

35 40 45 50 55 60 65 70 75 80 85 90 95 100
105
110
115
120
125
130
135
140
145
150

bottomtop

Globorotaloides variabilis (1)
Paragoborotalia semivera (1, 2)

Paragoborotalia siakensis (1, 2)

Zeaglobigerina nepenthes

Globorotalia acostaensis

LithofaciesA2CBrB

DHAKA MV
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5.1.1. Mixed Late Cretaceous (Turonian to Maastrichtian) and Early
Miocene — Unit VI (Fig. 3)

Planktonic foraminiferal assemblages from the three investigated
mud volcanoes confirm the previous attribution of the overpressured
olistostromic unit to the Lower Miocene (Aquitanian – Burdigalian)
with presence of reworked Upper Cretaceous, Paleocene and Eocene
species (Sautkin et al., 2003). The occurrence of Oligocene planktonic
species not identified before suggests that the olistostromes also
contained sediments from this time interval.

A possible age analogue for the Aquitanian and Burdigalian sedi-
ments are the transgressive sediments outcropping in the Betic Rif In-
ternal Zone, in particular their deeper depositional environment
members (e.g., Ciudad Granada and Viñuela Fm; Serrano et al.,

2006). Reasonable analogues for Cretaceous sediments crop out in
the Betic Cordillera (Martin-Chívelet and Chacón, 2007). The single
specimen of Planomalina buxtorfi (Late Albian) found in the lower-
most section of core MS385G (Carmen MV) may represent reworking
of Albian species into Upper Cretaceous sediments. Good age and fa-
cies analogues for Paleocene and Eocene sediments are found in the
Sub-Betic Zone (e.g., Molina et al., 1994) of the Betic Cordillera.

5.1.2. Middle to Late Miocene (Langhian to Late Tortonian) — seismic
Units V, IV and III (Fig. 3)

Marine sediments deposited during this time interval vary from
deep pelagic to shallow water. In the mud-breccia, sediments contain
a mix of (pelagic) planktonic species from the base of Middle to Late

NEOGENE

CRETACEOUS

PALEOGENE

Samples

Species list

LithofaciesC

Samples

Species list

Lithofacies

A B

A B C

MAYA MV

1/24-26
1/29-31
1/34-36
1/39-41
1/44-46
1/49-51
2/0-2
2/5-7
2/10-12
2/15-17
2/20-22
2/25-27
2/30-32
2/35-37
2/40-42
2/45-47
2/47-48
2/48-49
2/53-54
3/0-2
3/10-12
3/20-22
3/30-32
3/40-42
3/50-52

Elphidium fichtelianum

Ammonia beccarii

Ammonia parkinsoniana

bottomtop

a)

b)

Paragloborotalia acrostoma (2)

Archeoglobigerina sp.

Hedbergella  sp.

Heterohelix globulosa

Heterohelix striata

Laeviheteroelix glabrans

Pseudoguembelina palpebra

Rugoglobigerina rugosa

Woodringina sp.

Chiloguembelina cubensis

Globigerinelloides prairiehillensis
Gansserina gansseri

Globotruncanella petaloidea

Globotruncanita stuarti

Globotruncana orientalis

Globotruncana cf. bulloides

Globotruncana aegyptiaca
Globotruncana arca

Contusotruncana fornicata
Contusotruncana contusa

Dentoglobigerina venezuelana (1)
Globoturborotalita ciperoensis (1)

Quaternary species

MAYA MV

1/24-26
1/29-31
1/34-36
1/39-41
1/44-46
1/49-51
2/0-2
2/5-7
2/10-12
2/15-17
2/20-22
2/25-27
2/30-32
2/35-37
2/40-42
2/45-47
2/47-48
2/48-49
2/53-54
3/0-2
3/10-12
3/20-22
3/30-32
3/40-42
3/50-52

bottomtop

vr r r/c c

Fig. 6. a) Range chart of the planktonic foraminiferal species identified at Maya MV. 1) Long-range Oligo-Miocene species; 2) Miocene species spanning the Aquitanian–Burdigalian.
Species abundance: vr = very rare; r = rare; r/c = rare to common; c = common. b) Occurrence of shallow water benthic foraminifera identified at Maya MV. Sample numbers
represent depth from section's top (see Fig. 2 for samples' depth).

Samples 

Species list
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105
110
115
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125
130
135
140
145
150

DHAKA MV

Elphidium fichtelianum
Elphidium crispum
Ammonia parkinsoniana

Bolboforma danielsi

Nummulites sp.

bottomtop

CBrB

Amphistegina sp.

LithofaciesA2

Fig. 5. Occurrence of shallow water benthic foraminifera and Bolboforma identified at Dhaka MV. Sample numbers represent depth from core's top.
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Miocene. Since at ODP Site 976 few upper Miocene sediments were re-
covered (Messinian–Tortonian/Serravallian; Comas et al., 1996), the
reference section for the Middle Miocene can be considered the one

drilled at DSDP Site 372, yielding a complete succession of Langhian
bioevents (Abdul Aziz et al., 2008). Bolboforma compressispinosa,
B. laevis and B. subfragoris, which are abundantly present in Middle

Bolboforma compressispinosa

Bolboforma spinosa

Bolboforma laevis

Bolboforma subfragoris

Elphidium sp.

Elphidium macellum

Elphidium fichtelianum

Elphidium crispum

Ammonia beccarii

Samples

Species list

CARMEN MV

1/0-2
1/2-4
1/4-6
1/6-8
1/8-10
1/10-12
1/15-17
1/20-22
1/25-27
1/30-32
1/35-37
1/40-42
1/45-47
1/50-52
2/0-2
2/10-12
2/20-22
2/30-32
2/40-42
2/50-52
3/10-12
3/20-22
3/30-32
3/40-42
3/50-52
4/8-10
4/18-20
4/28-30
4/38-40
4/48-50
5/2-4
5/12-14
5/22-24
5/24-24.5

5/32-34

bottomtop

A1 C1 A2 C2 Lithofacies

Bolboforma capsula

5/25.5.-26

Fig. 8. Occurrence of shallow water benthic foraminifera and Bolboforma identified at Carmen MV. Sample numbers represent depth from section's top (see Fig. 2 for samples'
depth).

Globigerinoides obliquus 

Globigerinoides conglobatus

Orbulina  suturalis

Globorotalia menardii

Globigerinoides conglobatus 

Dentoglobigerina altispira (3)

Globigerinoides subsacculifer

Globorotalia cf. partimlabiata

Paragloborotalia acrostoma (2)

Paragloborotalia siakensis (1, 2)

Paragloborotalia semivera (1, 2)

Paragloborotalia mayeri (2)

Contusotruncana fornicata
Globigerinelloides prairiehillensis

Globotruncana arca

Globotruncana aegyptiaca

Hedbergella  planispira

Heterohelix globulosa
Heterohelix striata
Pseudoguembelina palpebra
Pseudotextularia elegans
Rugoglobigerina sp.

Globorotalia miozea (2)

Globotruncana orientalis

Planomalina buxtorfi

Turborotalia increbescens

Globigerinoides bisphericus

Globigerinoides altiapertura

Globorotalia margaritae

Truncorotalia tosaensis

Quaternary species

Praeorbulina sicana (2, m)

Catapsydrax sp. (1)

Dentoglobigerina galavisi

Catapsydrax dissimilis (1)
Turborotalia ampliapertura

Subbotina gortanii

Truncorotalia crassaformis 

Globigerinoides obliquus extremus 

Globoturborotalita woodi (3)

Globorotalia peripheronda (2, m)

Globoquadrina dehiscens (2)

Praeorbulina glomerosa (m)

Praeorbulina transitoria (m)

A1 C1 A2 C2

Samples

Species list

NEOGENE

CRETACEOUS

CARMEN MV

Lithofacies

PALEOGENE

Dentoglobigerina venezuelana (1)

Globoquadrina praedehiscens (1)

1/0-2
1/2-4
1/4-6
1/6-8
1/8-10
1/10-12
1/15-17
1/20-22
1/25-27
1/30-32
1/35-37
1/40-42
1/45-47
1/50-52
2/0-2
2/10-12
2/20-22
2/30-32
2/40-42
2/50-52
3/10-12
3/20-22
3/30-32
3/40-42
3/50-52
4/8-10
4/18-20
4/28-30
4/38-40
4/48-50
5/2-4
5/12-14
5/22-24
5/24-24.5
5/25.5.-26
5/32-34

bottomtop

vr r r/c c

Fig. 7. Range chart of the planktonic foraminiferal species identified at Carmen MV. 1) Long-range Oligo-Miocene species; 2) Miocene species spanning the Aquitanian–Burdigalian;
3) long-range Oligocene to Pliocene species; m) Marker species of Zones N8–N10 (Burdigalian pro parte–Langhian). Species abundance: vr= very rare; r = rare; r/c = rare to common;
c = common. Sample numbers represent depth from section's top (see Fig. 2 for samples' depth).ht
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to Late Miocene successions of the Western Mediterranean Sea
(Spezzaferri et al., 2001), are also recorded at Site 372 (Poag and
Karowe, 1986). Their presence in the foraminiferal assemblages of
the mud-breccia suggests a strict affinity with the sedimentary se-
quence of Site 372.

5.1.3. Late Miocene (Messinian) — seismic Unit II (Fig. 3)
Long-range shallow-water benthic foraminifera may be related to

different sources such as the Messinian pre-evaporitic sedimentary
sequence or the pelitic interbeds in the Messinian evaporitic unit.
These sediments represent the most reasonable sources for the shal-
low benthic fauna which is very similar to that observed by Braga

et al. (2006). Amphistegina sp. (Fig. 3 and Plate 8 (Supplementary On-
line Data), Fig. 5) may have also been associated to Messinian
bioherms and reefs occurring in the outcropping Alboran marginal
basins (e.g., Martín et al., 1999; Braga et al., 2006). Furthermore, shal-
low water depositional environments may have possibly occurred
also on top of the structural highs and seamounts that characterize
the complex Alboran Basin morphology (overview in Muñoz et al.,
2008).

5.1.4. Pliocene to Pleistocene — seismic Unit I (Fig. 3)
The best reference for the sedimentary sequence spanning this in-

terval has been cored during ODP Leg 161 at Site 976 located in the

Stratigraphic distribution of selected taxa
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Fig. 9. Stratigraphic distribution of the species identified in the mud-breccia from the three studied MVs.
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northwestern Alboran Basin (Comas et al., 1996). Sediments at this
site consist of hemipelagic, turbidite, homogeneous gravity flow,
contourite and debris flow facies (Alonso et al., 1999) characterized
by the typical Pliocene to recent foraminiferal fauna.

5.2. Source of extruded mud-breccias

The micropaleontological study of mud breccias give direct,
important information on the source layer, in particular in the case
of deep-rooted mud volcanoes where the actual depth of the feeder
channel is often difficult to detect in seismic lines, as is the case of
some of the Alboran MVs (e.g., Carmen MV, Somoza et al., 2012). Fur-
thermore, it allows identifying and differentiating elements from the
two “sources” involved in mud-breccia extrusion: the source layer
sensu stricto, and the overlying sedimentary sequence.

Our results, and in particular the occurrence of pre-Langhian species,
confirm the basal olistostromic Unit VI as themain source of the extrud-
ed mud-breccias for the Dhaka, Maya and Carmen MVs, confirming
previous interpretations based on micropaleontological and seismic
studies (Sautkin et al., 2003; Talukder et al., 2003; Somoza et al.,
2012). However, variations in the observed assemblages among the
three studied sites suggest differences in the main source layer and in
the plumbing systems underneath the MVs.

Sautkin et al. (2003) studied the Marrakech and Granada MVs from
the southern region of the mud diapiric province in the West Alboran
Sea. They discovered that, in both volcanoes, the mud-breccia consisted
of well-consolidated, matrix-supported breccia with unconsolidated
clasts. They also described the calcareous nannofossils and concluded
that the source sediments derived from the overpressured olistostromic
Unit VI and were Burdigalian in age (Early Miocene). These sediments
contained Santonian and Maastrichtian, Paleocene and Eocene flora
and incorporated LateMiocene to Pliocene elements from younger sed-
iments during the extrusion of the erupted material. The mud-breccia
from Dhaka and Carmen MVs is very similar in sedimentological and
micropaleontological composition to Marrakech and Granada MVs
and therefore a similar source layer (olistostromic Unit VI) can be
assumed.

The mud-breccia fromMayaMV contains dominant Santonian and
Maastrichtian foraminifera and only a few relatively long-range Early
Miocene specimens, thus lacking most of the species that characterize
the basal Aquitanian – Burdigalian marine sediments containing the
olistostromic deposits. According to Comas et al. (1999) the basal
olistostromic Unit VI from Alboran contains significant amount of
probably tectonically reworked Flysch Nappe Units from the Alboran
Domain. Among these Flysch Units there are numerous allochthonous
tectonic nappes of Late Cretaceous (Campanian–Maastrichtian)
sediments. Sedimentary sequences of this age are well known and
abundant in the Flysch Domain on land near the Algeciras region
(e.g., Martínez del Olmo and Comas, 2008). Therefore, the olistostromic
Unit VI contains allochtonous sediments of various ages and makes the
source sediments rather dishomogeneous within the various Alboran
mud volcanoes. In this context, Maya MV may be directly rooted in
one of these olistoliths composed of Late Cretaceous Flysch.

Langhian and post-Langhian elements are well represented at
Dhaka and Carmen MVs.

Seismic data suggests that Dhaka and Carmen MVs are fed by con-
duits deep-rooted in shale diapirs (Kenyon et al., 2003; Somoza et al.,
2012; Comas et al., submitted for publication). According to Somoza
et al. (2012), the feeder channel of Dhaka MV is composed by a feeder
pipe connecting the seabed edifice to a buried bicone that may act as
a pseudo-mud chamber. However, comparison of data from Dhaka
and Carmen MVs suggest that the storage of deep source material at
intermediate depths and its subsequent remobilization do not sensi-
bly affect the original composition of the mud-breccia matrix.

At Maya MV, Langhian and post-Langhian species are extremely
scarce or absent. This implies that sediments from the younger Unit V

to I were not significantly incorporated into the ascendingmud breccia.
MayaMVmay thus be rooted on a very shallow or outcroppingmud di-
apir and lack any feeder channel, as already observed for MVs in the
West Alboran (Somoza et al., 2003, 2012).

5.3. Recent volcanic activity

The presence of a relatively thick pelagic drape and cold-water
coral rich layers on the top of the cores retrieved from the top of
Dhaka and Maya MVs (60 cm and 115 cm; Margreth et al., 2011), as
well as their geochemical signature suggests that they are not
presently active, or are dormant with only residual seep activity
(Blinova et al., 2011).

The core retrieved from the flank of the Carmen MV presents only
20 cm of pelagic sediments. The strong smell of H2S detected in the
lower part of the core and the bubbling observed on the top of the
volcano (e.g., Comas et al., 2010; Blinova et al., 2011) indicate that
this structure may still be active today.

The activity of mud volcanoes in the Alboran Sea seems to be ep-
isodic as observed in other Mediterranean settings, e.g., the Mediter-
ranean Ridge in the eastern basin (Robertson and Ocean Drilling
Program Leg 160 Scientific Party, 1996; Robertson et al., 1998) and re-
current over timescales of thousands of year. Recent extrusive activity
in the Southern MV Field started earlier than 16 ka BP, while the age
of the last extrusive episode differs among the studied MVs by thou-
sands of years (from >15.6 ka at Maya to >0.27 ka at Carmen).

The duration of single mud erupting events is usually comprised
between less than two days and few years (Mazzini et al., 2009 and
references therein) and may thus be considered instantaneous over
geological timescale. Our data support the hypothesis of very
short-lived events, as observed at Dhaka MV where age uncertainties
reduce the possible duration of the extrusive event to 50 years
(170 ± 120 yr; Table 2, Fig. 2).

Radiocarbon dating of the mud breccia layer extruded at Carmen
shows a duration of mud-volcanic activity of thousand of years
(Fig. 2). This can be explained either by extensive erosion of underly-
ing hemipelagic sediment during mud-breccia flows or by the super-
imposition of different, erosive fluxes (i.e.; slumping) that flowed
along the flank of Carmen MV earlier than 270 yr BP. This latter hy-
pothesis is corroborated by a) the position of the coring site, located
on the flank of the mud-volcano, which may be more easily affected
by sediment remobilization and b) by the lack of bioturbation in the
underlying hemipelagic interval (i.e., absence of reworked planktonic
foraminifera; Fig. 7) as a consequence of rapid accumulation.

6. Conclusions

The micropaleontological study of the mud-breccia matrix recov-
ered from three Mud Volcanoes of the Western Alboran Mud Diapiric
Province (Dhaka, Maya and Carmen MVs) shows that:

1) The main sediment source of the extruded mud-breccia is most
likely identified in the lowermost overpressured olistostromic
Unit VI that is Lower Miocene in age (Aquitanian–Burdigalian)
and contains reworked Late Cretaceous, Paleocene and Eocene
forms, confirming the previous attribution of Sautkin et al.
(2003) for Marrakech and Granada MVs.

2) The mud-breccia matrix fromMaya MV differs from that retrieved
at both Dhaka and Carmen MVs (which in turn shows a close af-
finity to Marrakech and Granada MVs) in containing dominant
Santonian–Maastrichtian foraminifera and fewer Early Miocene
forms. Maya MV is probably directly rooted in one of the Late Cre-
taceous Flysch olistoliths present in the olistostromic Unit VI. Fur-
thermore, the different distribution of foraminifera reworked from
the younger sedimentary Units V to I suggests the possibility that
the diapir feeding Maya MV may be very shallow.
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3) According to AMS-14C dating of hemipelagic sediments associated
to the mud-breccia, mud volcanic activity in the Mud Diapiric
Province seems to be episodic, short-lived and recurrent over
thousands of years.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.margeo.2013.04.002.
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