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A B S T R A C T

Active mud volcanism in the West Alboran Basin (WAB) is closely associated with tectonically mobilized,
overpressurized shales and shale-diapirism. This appears to control mud expulsion at Carmen mud volcano, a
cone-shaped structure 65m high and 1 km in basal diameter.

The presence of gas-rich mud breccia, living chemosynthetic fauna, the absence of hemipelagic draping and
the abrupt transition that occurs between high dissolved sulfate in the uppermost interval and low sulfate to-
gether with high methane concentrations in the lowermost sediment interval all point to a recent expulsion of
mud breccia at the summit of Carmen MV.

For the lowermost interval, the depletion of major elements (i.e., Ca2+ and Mg2+) and the enrichment of
trace species (i.e., Li and B) in the pore water all indicate a deep fluid source. The δ18Opw (5.7‰ VSMOW) and
δDpw (−10‰ VSMOW) of pore water in the lowermost interval correspond with smectite dehydration as the
main pore-water freshening mechanism. Water-formation temperatures calculated with empirical geo-thermo-
meters (K-Na, K-Mg; δ18Opw, δDpw, and dissolved B) reveal that fluids were generated at temperatures of
~140 ± 20 °C. Taking a regional geothermal gradient for the WAB of 25–27 °C/km, this points to a fluid source
from ~5 ± 1 km sediment depth. This is not only consistent with the depth of overpressurized shales and
megabreccia of Lower to Middle Miocene age, but it also fits nicely with the Upper/Middle-Miocene seawater
value for the porewater 87Sr/86Sr derived from dissolving carbonates. The stable carbon and hydrogen isotopic
composition of methane (δ13Cmethane ~−59.4‰ VPDB and δDmethane −184‰ VSMOW) for the deepest samples
of summit-core GP05PC is consistent with the mentioned deep origin.

Mud breccia expulsion of overpressurized deep sedimentary units would be accompanied by rigorous de-
gassing, leading to rapid, ‘instantaneous’ replacement of pore fluid by bottom water in the upper sediments. The
absence of oxidized sediment draping, the seawater-like pore-water composition in the uppermost part of the
mud breccia interval, and the abrupt methane to sulfate transition all provide evidence for a very recent mud
expulsion.

The distinctively kink-shaped pore-water Cl− profile in core GP05PC has been used in a numerical transport-
reaction model to derive the timing for this event. This eruptive event appears to have taken place very recently,
namely 12 ± 5 yrs prior to the 2012 coring, thus in the year 2000 CE.

1. Introduction

Mud volcanoes (MVs) have been the target of intensive geochemical

and geological studies worldwide, aiming to understand provenance
and pathways of their expelled pore fluids and muds. MVs are usually
associated with active seepage fields, often dominated by methane
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venting (Hensen et al., 2003; Haese et al., 2006; Mastalerz et al., 2007,
2009; Mazzini, 2009; Feseker et al., 2010). They generally develop in
basins with a thick sedimentary infill. The upward migration of over-
pressurized material from deep units is often associated with faults and
shale diapirs (e.g., Milkov, 2000). The venting activity in a seepage field
is generally heterogeneous in time, space, and strength (Haese et al.,
2006; Mazzini, 2009). In the same field of MVs, individual and neigh-
boring structures can have different scales and intensities of fluid dis-
charge, which controls the level of seepage activity and affects the
composition of the expelled fluids. In some cases, differences may exist
even between individual seep vents inside the crater of a single MV
(Mazzini, 2009).

The nature of source strata feeding MVs and the occurrence of se-
diment-fluid interactions may affect the geochemistry of the expelled
fluids and mud (Hensen et al., 2007, 2015). In this regards, the geo-
chemical signature and isotopic composition of the discharged fluids
may provide insight into the origin of fluids and the diagenetic pro-
cesses occurring in the MV system.

In the West Mediterranean, the presently known fluid discharge
from MVs is confined to the West Alboran Basin (WAB). This MV field
developed in association with a major sedimentary depocentre and
under a compressive tectonic regime (Jurado and Comas, 1992; Comas
et al., 1999). The present study reports and interprets the geochemical
and isotopic composition of pore fluids for sites located at the summit of
Carmen MV. We investigate the origin of the fluids and the main di-
agenetic processes that have affected the fluid composition, integrating
pore-water and sediment data. Finally, we run a one-dimensional re-
action transport model to constrain fluid provenance and timing of the
last eruptive event.

2. Geological background

The Alboran Basin is located in the westernmost part of the
Mediterranean Sea (Fig. 1). The major sedimentary depocentre of the
basin is in the WAB, consisting of Miocene to Quaternary sedimentary

sequences (up to 8 km in thickness) on top of a metamorphic basement
(Fig. 2; Comas et al., 1996). The WAB is characterized by widespread
shale tectonics (shale diapirism and mud volcanism) conditioned by the
existence of deep over-pressurization associated with fluid overpressure
in the basal sedimentary units of the WAB (Units VI and Va, from
Jurado and Comas, 1992, Fig. 2) and affected by complex tectonic
processes (Comas et al., 1999, 2012; Soto et al., 2010).

In the WAB, shale diapirism extends from the Iberian to the
Moroccan margin, forming the Mud Diapir Province (MDP; Fig. 1).
Within the MDP, MVs develop in association with shale diapirism.
Seismic profiles indicate that deep-feeding chimneys of Alboran MVs
connect with the oldest and deepest sediments of the basin (Unit VI–Va
- Early to Middle Miocene; Jurado and Comas, 1992), with material
transported to the surface deriving from overpressured shales (Fig. 2,
Talukder et al., 2003; Comas et al., 2012).

Within this region, Carmen MV corresponds to a single edifice with
a sub-circular cone shape, 65m in height and 1 km in diameter at the
base (Ivanov et al., 2010). The volcano features gentle slopes of 7° on
average, although steeper slopes are observed on the eastern flank with
maximum values of 12º (Fig. 3). The central seafloor dome imagery
shows very low values of backscattering (Fig. 3a). This fact, together
with the seismic chaotic reflection pattern of the feeder channel
(Fig. 3b) reveals that recent expulsion of mud-rich fluids has occurred
at the summit (Comas et al., 2010; Ivanov et al., 2010; Somoza et al.,
2012). Evidence from pore water, mud breccia and chemosynthetic
fauna (Blinova et al., 2011; López-Rodríguez et al., 2014 and references
therein) indicate that active hydrocarbon (mainly methane) cold seeps
occur at Carmen MV, the most active structure in the region. During the
retrieval of samples, seepage activity was detected at the box core
surface e.g. by hydrogen sulfide smell, the presence of frenulate tube-
worms and gas bubbling. An underwater TV-survey from cruise TTR-17
also revealed some free gas bubbling from the seafloor at the central
part of the summit (Blinova et al., 2011; Comas et al., 2010; Ivanov
et al., 2010).
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Fig. 1. a) Sketch of the West Alboran Basin (WAB) showing the location of the Mud Diapir Province (MDP). White dots are other reported MVs, whereas red triangle,
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3. Sampling and analytical procedures

3.1. Multibeam data acquisition and side scan sonographs

Seafloor mapping was done using a high-resolution multibeam
Kongsberg EM 302 system during the GASALB Pelagia cruise (RV
Pelagia, November 2011). The acoustic dataset was obtained with a
nominal sonar frequency of 30 kHz, with an angular coverage sector up
to 150° and 864 soundings per ping. Multibeam echosounder system
data were processed using Kongsberg software to produce a digital
terrain model that was mapped and described using morphometric
characterization.

3.2. Sediment coring and sampling

The investigated sediment cores were recovered during the
GASALB-Pelagia cruise in November 2011 with RV Pelagia (NIOZ). In
total, three piston-cores and one box-core from the central part of the
Alboran MVP were selected for this study (Fig. 1, Table 1). Two piston
cores (GP05PC and GP09PC) and one box-core (GP07BC) were taken
from the summit of Carmen MV and one piston core was retrieved from
a reference site (GP03PC) (Table 1).

Bottom-sampling operations performed during TTR-17 Leg 1 with
RV Logachev in 2008 used a 6m long gravity corer (ca. 1500 kg) with
an internal diameter of 14.7 cm. The cores were cut in 60 cm sections
and after description they were immediately packed and stored at
+4 °C for subsequent sub-sampling. Coring on board RV Pelagia was
performed using a 1200 kg piston corer with maximum tubing 24m
long and with an internal diameter of 11 cm. After recovery, the piston
cores were cut into sediment segments of 30 or 50 cm. The round-
shaped box corer (ca. 1350 kg) had an internal diameter of 50 cm and a
height of 55 cm. Sediments of the box-core were sampled from sub-

cores using pvc tubes of 50 cm length and 9 cm inner diameter that
were pushed vertically into the sediments.

3.3. Gas extraction and analysis

Samples for gas analyses from piston cores taken during the Pelagia
cruise were taken immediately on deck from the top of each freshly cut
side of the 30 or 50 cm sections using a 10-ml decapped syringe.
Samples from box-cores were taken using predrilled sub-cores, cutting
the tape covering the holes and introducing gently a decapped syringe
to recover 10ml of sediment. The 10ml of fresh sediment sample was
immediately transferred into a 65ml glass vial pre-filled with a satu-
rated NaCl solution. The vials were immediately closed with a thick gas-
tight rubber stopper while excluding air, and subsequently well-mixed.
After approximate 1 h, 5ml headspace was made with nitrogen gas
(purity 5.0) through the rubber stopper in the upside down bottle while
5ml of saltwater was simultaneously removed using a second needle.
Afterwards, the bottles were shaken again to make a homogeneous
suspension and were equilibrated upside down for at least 24 h at room
temperature prior to gas analysis (following procedures by Mastalerz
et al., 2007). The methane concentration in the headspace was routi-
nely determined on board, injecting 1ml gas sample into a Shimadzu
Gas Chromatograph GC-14B with a flame ionization detector and
equipped with a packed stainless steel Porapack Q (6 ft, 2 mm i.d., 80/
100mesh, Alltech).

The isotopic signature of methane was measured with continuous
flow isotope ratio mass spectrometry systems at the Institute for Marine
and Atmospheric Research (IMAU), Utrecht (The Netherlands) for
δDmethane and at the Royal Holloway University of London (RHUL),
London (United Kingdom) for δ13Cmethane.

Subsamples were extracted from the headspace present in the sealed
flasks and injected to the sample loop of each system to be mixed with a
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carrier gas (Helium). High precision measurements of δDmethane and
δ13Cmethane were obtained by sample pre-concentration, cryofocusing
and subsequent pyrolysis to H2 or combustion to CO2 for measurement
of either stable isotope, before entering the mass spectrometers: a Trace

Gas and Isoprime mass spectrometer (Isoprime Ltd) for δ13Cmethane

(Fisher et al., 2006) and a ThermoFinnigan MAT Deltaplus XL for
δDmethane (Brass and Röckmann, 2010; Sapart et al., 2011).
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Fig. 3. a) MAK 1 sonograph from
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Ivanov et al., 2010) un-interpreted (1)
and interpreted (2) showing the cone-
shaped morphology, concentric mud
flows and the location of the studied
cores. Yellow coloured area (2) corre-
sponds to low backscatter, indicating a
recent mud flow. b) Un-interpreted (1)
and interpreted (2) high resolution
seismic profile across Carmen, Granada
and Dhaka MVs (Comas et al., 2010).
Purple coloured areas indicate feeding
channels from overpressured shales and
megabreccias. The yellow line refers to
seismic reflectors within the Plio-Qua-
ternary sequence (Unit I) whereas the
green line refers to the Messinian un-
conformity (Comas et al., 2010). (For
interpretation of the references to colour
in this figure legend, the reader is re-
ferred to the web version of this article.)

Table 1
General information about sampling and positioning of the studied cores.

Core code Site Cruise Location Sampling Site Waterb depth (m) Recovery (cm)

976D Hemipelagic ODP Leg 161 36° 12.330′ N 04° 18.744′ W Hemipelagic 1108 3100a

GP03PC Hemipelagic GASALB-Pelagia 35° 47.261′ N 04° 32.089′ W Hemipelagic 1306 905
GP05PC Carmen MV GASALB-Pelagia 35° 43.370′ N 04° 43.970′ W MV-summit 802 815
GP06BC Carmen MV GASALB-Pelagia 35° 43.290′ N 04° 44.028′ W MV-summit 798 30
GP07BC Carmen MV GASALB-Pelagia 35° 43.299′ N 04° 44.016′ W MV-summit 798 31
GP09PC Carmen MV GASALB-Pelagia 35° 43.286′ N 04° 44.030′ W MV-summit 798 270
MS386G Carmen MV TTR-17 35° 43.309′ N 04° 44.008′ W MV-summit 809 259
MS390G Carmen MV TTR-17 35° 43.306′ N 04° 44.017′ W MV-summit 809 250

a Interval reported here.
b GASALB-Pelagia water depths corrected based on acoustic observations. The GASALB-Pelagia acoustic-derived depths were corrected using GP08CT station CTD-

data and altimeter-derived few-m distance to bottom. The bottom-depth derived for this station, taken between GP05PC and GP07BC was 799.9 m for CTD-data and
794.7 m for acoustic data. Hence a correction factor of 1.0065 was applied to all Carmen MV stations.
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3.4. Pore-water extraction

Samples for the extraction of pore water from piston-core sediments
were taken directly on deck from the cut sides of each section. The two
cut-off 60ml syringes were pushed into the bottom of each 30 or 50 cm
section of the piston core, and the recovered sediment was transferred
into 50ml plastic centrifuge tubes with screw caps. These were cen-
trifuged for 15–60min at 2800–3500 rpm in a cooled laboratory at the
in situ temperature of +14 °C (De Lange, 1992a).

Further pore-water extractions were carried out on these sections
while being stored at +14 °C. This was done in an on-board laboratory,
maintained at in-situ temperature, using rhizons (Seeberg-Elverfeldt
et al., 2005) pushed into the top of each 30 or 50 cm piston-core sec-
tion. For water-saturated sediment samples, rhizons were left with re-
duced pressure for at least 30min, whereas for relatively dry samples,
rhizons remained operational overnight. For the box-core, pore-water
extractions were done at high resolution pushing rhizons into the se-
diment every 2 cm through pre-drilled holes in the pvc tube. After ex-
traction, all aliquots were filtered and subsampled for onboard analyses
and/or stored at +4 °C.

For piston core GP05PC, the mud breccia intervals except for the
uppermost part had low water content, and little pore water was re-
covered using centrifugation. Additional pore water was extracted from
these centrifuged sediments by pushing the rhizons into the sediment
within the centrifuge tubes. After centrifugation or rhizon extraction,
the pore waters were transferred into an anoxic glove-box under a N2-
atmosphere, where it was filtered through 0.2 μm cellulose-acetate
membrane filters. Samples were subsequently split into sub-samples for
shipboard analyses or stored at +4 °C prior to shore-based pore-water
analyses. For many samples the pore-water recovery was too small to
permit subsamples for all analyses.

After sampling for gas and pore water, all sediment sections were
stored at +4 °C for future on-land analyses.

3.5. Pore-water analyses

After pore-water extraction and filtration, the most sensitive para-
meters were measured on board. Thus, total alkalinity (TA) was de-
termined by titration with HCl following the procedure of Grasshoff
et al. (1983). Dissolved inorganic carbon (DIC) was analyzed spectro-
photometrically using a continuous flow set-up (Stoll et al., 2001).
Concentrations of sulfide (HS−) were also determined immediately,
using standard photometric procedures adapted for pore waters with
relatively high concentrations (~mM) of dissolved sulfide. For am-
monia (NH4

+) and phosphates (PO4
3−), all analyses were carried out

on board with a continuous flow analyzer, applying auto-analyzer
colorimetric methods (after Grasshoff et al., 1983).

Total dissolved anions (Cl−, SO4
2− and Br−), cations (Na+, Ca2+,

Mg2+, K+, Ba2+, Li+, Sr2+) and H3BO3 (boric acid) concentrations in
the pore-water samples were measured by means of an inductively
coupled plasma atomic emission spectrometer (ICP-AES, Perkin Elmer
Optima 3000) and an inductively coupled plasma mass spectrometer
(ICP-MS, ThermoFisher Scientific Element2-XR) in the shore-based la-
boratory at the Department of Earth Sciences of Utrecht University,
Utrecht (The Netherlands). The ICP-MS measurements had a relative
error< 3%. Accuracy and precision of the ICP-AES analyses were es-
tablished by measuring laboratory reference material and sample re-
plicates; relative errors were<5% for all reported elements.

Total dissolved solids (TDS) were calculated from the sum of dis-
solved species in the porewater as determined by ICP-AES.
Mediterranean seawater of 37.976 salinity, recovered at CTD station
GP08CT immediately above Carmen MV was analyzed in the same
series (n=10), and resulted in a TDS value of 38.0 ± 0.3 g/kg.

The stable carbon isotope values of DIC (δ13CDIC) in pore waters
were obtained by means of elemental analyzer-continuous flow isotope
ratio-mass spectrometry using a Fisons 1500 NCS elemental analyzer

coupled to a Finnigan Mat Delta Plus mass spectrometer. The accuracy
of the internal standards was± 0.06‰. The δ13CDIC was reported in
standard delta notation (‰) relative to the VPDB standard. Average
analytical precision based on routine analysis of internal laboratory
reference material demonstrated a standard deviation of 0.15‰.

Stable oxygen (δ18Opw) and hydrogen (δDpw) isotope values of pore
waters were determined using the H2O–CO2 and H2O-H2 equilibration
method (Nelson, 2000) and continuous flow technology with a helium
carrier gas, performed in a GasBench II coupled to a Thermo Delta-V
mass spectrometer. The accuracy of the internal standards was±0.1‰
for δ18Opw and± 1‰ for δDpw. Average analytical precision based on
routine analysis of internal laboratory reference material demonstrated
standard deviations of 0.1 and 3‰, respectively. The δ18Opw and δDpw

of pore water were reported using the standard delta notation (‰)
relative to the V-SMOW standard.

Radiogenic strontium isotopes were measured by MC-ICP-MS
(Thermo Scientific Neptune Plus multi-collector ICP-MS) after chro-
matographic strontium separation using Sr-Spec resin (©Eichrom) at
the Institute for Chemistry and Biology of the Marine Environment
(ICBM), University of Oldenburg (Germany).

Chemical separation of Sr and analyses of 87Sr/86Sr isotope ratios
were examined by repeated analyses of the Strontium Carbonate iso-
topic standard SRM 987 from the NIST (National Institute of Standards
and Technology) and IAPSO seawater standard; the average of the ex-
ternal reproducibility of the NIST SRM 987 is± 4.5E−06 (2σ, n= 16).
Sr-isotope ratios were normalized to the NIST SRM 987 standard
(0.710248; Howarth and McArthur, 1997).

3.6. Mineralogical analyses and smectite to illite transformation
determinations

Samples for mineralogical analyses were taken from the mud
breccia intervals every 5 or 10 cm at 2 cm thick intervals while avoiding
rock fragments. Samples were dried in an oven at 40 °C; ground and
homogenized in an agate mortar.

Analyzed samples correspond to piston core GP05PC and gravity
cores MS386G and MS390G. Bulk and clay-mineral composition was
determined by X-ray diffraction (XRD) at the Andalusian Earth Sciences
Institute (CSIC-University of Granada, Spain). Separation of the< 2 μm
fraction and preparation of samples for XRD analyses were performed
following Moore and Reynolds (1997). X-ray diffractograms were ob-
tained using a PANalytical X'Pert PRO diffractometer equipped with an
X'Celerator solid-state linear detector, using a step increment of 0.01°
2θ and a counting time of 1 s/step, with Cu-Kα radiation (45 kV, 40mA)
and an automatic slit. Scans were run from 3 to 50° for untreated clay
preparation as well as for glycolated samples. Resulting diffractograms
were interpreted using XPowder software (Martin-Ramos, 2006. www.
xpowder.com).

Clay-mineral transformation was confirmed by deconvolution. The
illite-smectite mixed-layers minerals (I/S) were analyzed using MacDiff
4.2.5 software (Petschick, 2004). The peak near 14 Å was used to dif-
ferentiate expandable mixed-layer minerals, such as smectite or R0 il-
lite/smectite mixed-layers, which expand to 15–17 Å after ethylene
glycol saturation. The determination of the percentage of illite (% I)
was performed by deconvolution of XRD peaks 001/002 and 002/003
for the regions 10.3–9.0° 2θ and 15.8–17.4° 2θ respectively (Moore and
Reynolds, 1997; Nieto et al., 2016). XRD patterns of the glycolated
samples showed the simultaneous occurrence of disordered R0 and
ordered R1–R3 I/S in all the studied mud breccia matrices (Fig. 4).

3.7. Geochemical modeling

A one-dimensional reaction transport model (e.g. Boudreau, 1997;
Mogollón et al., 2012) consisting of 8 species (Table 2) and 4 reactions
was used to simulate the sediment geochemistry at Carmen MV. The
model couples reactions through a discretized reaction-transport
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equation (Eq. (1)):
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where t is time, z is sediment depth, and i, j represent subscripts de-
picting depth- and species-dependence respectively. C is the species
concentration (aqueous or solid species, Table 2); D is the diffusive
mixing coefficient taking tortuosity into account (Boudreau, 1997); ϑ is
the volume fraction for the aqueous (i.e. the porosity φi) or solid
(1− φi) phases; ωi is the velocity of either the aqueous or the solid
phase (vi or wi, respectively); ∑Ri is the sum of the reactions affecting
the given species j. The first term of the right hand side of Eq. (1) re-
presents diffusion, the second term represents advection, and the final
term represents the reactions affecting species j. Bioturbation and
bioirrigation were assumed to be of minor importance and thus ignored
from the simulations. Four reactions were taken into account in the
model (species in bold are explicitly modeled, with CO3

2− and HCO3
−

modeled in combination as DIC):
Organoclastic sulfate reduction (CH2O+1/2 SO4

2−+H2O→ 1/2
HS−+HCO3

−+1/2 H+) was quantified assuming a reactive con-
tinuum (Boudreau and Ruddick, 1991):

=
+

+

R σ
a

C
C

C
C K

( )
( )SR

CH O
σ

CH O
σ

SO

SO SO

2
1 1/

0, 2
1/

4

4 4 (2)

where σ, a are parameters related to a gamma function distribution to
describe the organic matter degradation profile (see Boudreau and
Ruddick, 1991 for further details), and KSO4 is an inhibition constant for
methanogenesis under the presence of sulfate.

Methanogenesis (CH2O+1/2 H2O→ 1/2 CH4+1/2 HCO3
−+1/

2 H+) was quantified also assuming a reactive continuum with an in-
hibition based on the presence of sulfate:

=
+

+

R σ
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1
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1
(3)

Anaerobic oxidation of methane (CH4+ SO4
2−→

HS−+HCO3
−+H2O) was quantified assuming bimolecular kinetics:

=R k C CAOM AOM SO CH4 4 (4)

where kAOM is a rate constant for anaerobic oxidation of methane
(AOM).

Calcite precipitation (CO3
2−+ Ca2+→ CaCO3):
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Fig. 4. Example of a) Air-dried and ethylene glycol-solvated XRD patterns of a< 2 μm fraction for a mud breccia matrix sample studied from core GP05PC. Mica
refers to illite and possible other micas of detrital origin; b–c) decomposition of XRD peaks 001/002 and 002/003 on the regions b) 10.3–9.0° 2θ and c) 15.8–17.4° 2θ
(using MacDiff 4.2.5). R0–R3 are based according to Moore and Reynolds (1997).

Table 2
Modeled species, boundary conditionsa (B.C.) and reactions.

Species Species unit Top boundary condition typeb: unit Top B.C. value Reaction rate Initial condition (profile after mudflow event)

TOC dry wt% F: mol m−2 y−1 0.052 −RSR− RMET Steady-state solution
SO4

2− mM C: mM 33 −0.5 RSR− RAOM 33 exp((230− z) / 0.5) / (1+ exp((230− z) / 0.5))
CH4 mM C: mM 0 0.5 RMET−RAOM 35+ (0.1–35) exp((184− z) / 0.5) / (1+ exp((184− z) / 0.5))
Ca2+ mM C: mM 13 −RCal 13 exp((230− z) / 0.5) / (1+ exp((230− z) / 0.5))
Cl− mM C: mM 640 0 180+ (640–180) exp((230− z) / 0.5) / (1+ exp((230− z) / 0.5))
NH4

2+ mM C: μM 1 rN:C(RMET+RSR) 1300+ (1−1300) exp((230− z) / 0.5) / (1+ exp((230− z) / 0.5))
PO4

3− mM C: μM 0.8 rP:C(RMET+RSR) 2+ (0.8–2) exp((230− z) / 0.5) / (1+ exp((230− z) / 0.5))
DICc mM C: mM 3.5 RSR+0.5 RMET−RCal 38+ (3.5–38) exp((230− z) / 0.5) / (1+ exp((230− z) / 0.5))

z= sediment depth (in cm).
a Bottom boundary was zero gradient for all species.
b F= Fixed flux, C=Fixed concentration.
c DIC=CO3

2−+HCO3
−.
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where kCal is a rate constant for calcite precipitation. The saturation
index (Ω) was calculated as the multiplication of the molar con-
centrations of carbonate and calcium ions over the solubility product
(Ksp):

=
+−( )C

K
Ω

Ca
C K

K

sp

10
DIC 2
pH 2

(6)

where the term in parenthesis is the carbonate concentration calculated
from DIC. Ksp and K2 were calculated after Lueker et al. (2000).

The model was coded in R (version 3.2.4) using the ReacTran
(Soetaert and Meysman, 2012) and marelac (Soetaert et al., 2010)
packages, with the former solving the differential equations and the
latter solving for the diffusion coefficients. Burial rates were assumed to
be similar to modern shelf settings. All parameters used in the simu-
lations are stated in Table 2.

All simulated parameters used for the reaction model are listed in
Tables 2 and 3 and shown at Fig. 5. The numerical model simulates
transient states, assuming a hypothetical initial situation without sul-
fate diffusion and no methane upward migration (t= 0). Step gradients
between the uppermost unit with typical seawater-like signature and
the lower unit with deep-fluid composition develop on a time scale of
years and decades (Fig. 6).

3.8. Statistics used

For the comparison between measured and simulated geochemical
species, we used root mean square error (RMSE, Eq. (7)):

=
∑ −

=RSME
S M
n

(( ) )i
n

i i1
2

(7)

where Si is the simulated value, Mi is the measured value and n is the
number of data pairs. The RMSE estimates the average deviation be-
tween simulations and measurements. It is an unbounded measure
which shows the relative size of the average difference. We select the
age when we achieve the minimum RMSE for each biogeochemical
species. We then average these ages and take the standard deviation to
obtain 12 ± 5 yrs.

4. Results

4.1. Core lithology

Box-cores GP06BC and GP07BC recovered 30 and 31 cm, respec-
tively, of typical structureless dark-grey mousse-like mud breccia with a
clear degassing texture (Fig. 2; and Table 1). At box-core GP07BC, the
surface veneer (probably< 0.1mm thick) was brownish thus oxidized,
whereas some methane bubbling was discernible, as well as the pre-
sence of Pogonophora tubeworms. Chemosynthetic fauna such as live
Acharax shells and white crabs were found.

Piston core GP05PC recovered 815 cm of typical structureless and
dark-greyish mousse-like mud breccia (Fig. 2), with millimeter-to cen-
timeter-sized rock clasts of claystones and mudstones. At this site, no
hemipelagic sediments were present and a noticeable smell of H2S was
detected along the whole core.

Piston core GP09PC recovered 270 cm, containing two distinct mud
breccia intervals, separated by a thin interval of hemipelagic sediment.
The uppermost mud breccia interval consisted of soft dark-grey mousse-
like mud breccia, highly porous due to degassing processes. A strong
smell of H2S was noted at this interval, and Pogonophora tubeworms
were present. Additionally, an authigenic carbonate crust was found at
ca. 10 cm depth. From 120 to 131 cm the interlayered hemipelagic se-
diment consisted of yellowish-olive grey marls with low content in
foraminifera. This layer had a sharp upper boundary whereas the lower
limit was irregular and not well-expressed. The lower mud breccia in-
terval extended from 132 to the core bottom at 270 cm. A slightly
discoloured, potentially oxidized interval was observed in its uppermost
part, extending from 132 to 145 cm. Downcore, relatively stiff and la-
minated dark-grey mud breccia occurred (Fig. 2).

Gravity cores MS386G and MS390G recovered 259 cm and 480 cm
respectively, and consisted both of greenish-grey mousse-like mud
breccia (Fig. 2). Pogonophora tubeworms were observed in the upper
centimetres of core MS386G. No hemipelagic marls were encountered
and a strong smell of H2S was detected at these sites.

Piston core GP03PC was taken off the MV structure. It consisted of
905 cm of olive-grey marls, homogeneous and structureless, without
any evidence of mud breccia or MV-derived material (Fig. 2).

Published results from ODP Leg 161 core-976D are used as reference
for the pore-water composition (Comas et al., 1996).

4.2. Mineral composition of mud breccia matrix

Clay mineral assemblages of mud breccia matrices showed pre-
dominance of mica-illite, smectite, and illite-smectite interstratified
minerals (I/S; Fig. 4). Minor amounts of other clay minerals such as
kaolinite and chlorite were also identified. The XRD patterns of the
glycolated samples showed the occurrence of ordered R0–R3 I/S mixed
layers with a percentage of illite ranging between 20 and> 90% for
core GP05PC (Table 4).

4.3. Fluid composition

4.3.1. Dissolved major and trace elements
Pore waters from hemipelagic core GP03PC, off the MV structures,

have SO4
2− concentrations decreasing gradually from typical bottom

water values of 29.5 to 6.4mM at 868 cm depth in the sediment. Total
Alkalinity (TA), dissolved inorganic carbon (DIC), NH4

+ and PO4
3−

concentrations increased gradually with depth (Fig. 7, and Supple-
mentary material-Fig. S1). Salinity and related dissolved constituents
and ratios (e.g. Cl− and Na/Cl ratio) showed constant values with
depth. The same is observed for B/Cl, Li/Cl, Ba/Cl and Br/Cl ratios
(Fig. 8). In contrast, Ca/Cl, Sr/Cl, K/Cl and Mg/Cl ratios gradually
decreased with depth.

The analyzed pore waters of the different mud breccia cores from
Carmen MV display geochemical patterns that are very different from

Table 3
Model parametersa.

Symbol Value Unit

ϕ 0.55b –
ϕ 0.5b –
β 0.001b cm−1

v 10 cm ky−1

T 279 K
S 37 –
σ 0.125 –
a 8000 y
pH 7.5 –
kAOM 5.0 mmol−1 l y−1

kCal 10.0 mM y−1

rN:C 16/106 –
rP:C 1/106 –
KSO4 1.6 mM

a All values are assumed for this study.
b Porosity is calculated as an exponentially decreasing function with depth

(z): ϕz= ϕinf+(ϕ0− ϕinf)e−βz.
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those in hemipelagic cores GP03PC and ODP Leg 161 core-976D
(Figs. 7 and 8). The lowermost pore waters from Carmen MV mud
breccias were strongly depleted in Cl− and Na+, varying from local
bottom seawater values of ~613mmol/kg Cl− and ~515mmol/kg
Na+ in the uppermost sediments to minimum concentrations of
~170mmol/kg and ~200mmol/kg, at depth. Correspondingly, the
salinity significantly decreased from seawater values to low-salinity
values at depth, as illustrated by the amount of total dissolved solids
(Table 5). To emphasize if changes are due to reduced salinity or other
processes, it is common to express elements as the elemental ratio re-
lative to a Cl−. At the surface, the Na/Cl ratio was similar to that in the
bottom water (0.86). However, in the deepest sediments this ratio in-
creased to as much as 1.15 (Fig. 8). Deep fluids were strongly depleted
in Ca/Cl, Mg/Cl and K/Cl ratios and considerably enriched in Sr/Cl, B/
Cl, Li/Cl, Ba/Cl, and Br/Cl ratios (Fig. 8).

The porewater SO4
2−/Cl ratio decreased to zero below 20 cm se-

diment depth in core GP07BC and below 220 cm sediment depth in core
GP05PC (Fig. 7). From this depth downward, an increase in the con-
centration of CH4 to maximum values of 1526 μM was detected (core
GP05PC; Fig. 7). The topmost sediment from box-core GP06BC had CH4

concentrations of 343 μM. TA and DIC run parallel, increasing with
depth to values of 42.2meq/l and 40.2mM, respectively in core
GP05PC. Strong enrichments in NH4

+ and PO4
3− concentrations were

detected at depth for all sites. In GP05PC, HS− increased significantly
between 78 and 228 cm, reaching maximum values of 917 μM (Fig. 7).

4.3.2. Isotopes (δ13CDIC, δDpw, δ18Opw) and 87Sr/86Sr ratios
Pore waters from core GP05PC showed δDpw values ranging from

+12 to −10‰, with a general decreasing trend versus depth. In con-
trast, the δ18Opw values increased down core, ranging from +1.0 to
+5.7‰ (Fig. 9). The δ13CDIC from the investigated pore fluids varied
from −8.5‰ in the uppermost mud-breccia interval to −20.8‰ at
167.5 cm, the lowermost sample for which we had enough material for
this analysis (Fig. 9 and Table 6).

Two deep pore-water samples of GP05PC were analyzed for radio-
genic strontium isotopes. The isotopic values showed similar 87Sr/86Sr
ratios for both samples with an average value of 0.70901 ± 0.00002
(Table 6).

The stable carbon and hydrogen composition of methane were
analyzed for cores GP05PC, GP07BC and GP09PC. The δ13Cmethane re-
sults revealed depleted values for all three sites: −69.8‰ to −59.0‰
VPDB in GP05PC, −42.3‰ to −31.3‰ VPDB in GP07BC; and −58.7
to −58.0‰ VPDB in GP09PC. The δDmethane data are also depleted,
being −184‰ to −88‰ VSMOW in GP05PC, −65‰ to −53‰
VSMOW in GP07BC and −181‰ to −180‰ VSMOW in GP09PC
(Fig. 7).

5. Discussion

The pore-water composition of core GP09PC taken at Carmen MV
closely reflects the observed alternating mudflows and interbedded
fine-grained hemipelagic interval (Figs. 2, 7 and 8). In contrast, the
absence of hemipelagic draping and hemipelagic intervals in core
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Fig. 5. Numerical modeling profiles for organic carbon, sulfate and methane, calcium, ammonium, phosphate, dissolved inorganic carbon (DIC), (Ca/Mg), and calcite
precipitation rates, anaerobic oxidation of methane (AOM) rates, and organic carbon degradation rates. Blue lines indicate time just after the ceasing of the fluid
expulsion from the sediment. Black lines indicate the time after 12 years. Open circles indicate the measured data. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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GP05PC, also taken at the summit of Carmen MV, point to rapid de-
positional processes and accumulation of mud breccia, evidencing ac-
tive mud expulsion (e.g. Hensen et al., 2007; Mastalerz et al., 2007;
Ivanov et al., 2010). The abrupt transition that occurs between high-
and constant dissolved sulfate content in the uppermost interval and
low sulfate together with high methane concentrations in the lower-
most sediment interval (particularly in cores GP05PC and GP07BC,
Figs. 7 and 8), emphasizes the high rate and recent occurrence of such
process.

5.1. Seawater-like pore-water composition of the uppermost interval of mud
breccia

Sediments from active zones of MVs usually have characteristic
pore-water concentration profiles (i.e., SO4

2−, CH4) that reflect upward
fluid advection of methane and the occurrence of sulfate-reduction
processes (Hensen et al., 2007 and references therein). The shapes of
pore-water profiles, especially those of decreasing sulfate with in-
creasing sediment depth, provide information about the geochemical

condition of the system and interactions among dissolved species, in
particular between sulfate and methane. Nevertheless, the anomalous
seawater-like pore-water composition recently encountered at summits
and active parts of MVs (i.e., Mastalerz et al., 2007; Feseker et al., 2010;
Reitz et al., 2011) suggests that sedimentary events or eruptive episodes
of mud expulsion may adversely affect the composition of pore fluids in
the uppermost part of the mud breccia interval (Hensen et al., 2007;
Mastalerz et al., 2007; Feseker et al., 2010; Reitz et al., 2011).

Correspondingly, our pore-water profiles reveal a distribution
versus depth that is remarkable. This is especially evident for the
Carmen MV summit mud-breccia cores, where sulfate remains at sea-
water concentration for the uppermost 25 cm in box-core GP07BC and
for the uppermost 130 cm in piston core GP05PC (Figs. 7 and 8). This
constant pore-water composition differs significantly from that ob-
served in core GP03PC taken outside of the MDP and in reference core
ODP Leg 161 core-976D (both: hemipelagic sediments, Figs. 1, 7 and 8).
The sulfate concentration in GP03PC and ODP Leg 161 core-976D,
decreasing from the topmost sediment downward (Fig. 7), indicates
ongoing sulfate-reducing processes, likely to be associated with organic
matter (OM) degradation. The latter is consistent with the observed
increase in associated biogenic components in the pore water of these
cores.

In the uppermost MV sediments, not only does the concentration of
sulfate remain constant at bottom-water level but the concentrations of
OM-degradation related products (e.g., NH4

+, PO4
3−, TA, and DIC;

Fig. 7) remain low and nearly constant. The absence of substantial OM-
degradation in the uppermost interval of MV-mud-breccia is in contrast
to the clear OM-degradation processes observed in the reference
hemipelagic ODP Leg 161 core-976D and core GP03PC. In addition, the
pore-water δDpw and δ18Opw reflect a typical seawater composition for
these upper intervals (Fig. 9).

Hence, for the Carmen MV summit cores GP07BC and GP05PC, the
pore water of the uppermost interval clearly has a seawater-like
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Table 4
Positions (Cu kα) of detected reflections and estimating percent of illite layer in
illite/EG-smectite from selected mud breccia sample from GP05PC from
Carmen MV. R denotes the Reichweite number.

% illite R 001/002 002/003

d(Å) 2θ d(Å) 2θ Δ2θ

Carmen MV GP05PC
20 0 – – 5.57 15.89 –
60 1 – – 5.35 16.58 –
80 1 9.64 9.17 – – –
85 1 9.77 9.04 5.18 17.11 8.07
> 90 3 9.86 8.96 – – –
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composition even though the sedimentary deposits consist of mud
breccia. These observations are not only in contrast to the reference
core ODP Leg 161 core-976D and core GP03PC containing hemipelagic
sediments (Fig. 2b), but also to the mud-breccia interval immediately
underlying these upper units (Figs. 7 and 8). All evidence points to
rapid, recent, and non-steady state processes, including seawater in-
filtration into the mud breccia of the upper units. This will be discussed

in detail in Sections 5.3 and 5.4.

5.2. Pore-water and gas sources for the lowermost mud-breccia intervals

The lowermost mud breccia from the summit cores GP07BC and
GP05PC, show tendencies that are fully in line with the typical pore-
water composition of anoxic MV sediments (Haese et al., 2006; Hensen

cm
b.s.f. 0

200

400

600

800

1000

TA (meq/L)
0           20          40

DIC (mM)
0           30          60

0

200

400

600

800

1000

SO  /Cl (mM/M)
0            30          60

4
2-

0         1000      2000

4

0

200

400

600

800

1000

NH  (mM)
0           1.5          3.0

4

0           50        100

4
3-

0

200

400

600

800

1000

HS (-

0

25

50

250

450

850

650

TA (meq/L)
0           20          40

DIC (mM)
0           30          60

0

25

50

250

450

850

650

0

25

50

250

450

850

650

0

25

50

250

450

850

650

SO  /Cl (mM/M)
0           30          60

4
2-

0         1500      3000

4

NH  (mM)4

4
3-

HS (-
0         1000     20000           1.5          3.0

0           2.5          5.0

cm
b.s.f.

50 50 50

+

+

0          5000    10000

GP07BC
GP05PC

GP07BC
GP05PC

GP09PC
GP03PC

GP09PC
GP03PC

GP07BC
GP05PC

GP07BC
GP05PC

GP07BC
GP05PC

GP07BC
GP05PC

GP07BC
GP05PC

GP09PC
GP03PC

GP09PC
GP03PC

GP09PC
GP03PC

GP09PC
GP03PC

CH4x50

GP03PC

CH4

-70        -50         -30
methane

13

-80        -60         -40

GP09PC

GP05PC13
methane

GP07BC13
methane

GP07BCmethane

GP05PCmethane-190        -55         80

methane GP09PC
-190        -55         80

GP09PC13
methane

methane

methane
13

-

-

methane

(  )

(  )

)

(  )

(  )

TA (meq/L)
0           20          40cm

b.s.f.0

SO  /Cl (mM/M)4
2- NH  (mM)4

+

4
3-CH  (mM)4

0           30          60

0         1500      3000

0           1.5         3.0

0          100        200

500

1000

1500

2000

2500

3000

500

1000

1500

2000

2500

3000

500

1000

1500

2000

2500

3000

00
D679PDOD679PDOD679PDO

ODP 976D ODP 976D

-

(A)

(B)

(C)
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2−/Cl−, NH4

+, PO4
3−, HS−, and
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(Data from: Comas et al., 1999)
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et al., 2007; Mazzini, 2009; Reitz et al., 2011).
The δ13Cmethane and δDmethane observed in the lowermost breccia for

the summit cores are consistent with biogenic gas possibly with ad-
mixture of gas of thermogenic origin; e.g., at GP05PC
(δ13Cmethane ~−58.5‰ and δDmethane ~−179‰), (Fig. 7; e.g.,
Schoell, 1980; Mastalerz et al., 2007, 2009; Etiope et al., 2011). In
addition, the fairly constant methane isotopic values throughout the
deep mud breccia interval reveal that this gas was not generated in situ,
but rather derives from a deep source. This deduction fits well with
δ13Cmethane data for core MS390G (Blinova et al., 2011) as well as with
lipid biomarker data (López-Rodríguez et al., 2014). These indicate the
presence of hydrocarbon gases (including methane) and hydrocarbon-
derived compounds generated under favorable conditions for the for-
mation of thermogenic gas during early stages of catagenesis.

For cores GP05PC and GP07BC, the lowermost pore-water profiles

also reveal the presence of deep fluids, being strongly depleted in Cl−

and most other seawater components, but enriched in B, Li (Fig. 8). This
low-salinity water may in general be related to: a. methane clathrate
dissociation, b. meteoric water input, c. clay-membrane ion exchange,
or d. clay-mineral dehydration processes (De Lange, 1983; Dählmann
and De Lange, 2003; Hensen et al., 2004).

The stable oxygen (δ18Opw) and hydrogen (δDpw) isotopes of pore
water are considered to be diagnostic for constraining the mechanisms
affecting the freshening of pore fluids (Dählmann and De Lange, 2003).
The deepest pore-fluid samples from our core GP05PC have a strong
depletion in δDpw and enrichment in δ18Opw (Fig. 9a and b), revealing a
clearly negative correlation between them (Fig. 9a). This indicates that
smectite to illite transformation takes place at greater depth, releasing
fresh water (e.g. Dählmann and De Lange, 2003). Clay-mineral as-
semblages found at Carmen MV-cores (GP05PC, MS386G and MS390G)
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may support this interpretation, in particular the occurrence of ran-
domly interstratified (R0) illite-smectite minerals (I/S) to more illitic
ordered ones (R1–R3) (Fig. 4 and Table 4). However these also point to
potential contributions from shallower sources.

5.2.1. Temperature and depth of fluid-formation processes
The smectite-to-illite transformation is thought to occur during

burial diagenesis (e.g., Velde and Vasseur, 1992; Merriman and Peacor,
1999), taking place at greater depth and in a temperature range of 50 to
160 °C (e.g., Martin et al., 1996; Dählmann and De Lange, 2003; Hensen
et al., 2004; Haese et al., 2006; Vazquez et al., 2016). Further indicators
for temperatures of enhanced fluid-rock interactions can be derived
from the bottom-most pore-water composition, which should have a
near deep-fluid signature. Using equations based on empirical K-Na and
K-Mg geo-thermometers (Haese et al., 2006 and references therein), we
estimate an average temperature of formation of ~115 ± 15 °C for the
deep fluids at Carmen MV (cf. Supplemental material).

In clay minerals, B and Li may act as exchangeable ions that can
enter the interlayer and replace other cations (Bergaya et al., 2006).
Such exchange may start in clay-rich sediments under relatively low
temperatures (~50 °C; James et al., 2003; Aloisi et al., 2004) or burial
diagenesis (Hensen et al., 2007; Scholz et al., 2010), and continue with
increasing depth leading to significantly B- and Li-enriched fluids.
Dissolved B and Li concentrations in pore water from the deeper portion
of the sediment are highly enriched compared to seawater values (7.5
vs. 0.45mmol/kg and 150 vs. 33 μmol/kg, respectively), further in-
dicating a relatively high temperature for fluid/rock interaction (Martin
et al., 1996; Kopf and Deyhle, 2002; Haese et al., 2003; Hensen et al.,
2007; Scholz et al., 2009; Vanneste et al., 2011). A change in B- isotopes
and concentration are thought to be associated with such smectite-illite
transition (e.g. Mata et al., 2012).

The average clay-mineral dehydration temperature may also be
derived using the pore-water δ18Opw and δDpw composition and as-
suming equilibrium fractionation (after Hensen et al., 2004 and refer-
ences therein). Accordingly, for a mud expulsion system near Costa
Rica, a temperature of 85–135 °C was derived, and had a pore-water B-
concentration of ~2mM (Hensen et al., 2004). Using the same ap-
proach, and taking into account the enhanced B and Li content com-
pared to that for Hensen et al. (2004) and for Scholz et al. (2010) in the
Cadiz MV setting, we estimate a temperature of 100–150 °C for Carmen
MV.

For the temperature of fluid formation, an alternative estimation
can be made, based on the underlying smectite-to-illite transformation
process. The occurrence of randomly interstratified (R0) illite-smectite
(I/S) to more illitic (R1–R3) ordered minerals points to clay-mineral
transformations taking place at a considerably wide range of depths
from temperatures around 100 °C for the R0 I/S to 140–170 °C for the
R1-R3 I/S (Vazquez et al., 2016). Such wide range of temperatures must
be due to the entrainment of clay from different depths during the as-
cent of the deep material to the surface.

Thus, taking all evidence from elemental/isotope-geothermometer
and clay-mineral derived temperatures together, this water-producing
process is likely to take place predominantly at temperatures of
140 ± 20 °C. Using a regional geothermal gradient of 25–27 °C/km,
and considering that geothermal gradients at active MVs may be larger,
this temperature is reached at a maximum of ~5 km depth. This would
correspond to the oldest and deepest over-pressurized units of the WAB
(Unit VI–Unit Va - Early to Middle Miocene) at this site (Comas et al.,

Table 5
Element-based ratios calculated at the studied cores. TDS refers to total dis-
solved solids.

Depth (cm) pHa TDS (g/kg) N/P

Hemipelagic GP03PC
23 – 35.4 18
73 7.9 35.4 28
123 – 34.6 33
173 8.1 33.8 21
223 8.0 33.0 25
273 8.1 33.6 30
323 8.1 36.0 29
373 7.9 35.8 65
423 8.0 35.4 40
473 8.0 35.0 36
523 8.2 34.5 30
573 8.1 34.8 40
623 8.3 34.7 31
673 8.2 34.1 33
723 8.4 33.5 29
773 8.3 32.6 29
818 8.3 32.6 28
868 – 33.1 36

Carmen mud volcano GP05PC
42 7.5 39.1 10
72 7.6 38.7 20
102 7.8 38.6 31
132 7.9 37.5 81
162 8.1 34.0 159
192 8.3 28.4 345
222 8.5 25.3 356
252 8.6 20.3 560
282 – 18.6 973
342 – 13.5 –
372 8.9 13.1 722
402 – 13.0 –
432 – 12.4 –
462 – 12.2 –
492 8.8 13.2 529
519 – 13.0 –
549 – 12.0 –
579 – 11.7 585
609 – 11.3 –
639 8.7 11.8 506
662 – 11.7 474
672 – 11.4 –
697 – 11.4 –
727 – 11.7 584
757 8.7 11.5 514
787 – 12.0 585
812 – (18.9) –

Carmen mud volcano GP07BC
0 – –
1 7.6 37.1 18
3 7.7 37.5 23
5 7.7 37.9 27
7 7.8 41.5 33
9 7.8 38.2 32
11 7.8 37.1 21
13 7.7 37.0 8
15 7.8 37.8 25
17 7.8 37.1 15
19 7.8 37.1 65
21 – 37.6 100
23 – 36.5 38
25 8.0 36.7 579
27 8.1 29.2 994
29 8.3 33.8 1013
31 – 29.6 644

Carmen mud volcano GP09PC
63 7.9 33.6 381
93 7.9 31.5 343
123 7.9 30.1 11
153 7.9 33.5 37
183 7.9 31.4 41
213 7.9 26.6 93

Table 5 (continued)

Depth (cm) pHa TDS (g/kg) N/P

243 8.0 21.8 294

a pH of porewater; measured pH may be enhanced for samples with en-
hanced dissolved inorganic carbon due to CO2 degassing.
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1999; Talukder et al., 2003; Soto et al., 2010; Comas et al., 2012; López-
Rodríguez et al., 2014). This conclusion is fully in line with previous,
general geophysical observations, indicating that feeding channels of
Alboran MVs connect with the oldest and deepest over-pressurized units
overlying the metamorphic basement (Fig. 3b; i.e. Comas et al., 1999;

Soto et al., 2010; Comas et al., 2012).
The strontium isotope ratio measured in the deep pore fluids from

GP05PC is distinctly different from that in present-day Mediterranean
seawater (87Sr/86Sr 0.70901 ± 0.00002 for GP05PC vs.
~0.709165 ± 0.000010 for deep Mediterranean seawater; De Lange
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Fig. 9. a) Carmen MV δDpw vs. δ18Opw values for core
GP05PC (this study), for cores MS386G and MS390G
(data from: Blinova et al., 2011), as well as for a Medi-
terranean deepwater from a CTD station taken above
Carmen MV. Main fields affecting the δDpw vs. δ18Opw

composition of pore waters are presented as coloured
circles (after Dählmann and De Lange, 2003). b) δDpw

and δ18Opw of pore water, and δ13C of dissolved in-
organic carbon (DIC) versus depth in core GP05PC from
Carmen MV. Vertical arrows indicate seawater values.
Yellow-, grey- and blue-dashed horizontal lines corre-
spond to sulfate-methane transition zone (SMTZ) depths
detected for cores GP05PC, MS390G, and MS386G, re-
spectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)

Table 6
Summary of characteristic parameters for upper/lower units'⁎ porewater samples for core GP05PC.

87Sr/86Sr δ13CDIC δ18Opw δDpw TDS (mg/kg)c

Med-seawater 0.709165 ± 0.00001a 1.1 ± 0.0b 1.3 ± 0.1b 10 ± 1b 38.0 ± 0.3
Upper unit – −8.5 ± 0.0 1.0 ± 0.0 12 ± 1 38.5 ± 0.7
Lower unit 0.70901 ± 0.00002 nd 5.0 ± 0.0 −10 ± 7 12.0 ± 0.7

⁎ Upper unit refers to the uppermost seawater-like interval; sample at 18 cm b.s.f. for δ13CDIC and 42 cm b.s.f. for δD and δ18O, whereas lower unit refers to the
deep-fluid like lower interval; sample at 609 and 757 cm b.s.f. for 87Sr/86Sr average value, and 757 cm b.s.f. for δD and δ18O;. nd: not determined due to lack of
sample.

a Average 87Sr/86Sr composition of Mediterranean seawater (from De Lange et al., 1990).
b Stable carbon, oxygen and hydrogen isotope correspond to averaged values of seawater samples recovered at GP08CT CTD Station taken above Carmen MV.
c Total dissolved solids (g/kg) calculated from total porewater composition; Mediterranean seawater of 37.976 salinity analyzed in the same series (n=10), gave

TDS of 38.0 ± 0.3; Upper unit (0–132 cm; n=4); Lower unit (300–830 cm; n=17).
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et al., 1990) (Table 6). The observed value in GP05PC is similar to the
value of seawater in the Late Miocene (87Sr/86Sr ratio ~ 0.70899 ±
0.00002; Schildgen et al., 2014; De Lange et al., 1990). As Messinian
evaporites have been reported to be absent in the WAB, and the pore-
water salinity is very low but with relatively enhanced Sr (Sr/Cl) con-
tent (Fig. 8), recrystallization of Late Miocene carbonate is most likely
producing this 87Sr/86Sr. The high-pressure/temperature fluid-rock in-
teraction consuming e.g. Ca (Sr) must then have masked the con-
comitant Ca (Sr) increase. However, we cannot fully exclude the pos-
sibility that the observed 87Sr/86Sr ratio in our pore water could be
related to a contribution of ‘crustal fluid´ as suggested for MVs in the
Gulf of Cadiz (Hensen et al., 2015).

5.2.2. NH4
+-generating processes

A major increase in the concentration of ammonium (NH4
+) and

phosphate (PO4
3−) in core GP05PC is observed with depth. At this site,

the downcore increase of these two species cannot be associated with
in-situ organic matter (OM) degradation (Fig. 7). Within the cored in-
terval, the OM content and degradation rates are too low to maintain
this NH4

+ profile, if a C:N:P Redfield-ratio of 106:16:1 is assumed.
Furthermore the NH4

+ and PO4
3− distribution for cores GP05PC and

GP07BC has an extremely high N/P ratio (N/P~ 1000; Table 5). NH4
+

build-up can also be related to mineral desorption processes (De Lange,
1992b). In addition, smectite-illite conversion and the associated re-
arrangement of interlayer cations, e.g. K+ vs. NH4

+, having a rather
similar ionic radius (NH4

+: 1.43 Å; K+: 1.33 Å), could form an illite
negative surface layer charge. Depending on the K+/NH4

+ content of
the surrounding fluid phase, this may lead to fixing or releasing of K+

or NH4
+.

The above-derived temperature window for these processes
(140 ± 20 °C) is also favorable for NH4

+ release from decomposing
OM at depth (catagenesis; e.g. Martin et al., 1996). This may be asso-
ciated with methanogenesis, agreeing with data on gas composition and
lipid biomarkers (Blinova et al., 2011; López-Rodríguez et al., 2014).
However, this NH4

+ release would be accompanied with PO4
3− re-

lease. Catagenesis may thus only be the dominant process if a major
sink for PO4

3− occurs. The latter is not uncommon at a sulfate-methane
transition zone (SMTZ) (e.g. März et al., 2008; Dijkstra et al., 2014; Liu
et al., 2018). As a major NH4

+ and a moderate PO4
3− increase is ob-

served, a predominant contribution from a combination of these pro-
cesses is likely.

In any case, all evidence points to a deep source for the expelled
fluids from Carmen MV.

5.3. Transition between upper, seawater-intruded and lower, deep-fluid-
related interval

Below the interval with seawater-like pore-water composition, there
is a rapid change to deep-source composition in the summit cores
GP05PC and GP07BC (Figs. 7 and 8). The lower boundary for this
transition is located at 200 cm depth for core GP05PC and is extra-
polated/estimated to occur at ~35 cm for core GP07BC (Figs. 8 and 9b).
The rapid depletion of sulfate indicates that sulfate-reduction driven by
anaerobic oxidation of methane (AOM) takes place at these levels
(Fig. 7). This interpretation is supported by the enhanced concentration
of HS− between ~50 and 200 cm depth in core GP05PC and at 25 cm in
core GP07BC (Fig. 7), i.e. the depth interval where the SMTZ occurs. In
both cores a sharp increase in methane concentrations takes place
below the SMTZ to values above its sea-level saturation value
(~900 μM; Fig. 7). In addition, the gradient toward isotopically light
δ13CDIC observed in GP05PC is consistent with methane oxidation oc-
curring at this transition.

The large amount of DIC produced during AOM processes may also
induce authigenic carbonate formation. This leads to the associated
consumption of calcium and bicarbonate in a ratio of 1:2, reducing the
pore-water Ca2+ and DIC contents in a 1:2 ratio (i.e. Hensen et al.,

2007; Reitz et al., 2011). The deepest pore fluids from core GP05PC are
strongly depleted in dissolved Ca2+ and Mg2+, as indicated by Ca/Cl
and Mg/Cl ratios below the SMTZ (Fig. 8). This fact may point to au-
thigenic carbonate precipitation. The DIC isotopic composition
(~−21‰; Fig. 9b) indicates anaerobic oxidation of OM/CH4 as a
source for DIC. The DIC excess production then outpaces CaCO3 pre-
cipitation. Modeling results agree with this interpretation, with depth-
integrated rates of CaCO3 precipitation (2.32 · 10−5 mol/cm2 yr) being
lower than DIC production (3.34 · 10−5 mol/cm2 yr). Thus excess DIC-
production and CaCO3-precipitation predominantly takes place at the
SMTZ depth (Fig. 5). However, the low Ca2+, Mg2+ and high DIC in the
lower-most unit are predominantly related to a deep source prove-
nance.

5.4. Origin and timing for the seawater-like signature in the upper mud-
breccia interval

The clear seawater-like composition including the absence of bio-
geochemical reaction products (e.g., PO4

3−, NH4
+, DIC) in the upper-

most mud-breccia sediments (see Section 5.1) all point to a relatively
recent process for the summit cores from Carmen MV. This is most
prominently evident for core GP05PC, where consistent seawater-like
pore-water concentrations and elemental/isotopic ratios occur above
the sulfate-reduction zone (Figs. 7–9). This tendency strongly suggests a
very recent downward intrusion of bottom seawater. A similar but
shallower downward entrainment of bottom water is evident for core
GP07BC.

Comparable geochemical patterns have been described for MVs
from the Eastern Mediterranean (Mastalerz et al., 2007; Feseker et al.,
2010) and the Black Sea (Reitz et al., 2011), where hydrocarbon gas
ebullition or bioirrigation by tube-dwelling organisms were evoked as
potential factors. Hypothetically, there are a few processes that could in
general lead to such seawater-like composition in uppermost sediments.
These are I) mass movement of sediments, such as sliding and/or
slumps; II) release of gas due to depressurization upon core recovery;
III) bioirrigation by tube-dwelling organisms; IV) hydrocarbon gas
ebullition from deeper units or V) mud-flow deposition and degassing.

I. The recent deposition of sediments promoted by mass movements
through slope features such as slumps or sliding may lead to a
seawater-like composition of the pore water in the uppermost in-
terval (Zabel and Schulz, 2001; Hensen et al., 2003; Hong et al.,
2014). For Carmen MV such slumping can be excluded not only
because of its bathymetric position but also as its uppermost sedi-
ments have the same deep MV-related origin, i.e. mud breccia, as
the lowermost sediments.

II. As major degassing occurs due to depressurization upon core re-
covery, this might be a scenario resulting in changes in the pore-
water signature within the uppermost interval. However, the ob-
served pore-water profiles and species concentrations, e.g. the ab-
sence of methane in the uppermost interval, are inconsistent with a
recovery-related release. In addition, the amount of gas and bottom
water that may be exchanged for such limited sediment column is
insufficient to create the major and distinct offset observed.

III. Bio-irrigation of uppermost sediments can contribute to the ex-
change between deep pore fluids and overlying bottom water and
may extend for several meters into the sediments (e.g., Weaver and
Schultheiss, 1983; Fossing et al., 2000; Haese et al., 2003, 2006). In
Carmen MV this process might exclusively affect the uppermost
breccia intervals (from 0 to 10 cm depth), since specific chemo-
synthetic epifauna were found only above ~10 cm depth. In addi-
tion, to replace> 95% of pore fluid and dissolved constituents,
would require very intense or long-lasting irrigation.

IV. The occurrence of continuous or pulsed hydrocarbon gas ebullition,
i.e. without mud expulsion, at faults or gas hydrate formation/de-
stabilization sites may lead to concomitant downward entrainment
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of seawater and thus to sea-water-like composition of pore waters
within the uppermost interval (Tryon et al., 1999, 2002; Haeckel
et al., 2007; Mastalerz et al., 2007; Chuang et al., 2013; Hong et al.,
2016).
The absence of any substantial hemipelagic draping for all studied
Carmen MV summit cores as well as the deep-sourced, entirely mud
breccia composition, excludes this option.
For some MVs active methane fluxes for central areas have been
observed and entrainment of bottom water into the immediately
surrounding sediment has been postulated (Mastalerz et al., 2007;
Feseker et al., 2010; Reitz et al., 2011). Under this scenario of
continuous hydrocarbon release we would expect to find at least
somewhat enhanced methane and ammonia concentrations in the
uppermost sediments, which is not the case. In addition, this would
require a vigorous methane flux as driving force for such entrain-
ment. In contrast to Isis MV (Mastalerz et al., 2007), such major
methane flux into the water column was not observed for Carmen
MV. Therefore, such scenario is not likely in this case.

V. A mud breccia expulsion event of overpressurized deep sedimentary
units must be accompanied by rigorous degassing. Hence, this can
be considered as an extreme gas-ebullition event compared to sce-
narios III and IV above.

For immobile sediment/fluid structures and upward advecting/
bubbling gas alone, elegant modeling has been done to demonstrate
steady-state required methane fluxes, associated sulfate reduction rates
and depths of downward advecting bottom water (e.g. scenarios III, IV;
Fossing et al., 2000; Haeckel et al., 2007). In the present case, there is
clear evidence for mud breccia expulsion at the summit of Carmen MV.
This involves the upward advection of overpressurized deep sediment,
fluid and gas onto the seafloor and its subsequent rapid degassing of
massive amounts of methane. Haeckel et al. (2007) used hypothetical
methane bubble-train cylinders/tubes with diameter of 1 cm and
reached bottom water concentrations within a few years for a tube
spacing of 18 cm between these. Within the tubes instantaneous re-
placement with bottom water was anticipated. A more dense spacing
will lead to a more rapid replacement by bottom water for the upper
sediment unit. Consequently, the rapid degassing of outflowing over-
pressurized mud at Carmen MV must have resulted in a rapid, ‘in-
stantaneous’ replacement of pore fluid by bottom water in the upper
sediments. Oxygen associated with this bottom water is rapidly con-
sumed together with methane, and any remaining methane is oxidized
using sulfate, resulting in a δ13CDIC that is substantially lower than in
seawater for this upper unit (Figs. 7 and 9b).

Possibly the penetration depth of bottom water into the mud breccia
may be dictated by the duration of gas release which itself may relate to
the thickness of the deposited mudflow and its actual gas content.

This scenario would adequately explain the deep-fluid mudflow-
related pore-water composition in the lower part, and the bottom-
water-like composition in the upper part of the recovered sediments.
The lack of hemipelagic draping, the constant bottom water-level
concentrations nearly without biochemical reaction products, and the
sharp transition to the underlying unit, all point to a very recent event.
In view of the side-scan-sonar observations-derived recent mudflow
outline (Fig. 3a), this could well be related to the same mudflow ex-
trusion event. Subsequent to its deposition, at the interface between
sulfate-rich upper and methane-rich lower sediments an AOM front
develops, and diffusion of dissolved species along the concentration
gradient starts. The excess upward methane-flux results in the rapidly
upward-retreating sulfate boundary, whereas the slower molecular
diffusion-controlled inert- ion concentrations more slowly adapt (e.g.
Cl−, Fig. 6; see also difference in depth of gradient for Mg/Cl and
SO4

2−/Cl; Figs. 7 and 8). This difference is reproduced in the modeling
study from core GP05PC, whereby a sharp model front develops during
the ebullition (with methane having a smoother front due to gas dis-
solution during the ebullition (Fig. 5, blue lines). The development of

the model from this sharp transition toward its current state is not the
same for all species, as reactive species retain a steeper transition due to
reaction processes as compared to conservative species such as Cl−.

A rapid and very recent mudflow/hydrocarbon expulsion event is
not only evident in cores GP05PC and GP07BC, but also for GP09PC. In
the latter core, the enhanced SO4

2−/Cl− in the hemipelagic unit at
120–131 cm, indicates that the overlying mud breccia must also have
been very recently deposited. These observations and the sonograph
image showing a recent mudflow (low backscatter signature), all sug-
gest that this refers to the same recent mudflow, most of which was
deposited from the very summit into an eastward direction.

Transport pathways and mechanisms can best be evaluated while
using conservative (non-reactive) elements such as Cl−. The Cl− vs.
depth profile has a dramatic shift at ~195 cm in core GP05PC (Figs. 5
and 6). Assuming an abrupt mud-expulsion event and an initial, idea-
lized block-shaped profile (t= 0; Fig. 6), the subsequent development
of the Cl− profile vs. time can be evaluated. For core GP05PC, the
development of the simulated conservative Cl− concentration versus
depth profile clearly points to a very recent timing of the eruptive
event.

The current situation is reached surprisingly quickly, in a period of
only 12 years (± 5 years) (Fig. 6). This indicates that this eruptive
event took place very recently, i.e. in the year 2000 CE ± 5 yr. This
could partly explain the somewhat larger activity observed during the
June-2008 TTR-17 Logachev-cruise compared to our November-2011
GASALB-Pelagia cruise.

This mud-eruption event nearly coincides with a major earthquake
in this region (i.e., Al Hoceima earthquake in 2004). Onset of methane
gas ebullition due to earthquakes has been previously reported (e.g.
Tsunogai et al., 2012; Fischer et al., 2013). However, we do not want to
speculate that all MV eruptions may be related to earthquakes. Further
studies correlating detailed geochemical and geophysical regional data
are necessary to fully corroborate this interesting hypothesis for this
seismically active region.

6. Conclusions

A recent mudflow expulsion followed by gas ebullition and asso-
ciated bottom water infiltration into mud breccia sediment at Carmen
MV has resulted in a pore-water composition that is distinctly char-
acterized by a seawater-like uppermost and a deep-fluid-like lowermost
interval.

The origin for the reduced salinity in the lowermost pore waters in
cores GP05PC and GP07BC is related to clay-mineral dehydration, i.e.
smectite-illite conversion, taking place at greater depth. Adequate
paleo-thermometers applied to the elemental and isotope ratios of this
deep water, result in a rather well-defined formation temperature of
~140 ± 20 °C. Taking a regional geothermal gradient of 25–27 °C/km,
this suggests a fluid source from ~5 ± 1 km depth. This corresponds to
the depth interval of overpressured shales and megabreccias from the
West-Alboran basin (Units VI–Va, - Early to Middle Miocene) from
which feeding channels appear to emanate upward. The Late-Miocene
87Sr/86Sr-derived age for the Sr dissolved in the lowermost pore waters
is consistent with these sedimentary mud-source units.

The distinct pore-water profiles and the quantitative transport and
reaction model, have permitted to accurately determine the timing of
the mud breccia expulsion event to have taken place very recently, in
the year 2000 CE ± 5 yrs.
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