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a b s t r a c t
The seabed morphology, type of sediments, and dominant benthic species on eleven mud volcanoes and diapirs
located on the northern sector of the Gulf of Cádiz continental slope have been studied. The morphological characteristics were grouped as: (i) ﬂuid-escape-related features, (ii) bottom current features, (iii) mass movement
features, (iv) tectonic features and (v) biogenic-related features. The dominant benthic species associated with
ﬂuid escape, hard substrates or soft bottoms, have also been mapped. A bottom current velocity analysis allowed,
the morphological features to be correlated with the benthic habitats and the different sedimentary and oceanographic characteristics. The major factors controlling these features and the benthic habitats are mud ﬂows
and ﬂuid-escape-related processes, as well as the interaction of deep water masses with the seaﬂoor topography.
Mud volcano eruptions give rise to mud ﬂows and/or aqueous ﬂuid seepage. These processes sustain
chemosynthesis-based communities, closely associated with ﬂuid seepage. Large depressions in the nearby
area are inﬂuenced by collapse-related phenomena, where active ﬂuid escape and the erosive effect of bottom
currents have been identiﬁed. When the extrusion activity of the mud volcano is low and the seepage is diffuse,
authigenic carbonates form within the ediﬁce sediments. The bottom current sweeps the seaﬂoor from the SE to
the NW. When the velocity is moderate, sedimentary contourite processes take place on both sides of the ediﬁces.
At high velocities, the authigenic carbonates may be exhumed and colonised by species associated with hard substrates. Small carbonate mounds are found at the summits of some volcanoes and diapirs. Living corals have been
found on the tops of the shallowest mud volcanoes, revealing different oceanographic conditions and strong bottom currents that favour the availability of nutrients and organic particles. The ediﬁces affected by very high current velocities are located in the channels where erosive processes dominate.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Mud diapirs and mud volcanoes (MVs) are very common structures
on the middle and upper continental slope of the Gulf of Cádiz. Some
mud diapirs build-up ridges or domes on the seaﬂoor as the result of
the slow uplift of massive plastic materials from the deep layers to the
surface due to density differences. This gives rise to the deformation of
the main linear structures on the continental slope of the Gulf of Cadiz
(Fernández-Puga et al., 2007). In this area, upper Neogene–Quaternary
tectonics has formed NE–NW thrusts that have favoured the rise of
shale diapirs from the Neogene tectonics complex emplaced in the Gibraltar Arc front (Maldonado et al., 1999; Medialdea et al., 2004).
When diapirs break through the seaﬂoor, they form seaﬂoor piercing
structures, and usually they may have associated MV at top since they
⁎ Corresponding author.
E-mail address: desiree.palomino@gmail.com (D. Palomino).

http://dx.doi.org/10.1016/j.margeo.2015.10.001
0025-3227/© 2015 Elsevier B.V. All rights reserved.

are formed by the vertical migration of muddy sediments and ﬂuids
(hydrocarbons and brines) that are extruded by successive emissions
(Milkov, 2000). The main difference between a mud volcano and a
mud diapir is that a mud volcano is characterised by actively extruding
material while a mud diapir is form by a massive movement (Guliyev
and Feizullayev, 1997; Milkov, 2000). Intermediate cases are the MV/diapir complexes that develop ediﬁces of diapiric origin that harbour mud
volcanoes at the surface and are generated as a consequence of ﬂuid migration along the body of the diapir.
The Gulf of Cádiz has been extensively surveyed over recent decades.
There are numerous studies focused on ﬂuid emissions in MVs on both
the Moroccan (Ivanov et al., 2000; Kenyon et al., 2000; Gardner, 2001;
Van Rensbergen et al., 2005; León et al., 2012, and the references therein) and Iberian continental margins (Somoza et al., 2002, 2003; Díaz del
Río et al., 2003; Pinheiro et al., 2003; Medialdea et al., 2009, and the references therein), as well as some studies on the benthic fauna associated with ﬂuid migration and seepage (Rueda et al., 2012a; Cunha et al.,
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2013; Rodrigues et al., 2013). In addition, many studies have looked at
the Contourite Depositional System developed as a consequence of the
interaction of the Mediterranean Outﬂow Water (MOW) with the continental margin (Gonthier et al., 1984; Faugères et al., 1985; Stow et al.,
1986, 2002, 2013; Nelson et al., 1993, 1999; Schönfeld and Zahn, 2000;
Llave et al., 2001, 2006, 2007, 2011; Mulder et al., 2002, 2003, 2006;
Habgood et al., 2003; Hernández-Molina et al., 2003, 2006, 2011,
2014a,b), as well as the development of cold-water coral communities
related to the contourite drifts (Van Rensbergen et al., 2005; Foubert
et al., 2008; Wienberg et al., 2009). However, less attention has been
paid to the relationship between the ediﬁces and the recent geological
and oceanographic processes, and the benthic communities and habitats that occur as a consequence of this interaction (Fernández Salas
et al., 2012).
The ediﬁces interact with the water masses, changing the water circulation pathways and velocities, and affecting the sedimentary processes in their vicinity (Davies and Laughton, 1972). This situation
provokes a local circulation pattern that can support different habitats
and associated benthic communities if both nutrient supply and substrate are adequate, and consequently a great variety of species is promoted (Cordes et al., 2010). Changes in oceanographic conditions can
give rise to changes in the seabed morphology and habitats. Therefore,
there is a strong relationship between deep water benthic communities,
the water ﬂow near the bottom, the type of substrate, and regional geological processes (Van Rooij et al., 2010; Fernández Salas et al., 2012).
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The aim of this work is to study the seaﬂoor morphology and the
sub-surface characteristics of the MVs, diapirs and diapir/MV complexes
on the Spanish continental margin of the Gulf of Cádiz; In addition,
some of the structures are described here for the ﬁrst time. This study
enables us to understand the interaction of the volcanic ediﬁces with
the hydrodynamics of the water masses and the interplay between
ﬂuid escape, mud extrusion, mud diapirism, sediment dynamics, and
their inﬂuence on the biosphere. We thus propose an evolutionary
model for the MV, diapirs, and MV/diapir complexes with different developmental phases. This study has also contributed to the Spanish
government's proposal to classify this area as a Site of Community Importance (ESZZ12002 Mud volcanoes of the Gulf of Cadiz) and include
it in the European Union's Natura 2000 network.
2. Materials and methods
The data analysed in this study was obtained during ﬁve oceanographic cruises as part of the LIFE+ INDEMARES/CHICA project in the
area known as the Shallow Field of Fluid Expulsion (SFFE, Díaz del Río
et al., 2014), which is located on the upper and middle slope of Gulf of
Cádiz continental margin (Fig. 1B). The bathymetric data was acquired
with a Kongsberg Simrad EM-710 multibeam echosounder (70 to
100 kHz) and processed with Caris Hips and Sips software to produce
a 15 × 15 m bathymetric grid model. Backscatter values were also
processed from swath bathymetry and morphological analyses were

Fig. 1. A) Location of the Shallow Field of Fluid Expulsion (SFFE) in the middle slope of the Gulf of Cádiz indicating the study area (black polygon) and the regional water-mass circulation
(modiﬁed by Hernández-Molina et al., 2003). The general bathymetric map was extracted from GEBCO (General Bathymetry Chart of the Oceans). B) Bathymetric map with a 15 × 15 m
grid cell resolution showing the mud volcanoes (red polygons), diapirs (blue polygons) and MV/diapir complexes (yellow polygons) investigated in this study. C) Location of the samples
and high-resolution seismic proﬁle track lines. Detailed bathymetric maps are given in Figs. 2, 7 and 8.
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conducted with the ArcGIS desktop software. Very high-resolution seismic proﬁles were acquired with the TOPAS PS018 (Topographic Parametric Sounding) system, working with a primary frequency from 16
to 20 kHz and a secondary frequency ranging from 0.5 to 4 kHz. Standard processing was applied during the acquisition: pre-amplifying,
TVS amplifying and band-pass ﬁltering. Seismic data were converted
and imported as SEG-Y ﬁles into the IHS Kingdom software in order to
interpret at the sedimentary units and their sub-surface characteristics.
Box-core samples were collected on selected MVs and diapirs, to
characterise the sediment texture and faunal assemblages. Gravity
cores were collected at the summits of the main features to conﬁrm
their nature. High-resolution pictures of the cores were acquired with
an Avaatech XRF core scanner. High-resolution videos and images
taken by the Remotely Operated Vehicle (ROV) LIROPUS 2000 and the
Underwater Camara Sled (UCS) APHIA 2012 were used to map and
identify benthic habitats and associated biota. Photographic and video
observations were made with high precision underwater navigation,
capturing images between 0.5 and 2.5 m from the seaﬂoor, during 1–
3 hour (ROV) and 0.6–1 hour (UCS) transects. The mean explored
distances were between 223 and 1025 m for ROV transects and between
80 and 379 m for UCS transects. The underwater images were
georeferenced using a transponder attached to the devices (ROV and
UCS) plotted their position in relation to the research vessel during
the transects. Near-bottom current speed measurements were carried
out at several stations in the area, using a Lowered Acoustic Doppler
Current Proﬁler (LADCP).
3. Geological and physiographical settings
The Gulf of Cádiz is situated towards the west of the Gibraltar Arc between the southwestern continental margin of the Iberian Peninsula
and the northwestern continental margin of Africa (Fig. 1A). In this region, recent models have proposed the SWIM fault zone as the Africa–
Eurasia plate boundary (Zitellini et al., 2009), connecting the Gorringe
Bank and the Horseshoe Abyssal Plain to the west and the Rif System
to the east. In this area an incipient subduction zone of the Atlantic oceanic crust beneath Iberia may be forming (Duarte et al., 2013). The
geodynamic evolution of the area from the Eocene is characterised by
successive phases of compressive to oblique regimes trending from N–
S to NW–SE (Maldonado et al., 1999). The westward drift of the Alboran
Crustal Domain and its collision with the continental margins of the
African and Eurasian plates, occurring from the upper Oligocene to the
Tortonian, gave rise to the maximum compression related to the
Betic-Rif compressive belt and the emplacement at their front of the Allochthonous Unit of the Gulf of Cádiz (AUGC) as an accretionary wedge
(Flinch et al., 1996; Maldonado et al., 1999; Medialdea et al., 2004; Platt
et al., 2013). From the Upper Tortonian the compression regime drifts to
a WNW–ESE compression (Dewey et al., 1989). Post-Tortonian regional
reorganisation induced the extensional collapse westwards of the AUGC
by NW–SE trending extensional faults, tectonic subsidence and strong diapiric processes (Flinch et al., 1996; Somoza et al., 1999; Gracia et al.,
2003; Maestro et al., 2003; Medialdea et al., 2004; Fernández-Puga
et al., 2007). The emplacement of NE–SW diapiric ridges along thrust
faults takes advantage of transfer faults linking the extensional systems
(Maestro et al., 2003; Fernández-Puga et al., 2007). The diapiric structures
are mainly rooted in the AUGC and comprise by Late Triassic to Lower Jurassic evaporite units (Matias et al., 2011), as well as a melange of Upper
Cretaceous–Palaeogene deep-water sedimentary rocks to Miocene marls
(Flinch et al., 1996). The migration of these shale and evaporitic units triggered diapiric processes that developed as isolated morphological highs
and ridge systems. Diapirism and related tectonics provide adequate gas
migration pathways along the normal fault system that facilitates the generation of MV. At the end of the Lower Pliocene subsidence decreased, and
the margin evolved towards a stable phase during the Upper Pliocene–
Quaternary (Nelson et al., 1993; Maldonado et al., 1999; Somoza et al.,
1999; Maestro et al., 2003; Medialdea et al., 2004, 2009). However,

Quaternary uplift and reactivation of several diapiric structures along
the Gulf of Cadiz margin have been proven by high-resolution seismics
(Fernández Puga et al., 2010, 2014; Vázquez et al., 2010).
The continental slope of the Gulf of Cádiz has traditionally been divided into three domains (Heezen and Johnson, 1969; Maldonado and
Nelson, 1999). The upper slope extends from 120 to 400 m water
depth with a slope angle of 1.3°. The middle slope is situated between
400 and 1200 m water depth, and has a lower mean slope angle
(0.38°) than the upper slope. The lower slope extends from 1200 m to
2000 water depth and has a mean slope angle of 0.8°.
The SFFE occurs from water depths of 300 to 730 m, and the main
reliefs and associated features are located on the middle slope, with the
exception of the Albolote complex which is located at 386 m water
depth on the upper slope. The study area encompasses mainly channels
and ridges, according to the terminology proposed by HernándezMolina et al. (2006) for the middle slope of the continental margin of
the Gulf of Cádiz. It is characterised by the presence of two main diapiric
ridges: the Guadalquivir Diapir Ridge (GDR) with a NE–SW direction and
the Cádiz Diapiric Ridge (CDR). In this area there are also buried or quasiburied diapiric ridges, such as the Doñana Diapiric Ridge to the north of
the GDR (Fig. 1) (Somoza et al., 2003; Fernández-Puga et al., 2007). In addition, two main contourite channels with sinuous morphology are present in this zone: the Gusano and Huelva channels (García et al., 2009).
These channels ﬂow through the SFFE in E–W and SE–NW directions respectively. The smaller NNW–SSE oriented Toﬁño channel, is located to
the north of the CDR (Fig. 1). The upper slope is crossed by turbidite channels with a predominantly ENE–WSW direction that reach the shallowest
part of the study area in the NE (Rodero et al., 2000; Díaz del Río et al.,
2012). All these features are emplaced over relict contourite deposits
(Hernández-Molina et al., 2006), and are affected by tectonics and diapiric
processes that favour the formation of characteristic ediﬁces such as MVs,
mud diapirs and the MV/diapir complexes. Previously, the Anastasya and
Pipoca MVs had been reported and their MV nature conﬁrmed (Somoza
et al., 2003; Martín-Puertas et al., 2007), but in this study ﬁve new MVs
and MV/diapir complexes (Tarsis, Albolote, Gazul, Chica and Magallanes)
have been conﬁrmed based on the presence of mud breccias in gravity
cores.
4. Oceanographic settings
The oceanographic circulation in the Gulf of Cádiz is controlled by
the exchange of water masses through the Strait of Gibraltar, the surﬁcial Atlantic Water (AIW) ﬂows into the Alboran Sea, and the deeper
Mediterranean Outﬂow Water (MOW) ﬂows out to the Atlantic Ocean
(Lacombe and Lizeray, 1959; Ochoa and Bray, 1991; Nelson et al.,
1999). The MOW sweeps the Iberian margin as a seaﬂoor bottom current from 400 m to 1200 m water depth (36.1–36.9 psu and ca. 13
°C), and it is intercalated below the North Atlantic Central Water
(NACW; 35.6–36.5 psu and 11–17 °C) and above the North Atlantic
Deep Water (NADW; 34.9–35.2 psu and 3–8 °C) (Lacombe and
Lizeray, 1959; Zenk, 1975; Thorpe, 1976; Ochoa and Bray, 1991;
Ambar et al., 1999; Serra et al., 2005). The MOW ﬂows to the north
and west due to the Coriolis deﬂection and is separated into two main
cores: a Mediterranean Upper Core (MU) and a Mediterranean Lower
Core (ML) (Madelain, 1970; Ambar and Howe, 1979). At longitude
7°W, the ML divides into three well-deﬁned branches (Madelain,
1970; Zenk, 1975; Ambar and Howe, 1979; Johnson and Stevens,
2000; Borenäs et al., 2002). The intermediate branch ﬂows between
700 and 900 m water depth to the NW through the Diego Cao channel.
The principal branch of the MOW, ﬂowing between 900 and 1000 m
water depth, is highly inﬂuenced by the seaﬂoor topography and
ﬂows through the Cádiz Contourite Channel and south of the Cádiz Diapiric Ridge. The southern branch ﬂows between 1000 and 1200 m water
depth as an intermediate water mass, with a cyclonic gyre into the Gulf
of Cádiz (Fig. 1). Recently, a water mass of modiﬁed Antarctic Atlantic
Intermediate Water (AAIW) was identiﬁed in the Gulf of Cadiz ﬂowing
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to the NW (Louarn and Morin, 2011). This water mass has even been recorded in the eastern area of the Gulf of Cadiz (Hernández-Molina et al.,
2014a) where it represents the coldest water mass above the lower
branches of the MOW (bottom boundary down to 600–625 m). These
authors propose that the AAIW conﬁnes the MOW and NACW against
the slope.
Therefore, the study area is inﬂuenced by the ENACW and the MU
branch of the MOW. Sánchez and Relvas (2003) adopted the water
depth of 400 m as the reference level for the interface between the
ENACW and the MOW near the Strait of Gibraltar, although in the
study zone, this interface is located at a depth of 450–550 m
(Fernández Salas et al., 2012). Since the MOW and the ENACW ﬂow in
opposite directions, the velocity of the interface would be near zero
(Criado-Aldeanueva et al., 2006).
These bottom currents reach a maximum speed of 0.3–0.5 m/s along
the contourite channels (Guadalquivir, Gusano and Toﬁño), in contrast
to the minimum speeds of between 0.01–0.1 m/s that are observed in
the zone between the ridges (GDR and CDR) and between Anastasya
MV and Gusano Channel (Fernández Salas et al., 2012; Díaz del Río
et al., 2014).
5. Results
In the SFFE on the Gulf of Cádiz Spanish margin, three types of seaﬂoor ediﬁces linked to ﬂuid emissions were differentiated according to
their morphological characteristics and the nature of the extruded material. These three types are: mud volcanoes, mud diapirs and MV/diapir
complexes (Fig. 1). Their dimensions and morphological characteristics
are summarised in Table 1. The abundance of dominant macrofaunal
species is summarised in Table 2.
Four mud volcanoes were studied: Gazul, Anastasya, Pipoca and
Tarsis. All display a single cone with a fairly subcircular shape in plan
view. They show evidence of mud breccia extrusion and their mud
volcanic nature was conﬁrmed by coring. Four mud diapirs were also
observed: Cristóbal Colón, Juan Sebastián Elcano, Enano, and Enmedio.
Three MV/diapir complexes were identiﬁed: Albolote, Chica, and
Magallanes. These complexes appear as an uplift of the surface but
their shapes comprise several mud volcano cones. All the MV/diapir
complexes have evidence of mud breccia deposits that conﬁrms the
mud volcano character of these structures.
5.1. Mud volcanoes
5.1.1. Gazul MV
Gazul MV is located in the NW of the SFFE and to the north of the
Cádiz diapiric ridge (Fig. 1B). It is the shallowest mud volcano in the
study area, located at about 360 m water depth. It presents a subcircular base and an asymmetrical bathymetric proﬁle, with ﬂanks of
different lengths oriented NE–SW. The summit stands at a water
depth of 363 m and has a maximum height of 107 m. This MV has
two prolongations or spurs running NW–SE that are interpreted as
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outcrops of muddy materials surrounded by two depressions. These
outcrops are 40 and 22 m in height and they have high backscatter
values (− 22 to − 25 dB). Both associated depressions are located
north and northwest of the MV: they are 15 and 20 m deep and reach
lengths of 2.1 and 2.3 km, respectively. A series of elevations about
55 m wide occur to the west of the western depression, at depths of between 460 and 480 m (Fig. 2a). These elevations either occur as isolated
mounds, rounded or elongated in shape, or are grouped, giving rise to
crests or ridges that can reach lengths of 650 m; they are principally
oriented NW–SE and have higher backscatter values than the surrounding zones (Fig. 2e). This zone of ridges and mounds shows, in very highresolution seismics, a high amplitude reﬂector at the seaﬂoor surface
that is interrupted as diffractions corresponding to the mounds
(Fig. 2i). The internal structure is not discernible although parallel reﬂectors do appear truncated against the mounds. Sediment samples collected in the zone of the mounds indicate that the high backscatter
values correspond to authigenic carbonate, mainly slabs and chimneys,
which are colonised by abundant sessile fauna, mainly sponges.
A 42 cm long gravity core (TG07) was recovered from the summit of
this MV at a water depth of at 364 m (Fig. 3). The material recovered
comprised a millimetric layer of hemipelagic mud sediments at the
top of the core followed by greenish grey mud breccia facies with abundant clasts. In general, the sediments at the summit contained a large
number of bioclasts and authigenic carbonates. Subfossil remains of
valves from the bivalve Lucinoma asapheus were retrieved in box-core
samples, as well as few individuals of Siboglinum sp. Seabed video and
ROV observations showed that at the summit the sandy-mud sediments
are colonised by pennatulaceans. On the north and northwestern ﬂanks,
the substrate is mainly colonised by living cold-water corals (Madrepora
oculata and Lophelia pertusa) and several species of gorgonians and
anthipatharians. In the SW depression, the sediment is coarser and composed of sand and gravel, and is dominated by solitary corals (Flabellum
chunii) and echinoids (Cidaris cidaris) (Fig. 4).
5.1.2. Anastasya MV
Anastasya MV is located to the northwest of the Guadalquivir diapiric ridge and to the north of the Gusano channel (Fig. 1). It presents a
sub-circular basal shape with a slightly asymmetric bathymetric proﬁle,
with about 20 m of depth difference between the northern and southern sides at the base of the ediﬁce. The Anastasya MV is located at a
mean depth of 567 m (Fig. 2b). The water depth at the summit is located
at 457 m and comprises a well-developed main cone of dome-like morphology. This dome is surrounded by a surface with a lower slope angle
that gives rise to a depression 200 m wide and 12 m deep to the west,
and to terracing at 490 m to the east, the surface of which is tilted to
the W (Fig. 2j). Mud ﬂows and gullies are observed along the ﬂanks,
crossing the MV from the summit to the base of the ediﬁce, and there
are also four slide scars on the southeastern ﬂank (Fig. 2f). The very
high-resolution seismic proﬁles show a subparallel sea bottom reﬂector
along the ﬂanks of the MV, deﬁning the base of a transparent unit. Truncated reﬂectors are observed down the western side at the edges of the

Table 1
Location and morphological parameters of the MVs, diapir and MV/diapir complexes of the SFFE. Maximum and minimum lengths have been measured as the longest and shortest axes
along the ediﬁces. Heights have been measured as the distance from the shallowest depth of each ediﬁce to the adjacent sea bottom.
Name

Type

Location

Max./min. depth (m)

Max./min. length (km)

Height (m)

Area (km2)

Max./min. slope (°)

Gazul
Anastasya
Pipoca
Tarsis
Cristóbal Colón
Juan Sebastián Elcano
Enano
Enmedio
Albolote
Chica
Magallanes

Mud volcano
Mud volcano
Mud volcano
Mud volcano
Diapir
Diapir
Diapir
Diapir
Diapir/MV complex
Diapir/MV complex
Diapir/MV complex

36°33.53′N/6°55.96′W
36°31.34′N/7°9.07′W
36°27.57′N/7°12.15′W
36°29.29′N/7°14.67′W
36°33.31′N/7°2.81′W
36°33.97′N/7°8.74′W
36° 28.29′N/6°56.52′W
36° 25.18′N/6°59.49′W
36°34.47′N/6°52.74′W
36°22.34′N/7°6.87′W
36°27.19′N/7°7.88′W

470/363
555/457
762/503
680–585/550
525/389
556/462
490/458
490/433
386/328
759/652
601/407

1.12/0.84
2.3/1.8
2.89/1.1
1.5/0.9
5.5/2.5
3/1.5
0.8/0.5
2.5/2.3
1.25/1.03
1.5/1
7.8/2

107
98
200–115
130–35
136–65
94–57
32
10
58
40
194–113

0.75
3.26
4.54
1.02
9.7
3.8
0.4
4
1.06
1.9
14.6

0.5/25
0.3/23
0.5/25
0.3/20
0.2/34
0.1/16
1.5/24
0.1/22
0.5/25
0.5/30
0.4/38
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Table 2
Abundance of dominant macrofaunal species found in box-core samples as well as in ROV and UCS transects performed in different mud volcanoes and diapirs of the Spanish Margin of the
Gulf of Cádiz. Ind: Individuals; Col: Colonies.
Name

Box-Corer

ROV

Gazul

Siboglinum sp. (11 ind. m−2)
Lucinoma asapheus (2 shell remains)

Anastasya

Siboglinum sp. (264 indiv. m−2)
L. asapheus (22 ind. m−2)
Solemya elarraichensis (66.7 ind. m−2)
Calliax sp. (132 ind. m−2)
Siboglinum sp. (77 ind. m−2)
Calliax sp. (44 ind. m−2)
L. asapheus (1 shell remain)
Siboglinum sp. (11 ind. m−2)
Calliax sp. (11 ind. m−2)

Madrepora oculata (4–10 col. m−2)
Lophelia pertusa (b1 col. m−2)
Flabellum chunii (1–2 ind. m−2)
Cidaris cidaris (1–2 ind. m−2)
Funiculina quadrangularis (b1 col. m−2)
Kophobelemnon stelliferum (2–5 col. m−2)
Bacterial mats (b5 bacterial mats. m−2)

Pipoca

Tarsis

Cristóbal Colón

Abundant coral remains
(M. oculata, L. pertusa)

Leptometra phalangium (40–80 ind. m−2)
Flabellum chunii (1–2 ind. m−2)
Leptometra phalangium (5–10 col. m−2)
Funiculina quadrangularis (1–2 col. m−2)
Kophobelemnon stelliferum (10–15 col. m−2)
Thenea muricata (1–2 col. m−2)
Bebryce mollis, Switia pallida, Placogorgia sp.
(2–8 col. m−2)
F. quadrangularis, Pennatula aculeata,
K. stelliferum (1–5 col. m−2)

Juan Sebastián Elcano
Enano

Enmedio

Abundant coral remains (M. oculata,
Stenocyathus vermiformis)

Albolote

Abundant coral remains (M. oculata,
L. pertusa, D. cornigera)
Lucinoma asapheus (2 shell remains)
Lytocarpia, Acryptolaria, Sertularella
(55 col. m−2)
Bebryce mollis, Swiftia pallida
(22 col. m−2)
Anthomastus sp. (11 col. m−2)

USC

Chica
Magallanes

depression. To the west of the MV moat, the sedimentary units are
folded, into a slightly domed anticline with normal faulting to the
west. The average depth of the moat is about 20 to 25 m and the seismic
facies are mainly transparent. Nine pockmarks are observed in the vicinity of the Anastasya MV, two of them being located to the north and the
rest grouped to the west-southwest of the main ediﬁce (Figs. 5 and 2b).
In general, these pockmarks are circular in shape, although they are
sometimes oval. In the seismic proﬁles, these pockmarks seem to be
associated with normal faults that can reach the seaﬂoor surface. Backscatter values are constant along the volcano and there is no signiﬁcant
difference with the surrounding areas (Fig. 2f).
A 52 cm-long gravity core (TG08) was recovered from the summit of
the MV at 457 m water depth. It is characterised by mud breccia facies
with a mousse-like texture as consequence of the high gas saturation,
and it smells strongly of hydrogen sulphide. The top 19 cm of the core
shows interbedded layers of hemipelagic and mud breccia sediments
(Fig. 3). One of the most remarkable characteristics at the summit of
Anastasya MV is the presence of bacterial mats, 25 cm in diameter,
which were observed on ROV images (Fig. 4a). The benthic fauna is dominated by chemosymbiotic species linked to muddy sediments from cold
seeps with moderate emissions. The most noteworthy species occurring
at the summit are the polychaetes Siboglinum sp., the decapod Calliax
sp., and the bivalves L. asapheus and Solemya elarraichensis (Fig. 4).

K. stelliferum, P. aculeata, F. quadrangularis (1–5 col. m−2)
Leiopathes glaberrima (1–2 col. m−2)
C. cidaris, Echinus sp. (b1–1 ind. m−2)
Charonia lampas (b1 ind. m−2)
T. muricata (1–2 col. m−2)
F. quadrangularis, K. stelliferum (4–9 col. m−2)
T. muricata (1–2 col. m−2)
Asconema setubalense, Phakellia sp., Petrosia cf. crassa
(1–5 col. m−2)
Callogorgia verticillata (b1–1 col. m−2)
Neocomatella europaea (4–8 ind. m−2)
Helycolenus dactylopterus (b1 ind. m−2)
C. cidaris (b1–1 ind. m−2)
Munida sp. (2–5 ind. m−2)

C. verticillata, L. glaberrima (1–2 col. m−2)
A. setubalense, P. cf. crassa (2–3 col. m−2)
L. phalangium (40–50 ind. m−2)
F. chunii (1–2 col. m−2)
G. vitreus (1–2 ind. m−2)
H. dactylopterus, Chlorophtalmus agassizi (b1 ind. m−2)

5.1.3. Pipoca MV
Pipoca mud volcano is located to the west of the Guadalquivir diapiric
ridge and to the north of the Huelva channel (Fig. 1). It is sub-conical in
shape and has an elliptical base. The major semi-axis (ENE–WSW) is
2.89 km and the minor one of 1.1 km. It has an asymmetrical bathymetric
proﬁle, with ﬂanks of different lengths. The summit is dome-shaped and
stands at a water depth of 503 m. A large mud ﬂow, characterised by high
backscatter values (− 23 to − 24 dB), runs from the summit down to
762 m water depth, crossing the mud volcano ediﬁce southwestward
and interrupting the Huelva channel (Fig. 2c, g). On the mud ﬂow surfaces, several superimposed lobes have been imaged by multibeam bathymetry. The ediﬁce is characterised to the southeast by plastered
contourite deposits that overlap the volcano ﬂank. Some slide scars can
be seen at the contourite-volcano limit. Very high-resolution seismic proﬁles reveal chaotic-to-transparent units interpreted as mud ﬂows with
faults that also interrupt the contourite deposits. The mud ﬂows are buried between sedimentary layers of sub-parallel reﬂectors (Fig. 2l). Two
large depressions, with areas of ca. 2 and 5 km2 respectively, are located
to the northeast and northwest of the volcano. The depression to the
northeast is irregular in shape and ﬁlled by sediments 18 m thick. The depression in the northwest is sub-circular in plan view with edges that
have almost vertical walls which end on a low-gradient ﬂat-bottomed
surface. The bottom of the smaller depression is slightly tilted to the
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Fig. 2. Main morphological features mapped on the Gazul (a), Anastasya (b), Pipoca (c) and Tarsis (d) MVs, backscatter mosaic maps (e–h) and examples of selected very high-resolution
seismic TOPAS proﬁles (i–l). Morphological and backscatter maps are represented over a hillshade map with a 15 × 15 m grid cell resolution.

north-northeast, where it reaches its maximum depth, and the very highresolution seismic proﬁles show parallel reﬂectors that appear abruptly
truncated. The sediment inﬁll reaches a thickness of at least 50 m. In the
Huelva channel the reﬂectors are truncated and the sediment inﬁll is
characterised by mud ﬂows from the volcano ﬂanks intercalated between
the sandy deposits of the contourite on the channel ﬂank (Fig. 6).

Two box-core samples with 18 cm of sediment thickness were retrieved from the summit of Pipoca MV. The upper 2 cm is composed
of light brown hemipelagic sediments that overlie mud breccia facies.
Fauna associated with gas-charged sediments at the summit of the
MV include the polychaete Siboglinum sp. and the decapod Calliax sp.
(living individuals collected). Remains of valves of the bivalve L.
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A 76 cm-long gravity core (TG04) was recovered from the summit
of the MV at 550 m water depth (Fig. 3). The top of the recovered material
comprises 3 cm of hemipelagic muddy sediments. From 3 cm to 12.5 cm,
and from 21 cm to 24 cm, the sedimentary column is characterised by
interbedded mud breccia and hemipelagic sand. From 12.5 cm to 21 cm
and from 24 cm to the base, the sediment is composed of mud breccia
facies. Both, the summit and the zones adjacent to Tarsis MV are
characterised by the presence of pennatulaceans (dominated by
Funiculina quadrangularis and Kophobelemnon stelliferum), and the sponge
Thenea muricata. Very low densities of the polychaete Siboglinum sp. have
been recorded in the upper levels of the sediment as well as a single specimen of the decapod Calliax sp. (Fig. 4).
5.2. Diapirs

Fig. 3. High-resolution photographs and sedimentary facies identiﬁed in the gravity cores
retrieved from the summits of mud volcanoes (Gazul, Anastasya, and Tarsis) and MV/diapir complexes (Albolote, Chica). See locations on Fig. 1b.

asapheus were also collected. On the southeastern ﬂank and at the summit of Pipoca MV there are dense crinoid beds of Mediterranean afﬁnity
occur (Leptometra phalangium) occur (Fig. 4). Disperse authigenic carbonates were observed during the ROV proﬁle.

5.1.4. Tarsis MV
Tarsis mud volcano is situated on the western side of the SFFE, to the
west of the Guadalquivir diapiric ridge and to the north of the Huelva
channel (Fig. 1). This MV is smaller in size, when compared to the rest
of the mud volcanoes considered in this study. The summit located at
a water depth of 550 m, has a smooth slope. On the western ﬂank the
base reaches 680 m water depth and at the eastern it reaches 590 m
water depth, although the mean height is 35 m above the seaﬂoor
(Fig. 2d). Therefore has a very asymmetrical bathymetric proﬁle oriented WNW–ESE. The ﬂanks are dominated by mud lobes and slide scars
that reach 0.5 km in length on the western side. They have partially dismantled the volcanic ediﬁce, which is covered by contourite deposits on
the eastern side. This process is similar to that described for Pipoca MV.
The volcanic ediﬁce is surrounded by a moat that reaches a water depth
of 100 m. The very high-resolution seismic proﬁles that cross this depression present deformed reﬂectors affected by faults that do not
reach the surface. The upper layers have reﬂectors with downlap terminations. Mud ﬂow deposits also ﬁll the base of the depression (Fig. 6).

5.2.1. Cristobal Colón diapir
This diapir is located in the northwesternmost part of the Guadalquivir diapiric ridge, at water depths of between 389 m and 525 m (Fig. 1).
This diapir is tabular in proﬁle view and elongated in a NE–SW direction
(Fig. 7a); its semi-major and semi-minor axes are 5.5 and 2.5 km long,
respectively. The summit is generally ﬂat, interrupted by small linear
depressions and mounds. These mounds have an average height of
10 m and exhibit higher backscatter than the adjacent summit seaﬂoor
(Fig. 7e). The main mound, named Isabel de Castilla, is 35 m high and
300 m wide and is located in the eastern region of the summit
(Fig. 7a, e). The northern and western base of the diapir is bounded by
15 m deep depressions and two ridges averaging 20 m in height,
0.15 km and 0.2 km in width, and 1.2 km and 2 km in length, respectively. In contrast, the southern ﬂank of the main diapiric structure is
characterised by a plastered contourite drift that shows parallel reﬂectors with onlap terminations, whereas the summit presents a very
high amplitude reﬂector (Fig. 7i).
A box core sample from the Isabel de Castilla mound shows brownish
sandy mud sediments with bioclasts and coral rubble that permits us to
describe them as carbonate mounds. ROV videos display abundant coral
rubble (mainly M. oculata, with scarce L. pertusa) that is colonised by a
wide variety of small gorgonians (Bebryce, Switia and Placogorgia). The
southeastern ﬂank is colonised by sea-pens (mainly F. quadrangularis,
Pennatula aculeata and K. stelliferum) (Fig. 4).
5.2.2. Juan Sebastian Elcano diapir
This diapir is NE–SW oriented and displays a ﬂat-topped morphology (Fig. 7b), 3 km long and 1.5 km wide. It corresponds to the highest
part of the buried Doñana Diapiric Ridge and is located between a
water depth of 462 and 556 m. The NW ﬂank has a steep mean slope
(around 10°) that terminates in a moat 19 m deeper than the surrounding bottom, whereas the slope angle of the southeastern ﬂank is gentler
(4°). The SE ﬂank is characterised by plastered contourite deposits. The
diapir raises 94 m on the northwestern ﬂank and 57 m in the southeast.
Some small mounded reliefs are observed on the summit although they
were not prospected with the ROV. However, the morphological expression and hyperbolic character of the very high-resolution seismic
proﬁles are similar to the carbonate mounds described for the Cristobal
Colón diapir (Fig. 7j). In addition, the backscatter values (Fig. 7f) are
equivalent to those observed in other ediﬁces in the Gulf of Cádiz
where the existence of carbonate mounds has been veriﬁed. Two pockmarks situated to the southwest of the ediﬁce have also been mapped
(Fig. 7b).
The images and videos of a ROV transect made at the base of the
southeastern ﬂank of the diapir show sandy and muddy sediments
dominating the bottom. The most abundant species observed with the
ROV in some areas of this diapir are pennatulaceans (K. stelliferum,
P. aculeata, and F. quadrangularis), with lower numbers of various
hydrozoa, sponge and gorgonians species that colonise the hard substrates provided by bioclasts (Fig. 4).
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Fig. 4. Examples of some habitats and biological specimens from the Shallow Field of Fluid Expulsion (SFFE). A: Bacterial mats at the summit of Anastasia MV (depth 457 m); B: Lucinoma
asapheus (chemosymbiotic bivalve); C: Solemya elarraichensis (chemosymbiotic bivalve); D: Sea-pen community on the ﬂanks of Anastasya MV (485 m depth); E: Pennatula aculeata
(Pennatulacea); F: Kophobelemnon stelliferum (Pennatulacea); G: Crinoid beds on the southeastern ﬂank of Pipoca MV, colonising sediment, authigenic carbonates, and remains of
black corals (530 m depth); H: Leptometra phalangium (Crinoid); I: Deep-sea sponge aggregation dominated by Asconema setubalense on Enmedio diapir (445 m depth); J: Petrosia cf.
crassa (Porifera); K: Cold-water coral bank dominated by Madrepora oculata at Gazul (399 m depth); L: Lophelia pertusa (Scleractinian); M: Madrepora oculata (Scleractinian).

5.2.3. Enano diapir
Enano is located at the far north end of the Cádiz diapiric ridge, on
the western ﬂank of Toﬁño channel (Fig. 1). The upward movement of
the diapir provides a surface expression of small elongate ridges oriented NNW–SSE (Fig. 7c). The summit of the main ridge is located at 463 m
water depth and is elongated in shape with irregular ﬂanks. Very highresolution seismic proﬁles reveal several domed seismic units with
tilted reﬂectors that have distal onlap terminations to the diapir that

are truncated against the upper discontinuity and have subsequently
been ﬁlled with the current contourite deposits that characterise this
sector of the Gulf of Cádiz (Fig. 7k).
The substrate observed in the underwater imagery is very homogeneous. It is formed by authigenic carbonates such as slabs and chimneys
that occupy almost the whole seaﬂoor. These authigenic carbonates are
colonised by small sponges, a few antipatharians (Leiopathes glaberrima)
and mobile fauna such as the echinoids C. cidaris and Echinus sp., as well
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mounds and cones have a very high amplitude reﬂector that blocks
the seismic signal penetration (Fig. 7l).
The box-core retrieved in the area comprised light brown bioclastic
muddy-sand sediments with some gravel-sized lithogenic clasts and
coral rubble (mainly of M. oculata and Stenocyathus vermiformis). Underwater images revealed the presence of a large number of fragmented
slabs, crusts and chimneys. In the soft substrates, pennatulaceans such
as F. quadrangularis and K. stelliferum dominate together with the
sponge T. muricata, whereas the hard substrates are colonised by larger
species such as the sponges Asconema setubalense, Phakellia sp. and
Petrosia cf. crassa or the gorgonian Callogorgia verticillata, which provide
substrate and shelter for the crinoid Neocomatella europaea and the ﬁsh
Helycolenus dactylopterus (Fig. 4).
5.3. MV/diapir complexes
5.3.1. Albolote MV/diapir complex
The Albolote complex, the shallowest diapiric outcrop described in
the SFFE, is located in the NW part of this area. This zone is characterised
by the presence of several turbidite channels that cross the upper slope
from 240 m water depth, in an area where the slope angle is higher than
that of in the middle slope. These turbidite channels are oriented ENE–
WSW, perpendicular to the bathymetric contours. The Albolote complex is divided by one of the abovementioned channels giving rise to
two separate summits (Fig. 8a). To the southern side of the channel,
there are four cones, with the main one being located at 347 m water
depth. To the north of the channel, the complex displays two elongated
cones or ridges, with an ENE–WSW direction, located at water depths of
361 m and 328 m. This complex was sampled with a box-corer and a
gravity corer and the results conﬁrm its mud volcano nature (i.e., mud
breccia facies). The diapir develops an inﬂexion in the proﬁle view and
very high-resolution seismic proﬁles show reﬂectors with downlap termination to the northeast and with onlap termination that end abruptly
against the diapir to the southwest (Fig. 8g).
A 36 cm-long gravity core (TG03) was retrieved from the summit at
a water depth of 353 m (Fig. 3). The recovered material comprised 5 cm
of hemipelagic mud sediments overlying very cohesive mud breccia facies with abundant polygenic clasts. The sediments associated with this
complex contain abundant remains of cold-water corals (M. oculata, L.
pertusa, and Dendrophyllia cornigera), mollusc shells that are sometimes
colonised by hydrozoans (Lytocarpia, Acryptolaria, and Sertularella),
small gorgonians (Bebryce and Swiftia), and octocorals (Anthomastus
sp.). Several remains of the bivalve L. asapheus have also been collected
but living cold-seep-related fauna was not found in any of the samples
studied. Underwater images showed authigenic carbonates, mainly
slabs, as well as echinoids (C. cidaris) and burrowing decapods
(Munida sp.) (Fig. 4). These slabs varied in size and were seen in speciﬁc
locations where presumably ﬂuid venting occurred.
Fig. 5. Example of very high-resolution seismic TOPAS proﬁles showing pockmarks associated with normal faults.

as the gastropod Charonia lampas. The remaining seaﬂoor presents sandy
sediments where small ripples (10 cm wavelength) were observed as
well as some soft-bottom coloniser including the sponge T. muricata
(Fig. 4).

5.2.4. Enmedio diapir
Enmedio is located on the Cádiz diapiric ridge between the Gusano
and Huelva channels. It has a surface area of 4 km2, is located at a
mean water depth of 440 m, and is bounded by a depression that
reaches 630 m water depth to the southwest. A group 10 m-high
mound and two cones standing on the base of the surrounding plateau
were observed (Fig. 7d). Very high-resolution seismic proﬁles show deformed reﬂectors tilted with distal onlap terminations to the diapir that
are cut near the upper discontinuity as in the case of Enano diapir. The

5.3.2. Chica MV/diapir complex
The Chica complex is located close to the Huelva channel, between
the Cádiz diapiric ridge and the Guadalquivir diapiric ridge (Fig. 1), at
a water depth of 700 m. It is composed of a series of outcrops grouped
into two separate complexes and a main depression to the east that is
50 m deep, 1.1 km long and 0.6 km wide. The summit of the southern
complex, Chica1, is at a water depth of 654 m. It is surrounded by 7
smaller cones at between 710 and 660 m water depth. The Chica2 complex is located to the north of Chica1 at 655 m water depth and is composed of an isolated body of lower relief than Chica1. Both complexes
are separated by a gully that ﬂows into the moat surrounding the W
side of the complex (Fig. 8b). The very high-resolution seismic proﬁles
reveal truncated reﬂectors in the depression and chaotic to hyperbolic
facies on the diapir (Fig. 8h).
One gravity core (TG05) was recovered from the summit of the
Chica2 complex (652 m water depth) comprising 221 cm (Fig. 3) of homogeneous and structureless sandy mud that becomes muddy sand to
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Fig. 6. Block diagram of 3D bathymetric data and very high-resolution seismic proﬁle data from the Tarsis MV and Pipoca MV area.

the base of the core and which smells strongly of hydrogen sulphide.
This interbedded facies apparently has no clast except at the top of the
core, where a 3 cm thick carbonate crust was observed.
No live individuals or subfossil remains of cold-seep species have
been found so far in this complex, but large chimneys and slabs were detected in the ROV images. These chimneys are colonised by large cnidarians (C. verticillata, and L. glaberrima) and sponges (A. setubalense, and P.
cf. crassa). The sandy seaﬂoor is colonised by pennatulaceans and
sponges similar to those in other studied areas (Fig. 4).
5.3.3. Magallanes MV/diapir complex
The Magallanes complex is situated on the segment of the Guadalquivir diapiric ridge that is limited to the north by the Gusano contourite
channel and to the south by the Huelva contourite channel (Fig. 1). It
has a 7.8 km elongated shape oriented SW–NE and is ca. 2 km wide.
The summit stands at 407 m water depth and the top is formed by an
elongated ridge that runs from the southwest towards the northeast.
Several elevations have been observed on the summit that have higher
backscatter values than the surrounding seaﬂoor and which are similar
to the mounds surveyed in the Cristóbal Colón diapir. They are grouped
at the northeast and northwest limits of the ridge summit. The northwestern ﬂank has a steep slope that ends in a depression that reaches
a maximum depth of 100 m. This depression is followed by a mounded
contourite deposit, whereas the southeast ﬂank of the ridge is covered
by plastered contourite deposits that give rise to a gentle slope and
therefore make the NW-SE axis asymmetrical in character. A very
high-resolution proﬁle shows parallel reﬂectors in the contourite deposits with up to 60 m of sediment thickness, whereas the summit
and northwestern ﬂank have a very high-amplitude reﬂector (Fig. 8i).
The summit of the complex was sampled with a box-corer that recovered 20 cm of muddy breccias with centimetre-sized clasts and
ﬂuidised mud overlain by hemipelagic muddy sands. The dominant species found was the crinoid L. phalangium, followed by the scleractinian
F. chunii, the brachiopod Gryphus vitreus and the ﬁsh Helicolenus
dactylopterus and Chlorophtalmus agassizi. On the northwestern ﬂank
the crinoid L. phalangium seems more abundant. At this ﬂank, the substrate contains more authigenic carbonates than at the summit and
these are colonised by various species of porifera, echuinoids and crustaceans (Fig. 4).
6. Discussion
The data presented in this study shows that the evolutionary stages
of these seepage structures can be buried by the action of the late Quaternary bottom currents and their associated deposits. The main features and habitats (substrate and fauna) observed in this study are
linked to two main processes: mud extrusion and ﬂuid seepage, and

the interaction with bottom water masses. The seaﬂoor morphology
and benthic habitats result from the combination of these processes
and establish the key features characterising the environmental conditions at each site. These features can be used to study the evolutive processes of the structures and also enable us to tentatively propose a
classiﬁcation (Fig. 9).
6.1. Mud extrusion and seepage processes
The Gulf of Cadiz is prone to the ﬂuid and gas seepage-related morphologies commonly associated with mud volcanism and mud diapirism, such as: collapse depressions, pockmarks, mud ﬂows, coldseeps,
carbonate mounds, and slides (Baraza and Ercilla, 1996; Kenyon et al.,
2000; Mazurenko et al., 2002; Pinheiro et al., 2003; Somoza et al.,
2002, 2003; Casas et al., 2003; Díaz del Río et al., 2003;
Fernández-Puga et al., 2007; León et al., 2010, among others). Some of
these features in the SFEE, as well as the new ones described here for
the ﬁrst time, have been described in detail to characterise the natural
occurrences of ﬂuid escape and mud extrusion processes in mud volcanoes and diapirs.
The upward migration of muddy sediments and ﬂuids gives rise ﬁrst
to a bulging of the surface (Fig. 9a) and then extrusion of the
overpressured material (Fig. 9b). A set of normal hydrostatic faults can
develop during the upward migration of ﬂuidised material to the surface. The presence of normal faults around these structures is very common (Fernández-Puga et al., 2007; Medialdea et al., 2009) and they
become pathways for ﬂuids to migrate to the surface and/or accumulate
sub-seaﬂoor. The stress regime related to the diapiric intrusion and the
pore ﬂuid overpressure associated with ﬂuid migration can cause hydraulic faults in the vicinity of the diapir and/or the MV. Wide collapse
depressions can be generated as result of the extrusion of large volumes
of ﬂuids and gas and also promoted by fault generation or reactivation.
This process creates a decrease of interstitial ﬂuid pore pressure and
produce large seaﬂoor surface collapses, giving rise to the wide,
round-shaped depressions observed in the vicinity of the MVs
(Fig. 9c). These are subsequently enlarged by bottom current erosion.
This process can also produce the pockmarks that can be seen on the
seaﬂoor as small circular shaped depressions.
It has been suggested that large collapse depressions and pockmarks
to correspond to similar morphologies at different scales as they are
both rounded depressions related to gas expulsion (Somoza et al.,
2003; Fernández-Puga et al., 2007). The main difference between
them can be observed in high resolution seismic proﬁles, as pockmarks
are generated by a focused ﬂuid migration along faults (Fig. 5) that occurs during mud volcano and diapir emplacement (Prior et al., 1989)
without large volumes of accumulated gas (Fig. 9c). The collapse processes may occur during the later stages of the MV evolution as is
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Fig. 7. Main morphological features mapped on the Cristóbal Colón, Juan Sebastián Elcano, Enano and Enmedio diapirs (a–d), backscatter mosaic maps (e–h) and examples of selected very
high-resolution parametric TOPAS proﬁles (e–h). See legend in Fig. 2 for seaﬂoor features. Morphological and backscatter maps are represented over a hillshade map with a 15 × 15 m grid
cell resolution.

evidenced by the presence of faults that affect the uppermost Quaternary units. Similar collapse processes have been observed in other mud
volcanoes On the Moroccan margin of the Gulf of Cádiz and in the Mediterranean Sea (Van Rensbergen et al., 2005; Camerlenghi et al., 1995).
In the study area, collapse depressions and pockmarks have been
identiﬁed based on their morphology and by the presence in the seismic
proﬁles of normal faults, truncate reﬂectors and sediment mixing at the
base of these structures. Some of the collapse structures can develop terraces that may be tilted, as is the case of the depression on the main
cone of Anastasya MV, which slants to the northwest (Fig. 2j) and the
depression at the base of Pipoca MV (Fig. 2k), which tilts to the northnorthwest, probably due to post-collapse aggradation. Additionally,
these depressions can be affected by current erosion and mass wasting
failures. The elongated shape of the eastward depression of Pipoca MV

(Fig. 2c) could be explained by the important inﬂuence of erosion by
the MOW bottom current and its intensiﬁcation by bottom current
eddies and vortex. As well as this, slide deposits have been observed
along the walls of the depressions on Pipoca MV.
The development and growth of the mud volcanic ediﬁces occur as a
result of active ﬂuid seepage and extrusion of mud ﬂows along the top
and ﬂanks of the mud volcanoes (Fig. 9d). In general, mud lobes observed on the ﬂanks of mud volcanoes are related to different episodes
of mud ﬂow activity that could indicate different phases in the extrusion
process (Van Rensbergen et al., 2005; Kopf, 2002), as has been described
for the MVs on the Moroccan margin of the Gulf of Cádiz (León et al.,
2012). When mud volcano activity decreases, these mud ﬂow deposits
are frequently covered by hemipelagic sediments. Gravity cores recovered at the summit of mud volcanoes in the study area usually display
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Fig. 8. Main morphological features mapped on the Albolote, Chica and Magallanes MV/diapir complexes (a–c), backscatter mosaic maps (d–f) and examples of selected very high-resolution parametric TOPAS proﬁles (g–i). See legend in Fig. 2 for seaﬂoor features. Morphological and backscatter maps are represented over a hillshade map with a 15 × 15 m grid cell
resolution.

a thin top layer of hemipelagic mud overlying typical mud breccias or a
transition zone of interbedded sediments (Fig. 3) indicating alternating
periods of mud ﬂow extrusion and quiescence (Kopf, 2002; León et al.,
2007). This points to a pulsatile venting process. Seismic facies identiﬁed as mud ﬂows appear buried and intercalated with units of subparallel reﬂectors interpreted as contourite deposits on the SE ﬂank of
Pipoca MV (Fig. 2l). This internal structure corroborates the fact that accommodation and different ﬂuid extrusion phases were common processes in Pipoca and Tarsis MVs and could have originated the mud
lobes observed on the ﬂanks of these ediﬁces. High backscatter values
displayed in the mud ﬂows of Pipoca and Tarsis compared to those observed in Anastasya could be due to a higher content of very cohesive
mud sediments or to the occurrence of authigenic carbonate precipitation. Mud ﬂow extrusion usually generates suitable conditions for the
characteristic chemosymbiotic-based communities to establish, which
are generally located at the summit and closely related to ﬂuid seepage
(Fig. 9d). This can be observed on Anastasya MV where the presence of
Siboglinum sp., endofaunal bivalves, and decapods associated with gassaturated sediments has been conﬁrmed. Conversely, the deposition of
hemipelagic sediments leads to a change in the benthic communities
with chemosymbiotic species being replaced by heterotrophic organism, resulting in a decrease in the abundance of cold-seep fauna, as
seen on the Pipoca and Tarsis MVs (Fig. 9e).
The abovementioned features have been found on mud volcanoes,
as they relate to mud and ﬂuid extrusion, but similar evolutive processes also take place in diapirs (Fig. 9g). The precipitation of authigenic

carbonates, associated with anaerobic methane oxidation coupled
with sulphate reduction by a consortia of archaea and bacteria, occurs
in association with both MVs and mud diapirs (León et al., 2007;
González et al., 2009; Magalhães et al., 2012). The authigenic carbonates
collected in the study area mainly comprised tabular-shape chimneys,
and slab-shaped pavements, which were formed inside the sediments
along the ﬂanks of the MVs and diapirs (Fig. 9e). It is worth noticing,
that they were collected in zones where the bottom currents are strong
enough to remobilise unconsolidated surﬁcial sediments (see discussion below).
6.2. The effects of the bottom currents velocity
During the growth of mud volcanoes and mud diapirs, bottom currents shape the seaﬂoor and control the benthic fauna and the prevailing habitats. Several features related to bottom current activity have
been identiﬁed, revealing the importance and strength of these currents
that shape the seaﬂoor surface. When bottom currents meet an obstacle
such as a MV or diapir, their trajectory and acceleration can be altered,
increasing their erosive capacity at some points or promoting sedimentation at others (Hernández-Molina et al., 2006; García et al., 2009;
Palomino et al., 2011). Therefore, bottom current velocity and direction
are the limiting factors that induce the dominant process and the development of bedforms (Stow et al., 2009).
Zones with low-velocity bottom currents (0.01–0.14 m/s) (Díaz del
Río et al., 2014) favour the development of benthic communities related
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Fig. 9. Stage model showing the various developmental stages of the MVs and diapirs studied in the SFFE, related to mud extrusion and seepage and the prevailing bottom currents.

to seepage. Depositional processes are predominant over erosional processes and collapse depressions may be ﬁlled by sediments (Fig. 9d).
The best example of these conditions in the study area is observed at
Anastasya MV (Fig. 2j) since this structure is exposed to low velocity
bottom currents and the sedimentary inﬁll of the collapse depression
is 25 m thick with no evidence of erosive processes.
When the bottom current velocity is moderate (0.14–0.21 m/s)
(Díaz del Río et al., 2014) plastered contourite deposits develop on the
stoss side of the ediﬁces, giving rise to low slope surfaces. This process
has mainly been observed on the SE ﬂanks of the MVs (Fig. 9e) and diapirs (Fig. 9h) in the study zone, whereas the opposite ﬂanks of these
structures are subjected to erosive processes. These result in an asymmetric geometry of the seaﬂoor, the morphology of which has also
been attributed to a displacement of the centres of the mud volcano
conduits (León et al., 2012). This may be more noticeable in ovalshaped volcanoes such as Pipoca MV. When these asymmetrical forms
are due to contourite sedimentary deposits, the resulting structures signal the bottom current direction.
Another effect of the interaction between bottom currents and the ediﬁces is the increase erosion at the base on the lee side of the structures
that initiates the failure structures observed in the high-resolution proﬁles. This process is evident on the northwestern side of the Pipoca and
Tarsis MVs and it could be the trigger mechanism for mass transport deposits at the base of the Pipoca MV collapse depression.
The interaction of the bottom currents with the diapirs generates increased ﬂow speeds and triggers erosion on the lee side of the diapirs
that produce the elongated depressions (Fig. 9h). These depressions
were deﬁned by García et al. (2009) as marginal valleys formed as consequence of ﬂow instabilities that induced turbulent ﬂows along the
NW side of the diapiric ridges.
On the southeastern ﬂank of the Pipoca and Tarsis MVs, overlying
the contourite deposits, dense Mediterranean-afﬁnity crinoid beds

(L. phalangium) occur due to the nature of the water mass (MOW) and
the strong hydrodynamism that favours an availability of organic particles
for these suspension feeders which are indicative of productive water
masses. It is worth noticing that the density of L. phalangium in Tarsis
MV is less, and the species associated with hard substrates are less abundant (González-García et al., 2012). This change is probably due to the difference in current velocity, as Tarsis MV is located on the lee side of Pipoca
MV and could be protected from the strong current (Fernández Salas
et al., 2012). The sea-pen communities observed on the ﬂanks of the Cristóbal Colón, Magallanes, and Elcano diapirs may be favoured by the presence of muddy sediments and a moderate current.
The mounds observed on the summit of the diapirs could be carbonate mounds or related biogenic structures, containing hard substrates
comprising of coral fragments and benthic fauna within a matrix of
hemipelagic sediments. These types of carbonate mounds are very common in the Gulf of Cádiz due to the decline that cold-water corals experienced after the last ice-age (Wienberg et al., 2009). These structures
could provide the high backscatter values observed due to their high
authigenic carbonate content. Ridges at the northern and western
bases of the Magallanes and Cristobal Colon diapirs are related to tectonic scarps that could have been colonised by corals in the past.
These features indicate that nowadays the bottom currents may not
be able to support living corals (Fig. 9h). The large amount of coral rubble suggests that different oceanographic conditions prevailed in the
past, which favoured the growth of carbonate mound, and meant that
the water mass provided enough nutrients and a current speed that
supported cold-water coral reefs.
When the bottom current velocity is high (0.21–0.3 m/s) there is a
predominance of erosive processes. Gazul MV is the only ediﬁce with
these conditions in the entire study area (Fig. 9f). Large elongated depressions evidence erosive processes by bottom currents and the very
high-resolution seismic proﬁles show a very high-amplitude reﬂector
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at the surface generated by a lack of unconsolidated sediments. Samples
collected in these depressions indicate that the high backscatter values
correspond to authigenic carbonates, mainly slabs and chimneys.
These structures are not covered by of sediments, pointing to high bottom current velocities. Chimneys and slabs are formed within the sediments and are exhumed and exposed to seawater by the inﬂuence of
the bottom currents. The exhumation process is probably due to the
strong erosive effect of the bottom current as was already proposed
for other zones in the Gulf of Cádiz (Magalhães et al., 2012; Viola
et al., 2014). Once exposed, the chimneys could lose stability and fall
down to the seaﬂoor, as they are sometimes found as broken fragments.
The slabs could therefore favour the settlement of colonial suspension
feeders (Freiwald and Roberts, 2005; León et al., 2007). Moreover, the
presence of abundant large, sessile suspension feeders (e.g. cnidarians
and sponges) on the exhumed authigenic carbonates could be encouraged by strong hydrodynamics that promotes a continuous availability
of food particles. The presence of large amounts of shell debris and
mounds could be also responsible for the high backscatter values observed in this area. The diffractions observed on the mounds in the superﬁcial reﬂectors of the very high-resolution proﬁles are similar to
those observed in the carbonate mounds of the Moroccan continental
margin (Foubert and Henriet, 2009). At present, live corals have not
been detected in the depressions and they are only found in speciﬁc
areas near the summit of Gazul MV. All this evidence supports the
idea that the mounds (isolated or grouped) are of biogenic carbonate
structures where the slabs behave as a hard substrate on which various
benthic organism settled and grew. The mounds were formed consequently by diagenetic processes like carbonate dissolution and precipitation and could have developed as a consequence of coral
accumulation. Chimneys and slabs have also been found along the
ﬂanks and these are dominated by benthic communities linked to productive waters with cold-water corals (and other sessile organism)
that are able to persist in raised zones. The presence of a high-speed current facilitates nutrient distribution and supplies enough food to favour
the development and maintenance of the cold water corals and gorgonian communities near the summit (Hovland, 2008).
High velocities bottom currents (0.3–0.5 m/s) (Díaz del Río et al.,
2014) erode the superﬁcial hemipelagic layer of sediments that covers
the mud diapirs, exhuming the diapiric material. These currents also
cause the exhumation of the authigenic carbonates by eroding the unconsolidated sediments. The carbonates are then colonised by sponges
and other benthic species. The Enmedio diapir is located over the Toﬁño
contourite channel where the action of very high-velocity bottom current ﬂows is conﬁrmed by the presence of large number of pavements
exhumed as result of the highly erosive effect of the current. ROV imagery shows, in speciﬁc areas around the Enano diapir, the development of
small ripples, indicating the presence of intensiﬁed currents. The Chica
complex is located in the course of the Huelva contourite channel and
therefore the morphology and characteristics of the ediﬁce are determined by the bottom currents. The large depression mapped in this
area was probably caused by erosive processes associated to the high
velocity of the MOW that ﬂows along this contourite channel. Again,
the formation and exhumation of authigenic carbonates provide a suitable substrate for cnidarians and sponges (Fig. 9i).
The Albolote complex is situated in an area of very high-velocity
along-slope currents and is also affected by a down-slope turbidite current, corroborated by the presence of a down-slope channel that crosses
the complex (Fig. 9j). These conditions may explain why mud volcanoes
are not detected in high velocity areas since bottom currents sweep
away the extruded material, impeding the accumulation of mud breccias
and the formation of the typical topographic highs of the MV ediﬁces.
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that overlie the mud ﬂow breccias (for mud volcanoes and MV/diapir
complexes) and the presence of typical cold-seep fauna, including
chemosymbiotic communities. Moreover, the development of benthic
communities associated with hard substrates is linked to the presence
of authigenic carbonates, which are also indicative of ﬂuid venting not
only in MVs, but also in mud diapirs.
The superﬁcial hemipelagic layer overlying the mud breccia sediments observed in the sedimentary column retrieved from the summits
of some MVs indicate their activity stage (emission vs. latent conditions) and the thickness of this layer can provide information on the
sedimentation since the last sediment extrusion (Van Rensbergen
et al., 2005). In general, the thicker this layer is, the longer the period
of the inactive phase, although other factors such as the sedimentation
rate should be taken into account. For example, this layer is approximately 1 cm thinner on both Anastasya MV and Gazul MV than on the
rest of the studied ediﬁces. Anastasya MV seems to be the most active
structure in the study area, especially when considering the typical
cold seep fauna found at its summit and the characteristics of the mud
breccia sediments (the presence of gas bubbles, strong smell of hydrogen sulphide, and mousse-like texture observed in core TG08). Nevertheless, except for the thin hemipelagic layer, there is no other
evidence of active seepage processes at present in Gazul MV. This may
be due more to the bottom current effect that prevents sediment accumulation and also promotes the presence of the cold-water coral communities observed on this MV.
The benthic chemosymbiotic faunas sampled on Anastasya MV,
Pipoca MV and Tarsis MV are quite different. On a MV with active
hydrocarbon-rich ﬂuid seepage, the faunas present can be very heterogeneous, with heterotrophic and autotrophic organisms that are directly linked to the seepage, and chemosynthetic bacteria playing an
important ecological role (Vanreusel et al., 2009). The species occurring
on Anastasya MV, such as the frenulate polychaete Siboglinum sp., are
generally common dominant components in Gulf of Cádiz cold seeps
(Cunha et al., 2013; Rodrigues et al., 2013). Endofaunal communities associated with gas saturated sediments, such as decapod crustaceans of
the genus Calliax and the chemosymbiotic bivalves S. elarraichensis
and L. asapheus, generally inhabit sediments with low to moderate
methane and sulphur emissions (Oliver et al., 2011; Rueda et al.,
2012b; Rodrigues et al., 2013; Taviani et al., 2013). Seepage activity on
Anastasya MV promotes extremophile conditions of the anoxic sediments, as observed on several MV along the Moroccan continental margin (Vanreusel et al., 2009). The abundance of Siboglinum sp. on various
volcanoes could also be used as an indicator of the methane availability
in the sediments. High densities of Siboglinum sp. have been recorded
from Anastasya MV (378 indiv/m2) and lower densities have been
seen on Pipoca (b100 indiv/m2), Gazul (~10 indiv/m2) and Tarsis (absence of Siboglinum) (Rueda et al., 2012b). These values may be used
as estimators of the seepage activity, with this being higher at Anastasya
than at the Pipoca, Gazul or Tarsis MVs. Moreover, the bacterial mats located at the summit of Anastasya MV are associated with high local
ﬂuxes of sulphur formation. On the other hand, remains of the bivalve
L. asapheus were collected on Gazul MV and in various zones of the
Albolote complex. These remains indicate the presence of relict populations that occurred in previous stages of these MVs when seepage was
more intense. No live benthic chemosymbiotic fauna have been found
in the Chica complex, although the strong smell of hydrogen sulphide
in the recovered sediments is indicative of seepage activity. Additionally, the presence of authigenic carbonates could be related to a diffuse
seepage ﬂow as has been observed in Gazul MV, Enano diapir, Albolote
complex and Chica complex.
7. Conclusions

6.3. Evidence of the seepage stage
The activity and dynamics of seepage areas can be studied through
different factors, including the thickness of the hemipelagic sediments

A multidisciplinary study of several mud volcanoes and mud diapirs
has enable correlation to be made between their morphological features
and their sedimentary nature, their benthic communities and the
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various active sedimentary and oceanographic processes. The main features observed result from a combination of mud extrusion-seepage
processes with bottom current effects. Based on this processes, a tentative classiﬁcation of the mud volcanoes, mud diapirs and mud volcano/
diapir morphologies can be proposed (Fig. 9).
There is a good direct correlation between the extrusive activity of the
MVs and the abundance of chemosynthesis-based communities, as well
as with the presence of collapse depressions and pockmarks near the
MV ediﬁces. Besides this, the sampled sediment cores show that the
more active the MVs are, the thicker the mud breccia layers. The bottom
current effect increases as the seepage activity decreases in intensity,
when erosive depressions prevail, authigenic carbonates are exhumed
from the sediment and can be colonised hard substrate species, and the
benthic fauna changes to species linked to high-productivity water.
At the other extreme, there is no evidence of seepage activity at
sites where the bottom current velocity is very high. This situation is
found in contourite and turbidite channels where erosive processes are
predominant.
This classiﬁcation allows an evolutionary model of the ﬂuid ﬂow
structures to be established based on the recognition of their morphological characteristics. This model can be applied to other seepage systems with similar features.
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