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[1] Mud volcanoes are seafloor expressions of focused fluid flow that are common in
compressional tectonic settings. New high-resolution 3-D seismic data from the Mercator
mud volcano (MMV) and an adjacent buried mud volcano (BMV) image the internal
structure of the top 800 m of sediment at both mud volcanoes, revealing that both are
linked and have been active episodically. The total volumes of extruded mud range
between 0.15 and 0.35 km® and 0.02-0.05 km? for the MMV and the BMV, respectively.
The pore water composition of surface sediment samples suggests that halokinesis has
played an important role in the evolution of the mud volcanoes. We propose that erosion of
the top of the Vernadsky Ridge that underlies the mud volcanoes activated salt movement,
triggering deep migration of fluids, dissolution of salt, and sediment liquefaction and
mobilization since the end of the Pliocene. Since beginning of mud volcanism in this area,

the mud volcanoes erupted four times while there was only one reactivation of salt
tectonics. This implies that there are other mechanisms that trigger mud eruptions. The
stratigraphic relationship of mudflows from the MMV and BMYV indicates that the BMV
was triggered by the MMV eruptions. This may either be caused by loading-induced
hydrofracturing within the BMV or due to a common feeder system for both mud
volcanoes. This study shows that the mud volcanoes in the El Arraiche mud

volcano field are long-lived features that erupt with intervals of several tens

of thousands of years.
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1. Introduction

[2] Mud volcanoes and cold seeps in general have been an
important target for the Hot spots Ecosystem Research on the
Margins of European Seas (HERMES) project due to their
control on deep sea biota and on carbon and sulphur turnovers
at the European margins [Foucher et al., 2009]. A challeng-
ing issue for the HERMES community has been to under-
stand the temporal variability of fluid flow activity at such
seep sites. Understanding these systems is also important for
quantifying their contribution to the global biogeochemical
carbon cycle. So far, understanding of marine mud volcanoes
has been largely hampered by insufficient seismic imaging
capabilities and ill-constrained eruption histories. Thus,
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feeder system processes had to be inferred from drilling (e.g.,
IODP Leg 160) or surface cores. Here, we present the first
high-resolution 3-D seismic data for mud volcanoes in the
Gulf of Cadiz.

[3] The Mercator mud volcano (MMV) and buried mud
volcano (BMV) can be found in the El Arraiche mud volcano
field which is the most recently discovered cluster of subma-
rine mud volcanoes in the Gulf of Cadiz [Van Rensbergen
et al., 2003] increasing the number of known mud volcanoes
in the area to more than thirty [Gardner, 2001]. The mud
volcanoes in the El Arraiche field are similar in shape and size
to other mud volcanoes in the Gulf of Cadiz [Fernandez-Puga
etal.,2007; Somoza et al.,2003; Van Rensbergen et al., 2005a]
and appear as stacked mudflow edifices, i.e., the typical
“Christmas tree” structures, on reflection seismic cross sec-
tions. Geochemical data indicate deeply rooted fluid sources
below both the MMV and a BMV [Hensen et al., 2007; Scholz
et al., 2009].

[4] The objectives of this study are to calculate the mud
discharge rate and diameter of feeder conduits for both the
MMV and BMYV, to constrain the type and the magnitude of
the eruptions of the MMV and the BMV, and to understand
what controls these parameters. Furthermore, we investigate
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in which ways salt tectonics have affected the mud volcanism
and how the closely spaced mud volcanoes are linked.

2. Geological Setting

[5] The Gulf of Cadiz is located at the compressional plate
boundary between Eurasia and Africa (Figure 1a). Compres-
sion since the Late Tortonian led to the development of a thrust
belt that covers the eastern part of the Gulf of Cadiz [e.g.,
Maldonado et al., 1999; Somoza et al., 1999], which is variably
called the accretionary prism, olistostrome, or allochtonous unit
of the Gulf of Cadiz (AUGC). It consists of a succession of
Triassic (Atlantic synrift) [7ari et al, 2000], Cretaceous,
Paleogene and Neogene sedimentary units in different pro-
vinces, overlying Paleozoic basement [Maldonado et al.,
1999]. Thrusting of thick Mesozoic nappes in the distal part
of the Gibraltar Arc resulted in large volumes of Triassic salt
(mainly gypsum) being emplaced over younger strata
[Berdstegui et al., 1998; Maestro et al., 2003] forming salt al-
lochthons. The last episode of active compression lasted at least
from mid-Oligocene up to late Miocene times and is possibly
still ongoing [e.g., Rosenbaum et al., 2002; Vazquez and Vegas,
2000].

[6] Northwest Morocco’s arcuate fold and thrust belts
extend some 450 km offshore west into the southern Gulf of
Cadiz [Flinch, 1993]. Offshore the city of Larrache (Figure 1a),
folds and thrusts are cut by NW-SE trending normal faults
[Flinch, 1993]. Here, the El Arraiche mud volcano field is
located within the accretionary wedge of the Gulf of Cadiz but
outside of the main AUGC [Van Rensbergen et al., 2005a]
(Figures la and 1b). The crests of the two main NW-SE
striking anticlines that bound the group of mud volcanoes, i.e.,
Renard and Vernadsky ridges (Figure 1b), are offset by two
NE-SW striking deformation zones [Van Rensbergen et al.,
2005a] related to strike-slip faulting [Medialdea et al., 2009;
Van Rensbergen et al., 2005a].

[7]1 Van Rensbergen et al. [2005a] correlated the regional
seismic reflectors in the El Arraiche field to the industry well
LAR-1. They dated the base of the mud volcanoes to the
Upper Pliocene unconformity and assigned an age of 2.4 Ma.
After Mascarelli [2009], the base Quaternary has been reas-
signed from 1.8 Ma to 2.6 Ma, now fitting with the Upper
Pliocene unconformity (UPR). Successive extrusion of mud
from the cluster of mud volcanoes created vertical succes-
sions of mud edifices or Christmas tree structures up to 500 m
thick, similar to other mud volcanoes in the Gulf of Cadiz
[Somoza et al., 2003]. The MMV is located in an L-shaped
graben on top of Vernadsky Ridge (Figure 1b). The MMV is
asymmetric with a moat along its southwestern side. It rises
approximately 140 m above the surrounding seabed and has a
maximum diameter of 245 m. The mudflows at the surface are
semiconcentric [ Van Rensbergen et al., 2005a]. A crater and a
38 m high central dome top the mud volcano. A small BMV
south of the MMV also occurs inside the L-shaped graben
[Van Rensbergen et al., 2005a, 2005b].

[8] Clay mineral dehydration during the transformation of
smectite to illite is one of the most common sources of fluids
that drive mud volcanoes worldwide, and many mud volcanoes
in the Gulf of Cadiz are fuelled by this kind of fluid source
[Pinheiro et al., 2003; Hensen et al., 2007]. Hensen et al.
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[2007] showed that halite dissolution occurs at other mud
volcanoes in the Gulf of Cadiz (i.e., Captain Arutjunov MV).

3. Data and Method

[9] The high-resolution P cable 3-D seismic system was
developed in a joint project between Volcanic Basin Petroleum
Research (Oslo, Norway), the National Oceanography Centre
(Southampton, UK), the University of Tromse (Tromsg,
Norway), and IFM-GEOMAR (Kiel, Germany) [Planke and
Berndt, 2002; Petersen et al., 2010]. A wire is towed perpen-
dicular to the ship’s steaming direction by two paravanes. In
our experiment eleven analog single-channel streamers were
connected to this wire. The seismic source consisted of an array
of four 40 in® Bolt 600B air guns with a frequency range from
30 to 350 Hz, centered around 120 Hz. Unintended firing of
a 5th gun resulted in coherent noise approximately 250 ms
below the seafloor (Figures 4, 6, and 7). The analog signal was
recorded with a Geometrix Geode 24 recording system. The
seismic data are positioned using a Kongsberg DGPS system
consisting of two DGPS antennae on the paravanes, one on the
gun float and one onboard.

[10] The 3-D high-resolution seismic data set collected
during the RRS Charles Darwin cruise 178 (March-April
2006) covers an area of 9.95 km % 3.2 km, composed of 56 sail
lines with a shot point interval of approximately 12.5 m. The
processing included navigation corrections, filtering, and image
processing. To ensure that the navigation is consistent with the
observed arrival times of the direct wave, all arrival times of the
direct wave on every channel were picked automatically. From
the arrival times of the two outermost channels close to the
paravanes a relocated shot position was calculated. By assum-
ing a triangular shape as a starting geometry of the cross cable,
each channel was repositioned along the sail line direction to
match the direct wave arrival time. To enable a consistent depth
of the subsurface structure imaged by different loops of the sail
lines, a shot date-depending tidal correction was applied.
Besides editing, band-pass filtering, and scaling seismic pro-
cessing included a short gap predictive deconvolution to
remove the receiver ghost due to varying depths of the strea-
mers. To image the shallow complex structures a true amplitude
3-D prestack time migration with a bin size of 10 m X 10 m
resulted in the best signal-to-noise ratio. The migration was
limited to frequencies up to 220 Hz to avoid spatial aliasing.
Thus, the maximum vertical resolution of the data is approxi-
mately 3—4 m (as centered in 120 Hz) and the maximum hor-
izontal resolution approximately 10-15 m, both decreasing
downward.

[11] The migration results, i.e., the small number of remain-
ing diffraction hyperbolae, show that a velocity depth function
of 1500 m/s for the water column and 1900 my/s for the first 1 s of
seismic data are a suitable approximation for conducting the
time depth conversion of the 3-D seismic data set. These values
for the P wave velocity are consistent with the first P wave
interval velocities estimated by Depreiter [2009] for the area
close to the Pen Duick escarpment, in the El Arraiche field. Due
to free gas the velocities may vary by up to 50% locally within
the mud volcanoes, but the time depth conversion should be
accurate to +/— 20% within the mud volcano and +/— 5-10% for
the sediments in the sediments surrounding the mud volcanoes.
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[12] Different modules of Petrel 2008.1 (Schlumberger)
have been used to perform seismic interpretation of both
horizons and faults and to estimate both dip of reflections and
total volume of mud extruded from the mud volcanoes. The
“ant-tracking” module uses a workflow of seismic attributes
to identify and track faults through preprocessed 3-D seismic
volumes [Pedersen et al., 2002] based on the detection of
correlated interruptions in the amplitude of the seismic cube.
The ant-tracking workflow includes edge detection and edge
enhancing [Pedersen et al., 2005] which localizes and em-
phasizes the edge of the amplitude discontinuities. The result
is an attribute volume that is optimized for structural inter-
pretation using the fault extraction module (Figure 2) and
manages the display of the internal structure of the mud
volcanoes. In addition, we use the “variance (edge method)”
attribute [van Bemmel and Pepper, 2000]. The variance
attribute measures the deviations from the mean value of
amplitude and is used to isolate discontinuities in the hori-
zontal continuity (edges) from the input seismic cube. Three
parameters, i.e., inline and cross-line number of traces to
include in the calculation and vertical smoothing, control
the variance attribute. The vertical smoothing parameter
diminishes residual horizontal structures and improves the
imaging of vertical events. We use values of three traces for
both the inline and the cross-line range, and a vertical
smoothing of 0.01 s. The “local structural dip” attribute
(Figure 3c) describes the angle of inclination of each seismic
event as measured from a horizontal plane (0 to 90 degrees)
with the normal positive upward. The gradient is computed
in both the inline and cross-line directions to create a 3-D
gradient function. This is a suitable attribute to define
volumes of same dip. For the estimation of the mud volumes
extruded from the mud volcanoes we generated geobodies
for the original 3-D seismic data set to isolate connected
values of amplitude that surpass a threshold determined by
tests. The chaotic signature that represents the mud extrusions
can be easily isolated from the surrounding hemipelagic
sediments using a graphic equalizer, structural smoothing and
chaos volume attributes. Minimum and maximum values of
volume of mud for each mud volcano are qualitatively related
to the gas (methane) content within the mud breccias. We
used velocity values of 1500 ms ™' and 1900 ms ™' (based on
seismic velocity analyses of multichannel seismic data)
[Depreiter, 2009] related to very high and very low methane
content within the mud breccias, corresponding to the mini-
mum and maximum volume of mud extracted, respectively.

[13] The bathymetry of the El Arraiche field (Figure 1b) is
based on the hull mounted SIMRAD EM12 system and was
collected during the same cruise. It was processed using
Kongsberg’s Neptune software and gridded at 50 x 50 m
using Generic Mapping Tools [Wessel and Smith, 1998] and
integrated into the seismic interpretation project.

[14] Additionally, geochemical data were collected during
the expedition MSM 1/3 in 2006 with R/V Maria S. Merian.
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We sampled surface sediments from the top of the MMV
using a gravity corer (GC). The maximum sediment retriever
was 2 m. Subsamples were taken for geochemical analyses of
dissolved pore water constituents (e.g., anions, cations,
gases). Pore water was extracted from the wet sediment with a
low-pressure (Ar at 1-5 bar) filtration system and aliquots
were analyzed for dissolved sodium and chloride concentra-
tions by ICP-AES (inductively coupled plasma atomic emis-
sion spectroscopy) and IC (ion chromatography), respectively.
A detailed description of sampling procedures and analytical
methods is given by Scholz et al. [2009].

4. Results

4.1.

[15] The structural analysis of the seismic data set shows
three main groups of normal fault azimuth directions, i.e., SW
(group 1), NE (group 2) and N and S (group 3) (Figures 2a—2c).
Groups 1 and 2 correspond to the eastern and western flanks of
alocal L-shaped graben, respectively. Group 3 includes the major
concentric normal faults around the MMV (Figures 2a—2c). In
general, the normal faults dip steeply and those forming the
flanks of the graben reach all the way up to the seafloor
(Figures 2a and 2b). An NE-SW oriented seismic line
(Figures 3a—3c) shows that the crest of the Vernadsky Ridge
(Figure 1b) partially collapses into the L-shaped graben as it
strikes NW-SE and N-S (Figure 4).

[16] Figure 3c shows the dip of reflections of a typical
inline (inline 290, Figure 3a) measured from a horizontal
plane in degrees, i.e., local structural dip as described in
section 3. We observe three main reflector dip groups, i.e.,
steep, intermediate, and flat dip groups (Figures 3¢ and 3d).
These groups are separated by the two major unconformities
(truncations) that can be identified in the study area: D2
(between the steep and the intermediate dip group, Figure 3b)
and D1 (between the intermediate and the flat dip group)
(Figures 3a and 3b, respectively). Considering each dip group
a tectonofacies we call them Tf3 (steep), Tf2 (intermediate)
and Tfl1 (flat) from deep to shallow (Figure 3d).

[17] An E-W oriented composite line across the graben
(Figures 5a and 5b) reveals abrupt termination of internal
reflections in the hanging wall of a normal fault that forms
its eastern flank. This flank is tilted up and crops out at the
seafloor (Figures 2a, 5a, and 5b). An antithetic normal fault
constitutes the western flank of the graben (Figures 5a and 5b).

4.2. Mud Volcanoes

4.2.1. Mud Volcano Seismic Signature
and Internal Structure

[18] Internal reflections within each tectonofacies are lat-
erally continuous and stratified, except for unconformities D1
and D2 (e.g., Figure 3a) and some local interruptions by the
chaotic seismic signature of the mud volcanoes (Figure 6a).
The flanks of the L-shaped graben limit the extension of the

Structural Analysis

Figure 2. General structural map of the study area. (a) Main failure below the unconformity D2. Normal faults forming the
eastern and western flanks of the graben strongly affect D2. The circular areas of no interpretation correspond to the chaotic
signature of the mud volcano edifices across D2. (b) Still active faults above the seafloor reflection. Note that both MMV
and a buried mud volcano (BMV) are located in the graben on the crest of the Vernadsky Ridge. (c) Rose diagram of the
main failure trends, showing the azimuth and dip values of the main faults described in Figures 2a and 2b, classified in
group 1 (eastern flank of the graben), group 2 (western flank of the graben), and group 3 (concentric faults).
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seismic masking
footprint MMV

anti-thetic normal
fault (Fig. 2)

Figure 4. Three-dimensional view of the 3-D seismic data set from the north at the time of the D2 ero-
sion. Note the L-shaped graben and the location of the chaotic signature of the MMV. The eastern flank
of the graben tilts upward and crops out at the seafloor. Inset shows detail of D2 truncation at the top of
Vernadsky Ridge.

chaotic seismic signature of both MMV and BMV (Figures 4
and 6a). The top 0.5 s two-way travel time (TWT) of the
MMV and the top 0.3 s TWT of the BMV (i.e., measured
from the seafloor reflection) consist of a succession of sedi-
ment units that protrude from concentric disturbance zones of
~2 km and ~0.6 km maximum diameter, respectively, and
interfinger with the surrounding layered sediments (Figure 6a).
These protrusions are commonly called Christmas tree struc-
tures and interpreted as mudflow units deposited during active
phases of a mud volcano and subsequently buried by nonmud/
nonvolcanic sediments during long periods of quiescence [e.g.,
Hovland and Judd, 1988; Kopf, 2002; Somoza et al., 2003,
Calves et al., 2010]. Following this interpretation the depth
intervals with protrusions represent the extrusive parts of the
mud volcano (i.e., mudflows), and the stratigraphic level of the
lowermost mudflows indicates the base of the mud volcano

initiation. The base reflection of the extrusive part of both
MMV and BMV is the unconformity D1 (Figures 5 and 6a).
[19] Figure 7 shows time slices through the ant-tracking
cube (Figure 7b) and the variance cube (7¢) of five different
time events across both the MMV and the BMV mud edifices
(Figure 7a). The ant-tracking derived discontinuities, i.e.,
joined-up areas with low seismic reflection amplitude, are not
randomly distributed in the center of the mud edifices. They
can be followed across several of the time slices and are
concentric toward the edges of the MMV feeder system. The
variance attribute shows a more random pattern for the MMV
and strong horizontal variability in the BMV. The lateral
variability and horizontal continuity of these attributes
indicates that the internal structure of the feeder system is
heterogeneous. Although some of these seismic anomalies
may be the result of imperfect imaging (e.g., the effects of

Figure 3. Local structural dip and main tectonofacies: (a) the 3-D seismic inline 290 (see location in Figure 2b) shows the
collapsed graben at the crest of the Vernadsky Ridge and its top truncation by unconformity D2 (blue line), (b) detail of the
truncation by unconformity D1 (red line), (c) the qualitative classification of different degrees of dipping reveals three groups
or tectonofacies, and (d) interpreted inline 290, showing the three tectonofacies separated by the main unconformities.
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interpreted composite line

Tectonofacies 2 (Tf2)

Tectonofacies 3 (Tf3)
seafloor reflection
= Unconformity D1

Unconformity D2

Internal reflection terminations

oo main normal fault (E flank of
the graben)
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Figure 5. (a) Composite seismic line across the graben, extracted from the 3-D seismic block. Note the
tilting of the eastern flank of the graben and the antithetic normal fault of the western flank of the graben
(see location in Figure 2b). (b) Interpreted composite line showing the distribution of tectonofacies.
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NE  Vernadsky Ridge

=

SW
MV BSR [Depreiter et al., 2005]

seafloor reflection

Unconformity D1
Unconformity D2

Tectonofacies 1 (Tf1) ——— internal reflections

Tectonofacies 2 (Tf2) ====  main normal fault (E flank of the graben)
Tectonofacies 3 (Tf3)  =====. concentric faults

MV chaotic signature
(Christmas Tree)

M1-M4 (mud flows MMV)

B1-B4 (mud flows BMV)

Figure 6. Mud volcano seismic signature: (a) inline across both MMV and BMV, extracted from the 3-D
seismic block; bottom simulating reflector (BSR) described by Depreiter et al. [2005] and (b) interpreted
seismic inline showing the tectonofacies distribution and the interfingering of mud extrusions with tecto-

nofacies 1 (Tf1).

diffracted energy or tuning effects), the consistency of the
seismic facies distribution and its repetitive pattern in time
slices suggests that the seismic data can indeed be used to
describe the nature of the feeder system. Ant-tracking and

variances time slices are also used to resolve the feeder sys-
tem of the Caspian Sea mud volcanoes and salt domes in the
North Sea [Calves et al., 2010; Davies and Stewart, 2005;
Stewart, 2006]. The seismic attributes do not show a con-
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Figure 7. Time slices of different seismic attributes highlighting the internal structure and limits of both
mud volcano edifices and its associated concentric faults: (a) inline 88 indicates the time slices with respect
to the mud volcano edifices (see location in Figure 2b), (b) ant-tracking time slices, and (c) variance time

slices.

centric zonation of the feeder system as proposed by Roberts
et al. [2010] for mud volcanoes in Azerbaijan. The entire
interior of the MMV feeder system is homogenous with the
ant-tracking attribute indicating predominantly E-W oriented
fractures and some concentric faults at the very edge of the
feeder system (Figure 7b), while the structures shown by the
variance attribute (Figure 7c) are consistent with tens of
meter-sized country rock blocks.

4.2.2. Mudflows and Total Volume of Mud Extruded
[20] We identify a total of four main eruption episodes
(M1-M4, from deep to shallow) at the MMV and another four
main eruption episodes (B1-B4, from deep to shallow) at the
BMYV (Figures 6a, 6b, and 8a). In the following we consider
these eruption episodes as individual mudflows, but it is
possible that some of the episodes consist of several mud-
flows as indicated by seismic data of even higher resolution
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Figure 8. Extracted mud volcano edifices: (a) Mercator mud volcano and buried mud volcano edifices
built up from the unconformity D1 (base of mud extrusions) and (b) plan view of both mud edifices, high-

lighting the overlap of mudflows.

[Depreiter, 2009]. The run out distances of mudflows from
the MMV (i.e., average distance measured from the geo-
metrical center of the mud volcano to the outer edge of the
mudflow) decrease upward from 1900 m to 500 m for mud-
flows M1-M4. The M1-M4 mudflows extend in a south-
westward half spiral from the vertical axis of the MMV
(Figure 8a). The run out distances are 400 m, 680 m, 450 m,
and 650 m for the mudflows from the BMV (B4-Bl,
respectively) (Figures 8a and 8b). The three deepest mud-
flows B1-B3 are almost symmetrically distributed around the
vertical axis of the BMV edifice and the shallowest B4 clearly
extends eastward toward the MMV (Figure 6b). The deepest
mudflows show stacked morphology (M1 and B1) which
turns to elongated morphology (M2-M3 and B2-B3) at
shallower depths (Figures 6a, 6b, 8a, and 8b). The two
youngest mudflows (M4 and B4) again show stacked mor-
phology. Mudflows M1-M3 from MMV and B1-B3 from
BMV successively overlap each other (i.e., M1, B1, M2, B2,
M3, B3, from deep to shallow), except for the coeval extru-
sion of the two shallowest mudflows from both mud volca-
noes (M4 and B4) (Figure 6a).

[21] The minimum and maximum volumes of mud accu-
mulated from DI (base unconformity for mud volcano
extrusion) to the seabed range between 0.28 and 0.35 km® and
0.04-0.05 km® for the MMV and the BMV, respectively.
Iterative volume extractions over four different seismic
attribute workflows show that the degree of uncertainty in the
extraction of the final volume of mud from the mud volcanoes
is less than 10%, mainly related to the seismic velocity used
for the depth conversion.

4.2.3. Geochemistry of Sediment Samples

[22] The surface pore waters in the center of the MMV are
highly enriched in Cl and Na: starting from bottom water
concentrations that are only slightly higher than normal sea-
water values, concentrations increase rapidly below the surface
and reach more than 5300 mM of Cl at a sediment depth of
~200 cm bsf. In parallel, Na-to-Cl ratios start with the normal
seawater ratio of 0.86 at the sediment-water interface and
rapidly increase downcore toward a ratio of 1.0. Both the high
Cland Na concentrations as well as the Na/Cl ratio indicate that
the pore fluids of the MMV are influenced by halite dissolution
at depth. The theoretical halite solubility was calculated for
ambient p-T conditions (35 bar, 11°C) to be 6100 mM [Duan
and Li, 2008; Greenberg and Mpoller, 1989]. In addition, the
curvature in the concentration-depth profiles indicates high
upward fluid flow velocities. Gas hydrates have not been
sampled on Mercator mud volcano. Therefore, it is unlikely
that their formation or dissociation has affected the Cl con-
centrations. Concentrations of dissolved low molecular weight
alkanes are elevated in the sediment of the top of the MMV.
In combination with the gas emanations, a relatively high
methane-to-ethane/propane ratio indicates the presence of
highly mature thermogenic gas [Nuzzo et al., 2009], which
generally forms at temperatures higher than 120°C.

5. Discussion

5.1.

[23] Correlation of our 3-D seismic data, a 2-D seismic
line, and a published seismic line across the El Arraiche

Episodic Eruptions
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Figure 9. Seismic correlation and relative dating of the base of extrusion: (a) sketch of the locations of seis-
mic lines and mud volcanoes in the El Arraiche field, Lazarillo de Tornes MV (LdT), and Don Quixote MV

(DQ); (b) seismic correlation of unconformities D2 and

D1 between the 3-D seismic data set (inline 150) and

the 2-D line Cadipor050526; and (c) tie between the 2-D line and the unconformities D2 and D1 and a seismic
line published by Van Rensbergen et al. [2005a, 2005b], showing that their basal unconformity for the mud

volcanoes corresponds to unconformity D1.

mud volcanoes [Van Rensbergen et al., 2005a] reveals that
the basal unconformity for the mud volcanoes correlates
with our unconformity D1 (Figure 9). D1 results from ero-
sion of more than 100 m of sediments in less than 500 kyr
during the late Pliocene sea level fall [Flinch et al., 1996;
Hernandez-Molina et al., 2002]. D2 may result from a
previous sea level fall episode, presumably during the late
Miocene-early Pliocene, but there is no drilling information
to corroborate this. In the following discussion, D2 is only
used to discuss dynamic processes of the mud volcano
system (MMV and BMV).

[24] During the past 2.6 Myr, eight mud extrusions from
MMV (M1-M4) and BMV (B1-B4) stack up as follows: M1,
B1, M2, B2, M3, and B3, from deep to shallow. The two
youngest mudflows from each mud volcano (M4 and B4)
were emplaced at the same stratigraphic depth. Why mud
extrusions from the MMV are followed by a mud extrusion
from the BMV is not clear. The run-out direction of mud-
flows from the MMV toward the BMV suggests fast loading
(e.g., downward convex curvature at the base of mudflows,
Figure 6), which may trigger successive hydrofracturing,
mud mobilization and a new extrusion of mud [Jonk, 2010].
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Table 1. Minimum and Maximum Absolute Values of Extracted Mud Extruded, Mud Discharge Rates, Diameter of
Feeder and the Area of Fluid Flow for Both Mercator and Buried Mud Volcanoes®

Velocity Time-Depth Volume of Mud

Diameter of Area of Fluid

Conversion® (ms ) Extruded (km®) v (m’sh Feeder® (m) Flow? (m?)
Mercator Mud Volcano
1500 0.28 3.410°° 1 3.1
1900 0.35 43107 1.12 3.9
Buried Mud Volcano
1500 0.04 491077 0.38 0.45
1900 0.05 6.1 1077 0.4 0.5

“The modified Stoke’s equation [Kopf and Behrmann, 2000] is used for diameter calculations. Only valid considering Newtonian

fluids and under conditions specified in the text.
"Minimum and maximum velocities, respectively.
“See equation (1).
9Assuming a circular feeder of area = 7772,

An estimate of the average minimum and maximum flow
thicknesses between 45 to 57 m for the MMV and between
30 to 38 m for the BMV mudflows suggests that the thicker
mudflows from MMV may overpressure fluids from an ear-
lier BMV mudflow, and may trigger its subsequent activation.
Hydrofracturing and mud mobilization may be enhanced by
the observed concentric normal faulting on the northwestern
side of MMV, which we interpret as caldera-style collapse
after eruptions. Such subsidence probably exerts horizontal
extensional stress on the BMV, which may open the feeder
system. The timing of the individual mudflows suggests that
the MMV is above the main feeder of the MMV-BMV mud
volcano system, which is also supported by its larger size.

5.2. Mud Discharge Rates and Diameter
of the Feeder Conduits

[25] Morphological variations of the mudflows are related to
the variation of the fluid content [Shih, 1967], sediment prop-
erties, and the width of the feeder system [Kopf and Behrmann,
2000], i.e., wider feeders correspond to higher discharge rates
and elongated morphology [e.g., Kopf, 2002; Kopf and
Behrmann, 2000; Lance et al., 1998; Van Rensbergen et al.,
2005b]. In order to calculate the width of the feeder conduits
and discuss their relation to the morphology of the mud extru-
sions, we first divide the calculated volume of mud for both the
MMV and the BMV (0.28-0.35 km® and 0.04-0.05 km’,
respectively) by the total time span of extrusions (2.6 My). This
results in average mud discharge rates (V) that range between
34%10°427x10°m’s ' and4.9x 107761 x 10 ' m’s ™"
for the MMV and BMV, respectively. We then make the fol-
lowing assumptions to calculate the diameter of feeders for
both mud volcanoes:

[26] 1. Mud extrusions from the MMV are formed by
clast-bearing mud breccia with a maximum clast radius of
r= 0.1 m [Van Rensbergen et al., 2005a], i.e., small com-
pared to the width of the individual feeders.

[27] 2. Mud breccias are formed by clasts of a density of
2600 kg/m® [Robertson and Kopf, 1998] and by a mud matrix
of a wet bulk density of 1600 kg/m* [Kopf and Behrmann,
2000]. These measurements were made on IODP samples
for a similar mud volcano on the Mediterranean Ridge. Both
measurements do not include gas, but do include pore water.
The range of velocity used for the time-depth conversion of
the extracted mud volume constitutes an indicator of gas
content within the mud breccias.

[28] 3. The nature of mud extrusions from both MMV and
BMV is similar.

[29] 4. Under assumptions 1 and 2, mud breccias in both
mud volcanoes behave as a Newtonian fluid if their water
content exceeds 60% (liquid limit) [Kopf and Behrmann,
2000], predicting a viscosity value of 10° Pa s. Therefore, we
neglect conduit wall friction through the feeder conduit, and
viscosity remains constant. In a non-Newtonian scenario,
friction and stresses due to the migration of fluids through
interstices of the mud edifice (as observed in Figure 7b) may
reduce even more the diameter of feeders. Both mud discharge
velocities and diameters are in the range of those calculated
for the Mediterranean Olimpi and Milano mud volcanoes by
Kopf and Behrmann [2000].

[30] The modified Stoke’s law [Kopf and Behrmann, 2000]
allows us to calculate the minimum and maximum diameter
d for a concentric feeder channel of a width that is cumulative
for all the individual feeders:

7T'V0[n1ud'977
d= | —md =l 1
l‘-g~Ap~l’2 ()

where vol,,,,./t is the average mud discharge rate ¥ (m* s ),
n is the dynamic viscosity (Pa s), g is the acceleration of
gravity (9.8 m s 2), Ap is the effective density of the mud
breccia (kg m ) as the difference between the density of the
clast and the density of the clast-bearing matrix (Ap = pjusr —
Pmarriv), and r is the average clast radius (m). This results in
minimum accumulated feeder width of 1 m for the MMV and
0.38 m for the BMV (Table 1) with small uncertainties due to
seismic velocities that were used for the depth conversion.
[31] By far the largest uncertainty results from using an
average discharge rate. The seismic data clearly show the
Christmas tree structures for both MMV and BMV indi-
cating that the mud volcanoes were active episodically and
not constantly. To investigate the effect of this parameter we
vary the discharge rate assuming increasing activity times
from 1000 years to 200 000 years, which we consider
realistic for the accumulated activity times for the four
eruption phases of both mud volcanoes throughout the past
2.6 Myr (Figure 10). The fact that we see individual lobes
for one eruption period suggests that the time cannot be
much smaller than 250 years for one eruption period and the
fact that there is clear onlap onto the mud edifices without
small-scale interfingering suggests that the mud volcanoes
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Figure 10. Mud discharge rate ¥ (m® s ') and diameter of feeder conduits d (m) based on the time of
activity (yr) of mud volcanoes: (a) maximum and minimum V (blue stacked and dashed lines, respec-
tively) and maximum and minimum d (red stacked and dashed lines, respectively) for MMV; (b) maxi-
mum and minimum ¥ (blue stacked and dashed lines, respectively) and maximum and minimum d (red

stacked and dashed lines, respectively) for BMV.

are dormant for at least 90% of the time that they exist.
Taking this into account for the discharge calculation we
obtain a range from 3.17 x 10 ®to 1.59 x 10> for the MMV
and from 4.4 x 107 to 1.1 x 1072 for the BMV. This
translates into cumulative feeder width between 3.6 and
56.6 m for MMV and 1 to 21.4 m for BMV. This agrees
with the seismic observations (Figure 7b) that suggest that
there are at least ten pathways on a cross section through
the MMV, Each pathway must be at least 5 m wide to be
detectable in the seismic data. Obviously some of the dis-
continuities indicated by the ant-tracking attribute may be
seismic artifacts and it is not certain that all of the pathways
were active at the same time. However, these considerations
would suggest that the pathway width for the Mercator Mud
Volcano is of the order of 50 m.

[32] Narrower feeders are related to both the progressive
degassing as pressure decreases upward to the seafloor and
water loss as the mud ascends. The progressive upward loss
of viscosity of the mud breccias may result in a stacked
morphology of mudflows and, coevally, deeper mudflows
will result in an elongate morphology. Following this trend,
the progressive upward narrowing of feeders within each
mud volcano observed in Figure 7 corresponds to less gas
and water in mud breccias and lower mud discharge rates
and may explain the morphological change from elongated
to stacked mudflows. We propose that the elongate mor-
phology of M2-M3 and B2-B3 is related to wider feeder,
higher mud discharge, and higher gas concentration within
the mud breccias. The stacked morphology of M4 and B4 is
probably related to a later decrease of feeder width, the
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degasification of the mud breccia, and a decrease in mud
discharge rate.

5.3. Mud Volcanism in the Presence of Salt

[33] Hensen et al. [2007] point out the important role of
halokinesis for some mud volcanoes in the Gulf of Cadiz as
the upward migrating fluids that result from clay-mineral
dehydration at depth show geochemical signatures commonly
related to intermediate salt dissolution. The halokinetic con-
trol at MMV is suggested by the very high concentrations of
Cl and Na, which are close to halite saturation, and a Na/Cl
ratio of 1 at only 2 mbsf indicating dissolution of halite. This
is strong evidence that MMV is underlain by salt. There are
two known possible salt basins affecting the geochemical
signature of the MMV: the Moroccan salt basin at 5 km bsf
[Davison, 2005], located ~30 km westward downslope from
the El Arraiche mud volcano cluster (Figure 1) and Triassic
salt within the main olistostrome units [Flinch, 1993], which
do not directly affect the El Arraiche mud volcano field [Van
Rensbergen et al., 2005a].

[34] In addition to geochemical results that evidence mid-
crustal dissolution at mud volcanoes further north [Hensen
et al., 2007], the tectonosedimentary analysis of the 3-D
seismic data set suggests that salt has previously moved (i.e.,
salt allochthon) from the original autochthonous mother salt
away from its initial location further west. This uplift formed
the Vernadsky Ridge until the shear strength of the over-
burden equaled the buoyancy forces of the underlying salt,
stopping the uplift [Warren, 2006]. Erosion at unconformity
D2 would have changed the neutral buoyancy conditions
of the overburden above the salt allochthon (i.e., Tf3),
reactivating the system. Reactive halokinesis typically forms
a graben above the salt allochthon [ Warren, 2006] and as such
we interpret the crestal collapse of the Vernadsky Ridge
(Figure 4). Later syndeformational sedimentation of Tf2
shows steep onlap on D2 and pinching out of the unit close to
the crest of the ridge (Figures 3a and 3c). These are typical
indicators of sedimentation affected by salt ascent and crestal
subsidence [Warren, 2006]. Unconformity D1 (2.6 Ma)
truncates the top of Tf2. This suggests increased erosion at the
time of ongoing uplift during the late Pliocene sea level fall
(D1). Above D1, the flat dipping of internal reflections inTf1
suggests that uplift stopped before deposition of this unit.
Minor deformation of TF1 occurred due to renewed subsi-
dence of the graben and concentric faults around the extruded
mud edifices (Figures 2a—2d).

[35] We suggest a three-phase evolution of the system in
which Tf3, Tf2 and Tfl correspond to the prekinetic, synkinetic,
and postkinetic sedimentation of a reactivated allochthonous
salt system, respectively. Although, the very high dissolved Na
and Cl concentrations in the pore fluids imply that the fluids
must have leached significant amounts of salt in the subsurface,
they are not conclusive to the depth at which the salt is presently
located. The equilibrium considerations by Warren [2006] and
the lack of direct evidence for salt within the ~500 m of pene-

Figure 11. Conceptual model relating halokinesis and mud
volcanism at the Mercator MV and its dynamics: 0 (initial
conditions), 1 (reactivation of halokinesis), 2 (synkinetic
mud formation), and 3 (mud volcanism). See text for further
explanation.
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tration of the seismic data suggest that the bulk of the salt body
is at least at 1000 m depth and that the reactivation was triggered
by regional-scale erosion.

[36] Previous studies [e.g., Flinch, 1993; Gutscher et al.,
2009; Medialdea et al., 2004] relate mud volcanism in the
Gulf of Cadiz to the Neogene compressive regime associated to
sediment liquefaction and mobilization at shallow (0.5-2 km)
depths [Hensen et al., 2007]. Due to Neogene compression,
deep fluids may migrate upward along the flanks of the
intermediate salt allochthon underneath the MMYV. Fluids may
dissolve the top of the salt allochthon, inducing sediment flu-
idization and mobilization. Aquifers may also boost the dis-
solution of the top of the salt allochthon as extra supply of
water. The concentric microfaults within and around the edi-
fices of the mud volcanoes (Figure 3b) suggest liquefaction and
mobilization of mud just below the penetration of the seismic
data at approximately 500 m depth. The coeval ongoing com-
pression of the margin, mineral dewatering and the deposition of
Tfl may have reactivated old conduits during later eruptions. It
seems subsequent mud expulsions reoccupied the existing
fracture systems, as we do not observe seismic evidence for
separate conduits within one feeder system. Although this may
be due to insufficient acoustic impedance contrasts between the
infill of individual pathways, one would also expect to find
buried extinct mud volcanoes at different stratigraphic levels if
new pathways were created on a regular basis, but this is not the
case. This situation is similar to both the Latakia and Cyprus
basins (eastern Mediterranean) where the sources of fluids are
located underneath the Messinian evaporites and rise up along
faults. Also in those settings fluids dissolve evaporites and
mobilize the overburden sediments, which liquefy, fluidize, and
extrude as mudflows [Hiibscher et al., 2009].

[37] The similar timing of deposition of the extruded mud
edifices [Van Rensbergen et al., 2005a] of the mud volcanoes
forming the El Arraiche cluster documents their common
origin. Although our seismic data set cover just the MMV and
the BMV, we suggest that both, near-surface liquefaction and
mobilization of mud occurred close to the top of a single salt
allochthon underlying both the Renard and the Vernadsky
ridges. Mud mobilization was almost certainly enhanced by
the presence of free gas advected from depth similar to the
other mud volcanoes in the Gulf of Cadiz.

6. Conclusions

[38] We present a model (Figure 11) for the triggering and
evolution of the Mercator Mud Volcano closely linked to
reactive halokinesis of a salt allochthon at the base of the
Vernadsky Ridge. We propose that initially erosion in the late
Pliocene reactivated allochtonous salt that was emplaced by
nappe tectonics. During the rise of salt, mud formed due to
overpressures and mixing with deep fluids. This resulted in
periodic mud volcanism since about 2.6 Myr. After the initial
uplift, the balance of salt buoyancy and the strength of the
overlying sediments were reestablished and the mud volca-
nism continued episodically and without significant salt
movement to the present-day.

[39] Since the late Pliocene, a total of eight mudflows
extruded alternately. Each extrusion of mud from the MMV
was followed by one from the BMV. We find four main
phases of activity for the MMV-BMYV system since late Pli-
ocene times. The seismic data show that the total volume of
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mud extruded (in 2.6 Myr of activity) by the MMV and BMV
ranges between 0.28 and 0.35 km® and 0.04-0.05 km®,
respectively. The episodic nature of the eruptions and the time
interval between the eruptions implies that the much sparser
episodes of salt tectonics evidenced by the seismic data are
not the only triggering mechanism for mud volcano activity.
For ecosystems that depend on methane seepage from the
mud volcanoes this implies that they can evolve over long
times but that they face episodic extinctions when the mud
volcanoes erupt.
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