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Abstract

The formation of mud volcanoes in the Gulf of Cadiz is closely linked to diapirism in the deep subsurface. The Mercator
mud volcano (MMV) is a rare example where diapiric emplacement, in addition to being key for upward fluid migration, is
also an important zone for fluid and mineral diagenesis. The most intriguing findings in the near-surface muds of the MMV
are extremely high salinities of up to 5.2 M of NaCl from diapiric and evaporitic halite dissolution and the occurrence of
authigenic gypsum and anhydrite crystals, both of which have not been observed to date in the Gulf of Cadiz. Employing
a thermodynamic model we elucidate how the interplay of temperature pulses, strong salinity gradients, and fluid flow dynam-
ically drive mineral dissolution and re-formation. The strong increase in salinity in the pore fluids has important implications
for thermodynamic equilibria by significantly lowering the activity of water, thereby raising the gypsum–anhydrite transition
zone from >1 km to about 400 m sediment depth at the MMV. This transition is further shifted to immediately below the
seafloor during intervals of active mud and fluid expulsion when the MV surface temperature is heated up to at least
30 �C. As a consequence, precipitation of authigenic gypsum near the sediment surface (1–2 mbsf) has been linked to the dis-
solution of evaporites below the MMV. More precisely, the mechanisms generating supersaturation in the ascending gypsum-
saturated MMV fluids are (1) the slow and constant cooling of these fluids along the geothermal gradient during their ascent
leading to formation of ubiquitous micro-crystals and (2) the more rapid cooling after a heat pulse or transport from greater
and warmer depth during an active mud volcano phase leading to the precipitation of cm-scale gypsum crystals or even fist-
size concretions. The MMV fluids approaching the salt diapir from farther below have experienced a genesis similar to those
of other mud volcanoes in the Gulf of Cadiz located above deep-rooted faults. These processes include clay mineral dewater-
ing, thermogenic degradation of organic matter and deep high-temperature leaching of terrigenous sediments or continental
crust.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Mud volcanoes (MVs) are cold vent systems transporting
mud, fluids and gases to the surface, thereby providing un-
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ique insights into geochemical processes occurring in the
deep subsurface. More than 40 mud volcanoes have been
identified in the Gulf of Cadiz (Medialdea et al., 2009) and
their pore fluid and gas composition has been intensively
studied to constrain the underlying diagenetic processes
(Mazurenko and Soloviev, 2003; Hensen et al., 2007; Nuzzo
et al., 2009; Scholz et al., 2009, 2010b). It was generally
found that overpressured fluids at depth, an essential ‘ingre-
dient’ for mud volcanism, are related to the compressional
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tectonic regime along the European–African plate boundary
in conjunction with clay mineral dewatering. Other second-
ary processes may overprint this primary fluid signal. These
include: the mainly thermogenic degradation of organic
matter generating hydrocarbon gases that potentially form
gas hydrates; the precipitation of authigenic carbonates
associated with anaerobic oxidation of methane; and the
dissolution of evaporites. Particular to the Gulf of Cadiz
are also the deep rooting of MVs down to the oceanic crust
and into deep terrigenous sediment strata as indicated by a
high-temperature imprint of the pore fluids (Hensen et al.,
2007; Scholz et al., 2009). A strong structural link between
mud volcanism and major fault zones, often accompanied
by diapirism, was also established by geophysical studies
in the Gulf of Cadiz (Fernández-Puga et al., 2007; Medial-
dea et al., 2009). These structural features represent prefer-
ential fluid escape routes that allow for the transport of
deep overpressured fluids to the surface.

Despite the strong structural control of the diapirs on
mud volcanism in the Gulf of Cadiz, only a few MVs, i.e.
Captain Arutyunov MV, Hesperides MV and Ginsburg
MV, show but a weak geochemical effect from evaporite
dissolution in the ascending pore water (Hensen et al.,
2007; Scholz et al., 2009). This study presents data from
the Mercator mud volcano (MMV), which is currently the
only example in the Gulf of Cadiz, where interaction with
diapiric evaporites significantly alters the diagenetic signal
of the pore fluid. The MMV is located on an anticline,
formed by the halokinesis of a salt diapir (Perez-Garcia
et al., 2011). The mud volcano is thought to be dormant
at present and fluid flow is limited to a few centimetres
per year. The most striking observations at the MMV are
the extremely high chlorinities (up to 5.2 M) and the occur-
rence of varying types of authigenic gypsum crystals
throughout the sampled cores. Thus, while shallow pore
water profiles of MVs in the Gulf of Cadiz are generally
dominated by anaerobic oxidation of methane (AOM)
and associated carbonate precipitation (Niemann et al.,
2006; Hensen et al., 2007; Scholz et al., 2009; Sommer
et al., 2009), the shallow diagenesis at the MMV is instead
dominated by gypsum geochemistry. Furthermore, the
presence of authigenic gypsum in a deep-sea setting is
intriguing because supersaturation of a fluid with respect
to gypsum is typically restricted to evaporitic processes.
The thermodynamics of CaSO4 in marine sediments have
been the subject of many studies (Marshall and Slusher,
1968; Monnin et al., 2003; Sheikholeslami and Ong, 2003;
Messnaoui and Bounahmidi, 2006; Hoareau et al., 2011),
but the high salinity and unusual pore water profiles in-
spired a more detailed investigation of the CaSO4 stability.

The purpose of this paper is to provide a holistic view on
the above processes operating at a mud volcano that is geo-
chemically and structurally linked to an underlying salt dia-
pir. The task is tackled from three sides, namely seismic
imaging, geochemical data of the surface sediment and ther-
modynamic modelling. Seismic imaging is used to establish
possible structural controls by diapirism on the MMV,
thereby providing a framework for the geochemical inter-
pretation. With the help of geochemical pore water profiles
diagenetic processes as well as the stratigraphic origin of the
MMV fluids can be deciphered. This also allows for a broad
classification of the MMV with respect to other MVs in the
Gulf of Cadiz. Finally, a thermodynamic model adequate
for hypersaline brines, using the Pitzer approach, is applied
to explain the unusual presence of non-evaporitic gypsum
including its large-scale paragenesis. The manifestation of
such diagenetic processes in physical properties of the sed-
iment is then spatially confined by seismic imaging of the
subsurface down to about 500 m below the seafloor. For
this purpose, previously published data points from 2 out
of the 5 presented sampling sites are reviewed and the inter-
pretation updated in the context of the entire data set, par-
ticularly by the novel application of our thermodynamic
model.

2. GEOLOGICAL SETTING

2.1. Gulf of Cadiz

The Gulf of Cadiz has undergone a complex geological
history, because it hosts the easternmost sector of the
Azores-Gibraltar segment of the African–Eurasian plate
boundary and lies just west of the Betic-Rifian or Gibraltar
Arc (Fig. 1). Since the Triassic, when the plate boundary
developed as a result of the break-up of Pangaea (Hey-
mann, 1989), passive plate margin evolution resulted in rif-
ting and extensional features such as half-grabens. Relative
motion between Iberia and Africa and the development of
the Alpine orogeny initiated a mainly transpressional epi-
sode in the Early Cenozoic (Maldonado et al., 1999). Since
the Early Miocene, a relatively slow convergence has taken
place between Africa and Europe (Rosenbaum et al., 2002),
the recent tectonic nature of the plate boundary has, how-
ever, been the topic of much debate (Sartori et al., 1994;
Maldonado et al., 1999; Gutscher et al., 2002). It is now
widely recognized that the process explaining the radial pat-
tern of thrusting around the Betic-Rifian Arc as well as the
extensional basin at its center (Alboran Sea) is related to
subduction zone roll-back (Lonergan and White, 1997;
Gutscher et al., 2009b), rather than removal or delamina-
tion of thickened lithospheric mantle, as initially thought
(Platt and Vissers, 1989). Accordingly, an accretionary
wedge type deposit – a large chaotic body often referred
to as an olistostrome – has been emplaced west of the Be-
tic-Rif Arc (Maldonado et al., 1999; Gutscher et al., 2002;
Medialdea et al., 2009; Gutscher et al., 2009b). The olistos-
trome is a prominent feature in the Gulf of Cadiz and man-
ifests itself as a sloping horseshoe-shaped seafloor
expression (Fig. 1), originally interpreted to be a gravita-
tional slide (Medialdea et al., 2004). The current status of
subduction is still uncertain. Based on seismicity and an ab-
sence of deformation of the sediment overlying the wedge,
it is suggested that subduction is not presently occurring
(Zitellini et al., 2009), and in fact may have ceased before
the Pliocene (Lonergan and White, 1997). Conversely, Gut-
scher et al. (2009b) interprets recent deformation related to
the accretionary wedge, ongoing hydrological activity and
heat flow data as being indicative of active subduction.

In addition to the olistostrome emplacement, neotecton-
ic activity has resulted in widespread diapirism and the



Fig. 1. (A) Bathymetry and structural geology of the Gulf of Cadiz. The main tectonic features comprise the accretionary wedge (after
Gutscher et al., 2009a), the Betic-Rifian or Gibraltar Arc and the two major strike-slip fault systems (after Medialdea et al., 2004), i.e. the
Gorringe-Horseshoe Fault (GHsF) and the Porto-Bonjardim Fault (PBF). The major mud volcano fields (after Somoza et al., 2003) are
outlined as dashed ellipses: the El Arraiche field is home of the Mercator MV and the Gemini MV; the Captain Arutyunov MV lies in the
TASYO field, the Bonjardim MV in the Deep Portuguese Margin (DPM) field, the Hesperides MV in the Guadalquivir Diapiric Ridge (GDR)
field, and the Ginsburg MV in the Spanish-Moroccan (SPM) field. (B) Bathymetry, represented by shading and grey contour lines, and coring
locations around the Mercator mud volcano.
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occurrence of numerous mud volcanoes. The transpression-
al–compressional regime has activated many normal faults
facilitating diapirsm, especially in the north of the Gulf of
Cadiz (Somoza et al., 2003). Two principle types of diapirs
can be found piercing the recent sedimentary cover
(0.2–2 km thick) of Late Miocene to Plio-Quarternary
hemipelagic sediments (Maldonado et al., 1999; Medialdea
et al., 2004; Zitellini et al., 2009): (i) Salt diapirism related
to Triassic evaporites overlying the Paleozoic basement,
the Hercynian massif of Iberia, and (ii) under-compacted
Early-Middle Miocene plastic marls related to the olisto-
stromic unit.

Furthermore, in accretionary environments like the Gulf
of Cadiz, the compression and rapid tectonic burial of ac-
creted and underthrust sediment in conjunction with diage-
netic processes, such as the smectite–illite transition,
typically lead to excess fluid pressure and sediment instabil-
ities at depth (Brown et al., 2001; Kopf and Deyhle, 2002;
Gutscher et al., 2009a). Subsequent dewatering to the sur-
face and accompanying mobilisation of mud from argilla-
ceous units on its upward path is promoted by the
presence of diapiric structures and deep fault systems (Mil-
kov and Sassen, 2000; Medialdea et al., 2009). In fact, fluid
escape structures in the Gulf of Cadiz, such as carbonate
mounds and ridges (Diaz-del-Rio et al., 2003), pockmarks
(Baraza and Ercilla, 1996) and especially mud volcanoes,
can be correlated with shallow, outcropping or buried dia-
pirs forming sets of parallel ridges (Medialdea et al., 2009)
and major NW-SE and NE-SW striking fault zones (Gard-
ner, 2001).

Most of the MVs in the Gulf of Cadiz are found on the
accretionary slope at water depths of 350–2000 m (Fig. 1),



Table 1
Locations of deployed gravity cores (GC).

Site Core label Longitude Latitude Water depth

Top 263 GC 28 35�17.8660N 06�38.7970W 351 m
Bubble 238 GC 19 35�17.9160N 06�38.7000W 353 m

239 GC 20 35�17.9170N 06�38.7000W 353 m
285 GC 34 35�17.9150N 06�38.7040W 359 m

West 282 GC 31 35�17.8800N 06�39.0440W 378 m
East 265 GC 29 35�17.8810N 06�38.4990W 375 m
Reference 283 GC 32 35�18.3930N 06�39.8690W 491 m
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either on the southern Iberian margin (TASYO and GDR
fields) or on the Moroccan margin (SPM and El Arraiche
field). The El Arraiche field hosting the MMV and seven
other MVs is situated at the eastern extension of the Gor-
ringe-Horseshoe-Fault in 200–800 m water depth within
the accretionary wedge structure.

The MMV is elevated 90–140 m above the seafloor and
up to a water depth of 351 m at the top (Fig. 1 and Table 1).
The maximum diameter at its base and top is 2.45 km and
1.1 km, respectively. A central dome, 38 m in height, forms
the caldera of the mud volcano. Van Rensbergen et al.
(2005) found indication for a recent extrusion in a narrow
zone at the crest of the central dome, which itself is an
extrusion feature. At the time of our sampling, mud flow
Fig. 2. (A) Schematic overview of the stratigraphic groundtruthing and fl
the Mercator MV based on this study and information presented in H
interpretation of the seismic section (C), including the Christmas tree
volcanoes. Beyond the depth of the seismic image the sketch is speculati
spatial and temporal (active to dormant volcano phases) setting of the var
seismic line striking from NE to SW across the Mercator MV, the outc
Mercator MV and the Vernadsky Ridge are underlain by a chaotic unit d
unit is acoustically opaque whereas the Vernadsky Ridge unit shows rela
was not occurring at the MMV, however, active seepage
of hydrocarbon gases into the water column, though only
at a very low rate, was observed (see results).

2.2. Formation of the Mercator MV

Thick (500–1400 m) evaporite deposits cover extensive
parts of the basement in the Gulf of Cadiz (Maestro
et al., 2003). Their origin is related to the opening (rifting)
of the Atlantic Ocean in Early/Late Triassic through Juras-
sic times, during which evaporites accumulated in rift half-
grabens separated by basement highs, as suggested by Tari
et al. (2003) and outlined in Fig. 2A. During the subsequent
sedimentary history, uneven sediment loading promoted
uid formation processes (indicated depth in km below seafloor) at
ensen et al. (2007) and Perez-Garcia et al. (2011). (B) Geological
structure of the Mercator MV and Buried MV, typical for mud
ve and based on the geochemical interpretations of this study. The
ious authigenic gypsum crystals is also outlined. (C) High-resolution
rop of the Vernadsky Ridge and the Buried MV. While, both, the
istinctly different from the surrounding sediment, the Mercator MV
tively strong seismic reflectivity.
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the flow of salt towards areas of lower pressure, a process
that is also termed halokinesis (e.g. Trusheim, 1957). The
following evolution of the salt diapir underlying the
MMV is only speculative. Geophysical evidence suggests
that the present position of the salt diapir has resulted from
erosion-related reactivation of halokinesis (e.g. Perez-Gar-
cia et al., 2011) and it is likely that the migration of the salt
diapir has included several phases of cessation and reactiva-
tion. Furthermore, following interpretations from Tari
et al. (2000), it is possible that during the diapiric history
an intermediate large body or pillow of salt has formed,
from which smaller diapiric ‘tongues’ are fed.

Rising of the salt during the Upper Pliocene resulted in the
upward warping of the pre-kinetic sediments thereby creat-
ing the Vernadsky Ridge and a graben at its crest (Perez-Gar-
cia et al., 2011). At present, the diapir is at steady state (post-
kinetic) during which sedimentation produces flat dipping
continuous strata that can easily be distinguished from syn-
kinetic sediments (Fig. 2) characterized by a steep onlapping
and pinching-out of sediments (Baldschuhn et al., 1996).

The flanks of diapirs are well-known to act as fluid escape
routes, thus, when the MMV fluids rising along the deep-
rooted fault system encounter the salt diapir, whose migra-
tion path was likely determined by the same fault system, the
fluids are channelled at the flanks of the salt diapir. Subse-
quent dissolution and therefore removal of salt from the dia-
pir margins favoured collapse into voids and thus mud
mobilisation, which in combination with pressurised fluids
extruded as mud flows through the graben structure
(Fig. 2B). Since the Upper Pliocene, four phases of expulsive
activity can be identified (Perez-Garcia et al., 2011), result-
ing in the typical ‘Christmas Tree’ structure visible in the
seismic image (Fig. 2C). The exact location of the salt diapir
and hence mud formation zone cannot be derived from the
seismic or geochemical data. Perez-Garcia et al. (2011) sug-
gest that caldera style sediment collapse within and around
the feeder channel system of the MMV indicates that lique-
faction and mud mobilisation might occur just below the
penetration of the seismic data at approximately 500 m be-
low the seafloor. Assuming that the proximal Vernadsky
Ridge was created by the same diapir that channels the
MMV fluids may indeed imply that the salt diapir is located
not far below 500 m sediment depth (Fig. 2B).

3. METHODS

3.1. Field data acquisition

3.1.1. Sampling procedure

During the expedition MSM1/3 with the RV Maria S.
Merian in 2006, surface sediments from 5 sites at the MMV
were collected with a gravity corer: Bubble, Top, East, West,
and Reference (Table 1). Pore water was extracted from 2 cm
thick slices of sediment using a low-pressure squeezer (argon
gas at 1–5 bar) at approximately in situ temperatures (4–
8 �C) in the cold room onboard the research vessel. Upon
squeezing the pore water was filtered through 0.2 lm cellu-
lose acetate Nuclepore filters and collected in recipient ves-
sels. Onboard, the collected pore water samples were
analysed for their content of dissolved NH4, H2S, PO4,
SiO4, Cl, Br, SO4 and total alkalinity (TA), whereas all other
analyses were conducted at the home laboratory at GEO-
MAR. Subsamples for ICP-AES analyses were acidified with
10 ll of 30% HCl suprapure per 1 ml of pore water and stored
refrigerated. Additional 5 ml of wet sediment were collected
for porosity and solid phase element analyses, and another
3 ml of sediment was suspended in 3 ml of 10% KCl solution
for later headspace gas analyses. Possible sediment loss at the
top of the gravity core was not accounted for in this study,
thus, some analytical profiles do not reach bottom water val-
ues towards the seafloor.

3.1.2. Pore water analyses

Concentrations of major anions and cations were deter-
mined by standard analytical procedures (see Table 2): Cl
by Mohr’s titration; Br and SO4 by ion chromatography;
cations by ICP-AES; NH4, PO4, SiO4 and H2S photometri-
cally with a Hitachi UV/VIS spectrophotometer; TA by
titration with 0.02 N HCl using a mixture of methyl red
and methylene blue as indicator and bubbling the titration
vessel with N2 gas to strip the produced CO2 and H2S. The
IAPSO (The International Association for the Physical Sci-
ences of the Oceans) seawater standard was used to cali-
brate the titrational and ion chromatographical methods.
Further details on these analytical methods, e.g. analytical
precision and accuracy, are given in Table 2.

Dissolved hydrocarbon gas analyses were done via head-
space technique at University of Bristol using a Perkin El-
mer Clarus 500 gas chromatograph, equipped with a
PLOT Q capillary column and a flame ionisation detector.
Calibration standards consisted of a range of BOC (UK) al-
pha-gravimetric mixtures. The relative precision of analyses
was better than ±2% for methane and ethane and ±5% for
higher homologues. Concentrations were converted from
ppmV to mole per litre of pore water. For further details
on the measurements, please consult Nuzzo et al. (2009).

3.1.3. Sediment analyses

Sediment porosity was determined by weight difference,
before and after freeze drying of the wet sediment sample,
and was subsequently transferred into a volume ratio (vol-
ume of pore water/volume of bulk sediment) assuming a
dry sediment density of 2.5 g/cm3 and a seawater density
of 1.023 g/cm3 (1 bar, 25 �C, salinity of 35). The latter
assumption slightly overestimates porosity values in the
centre of the MMV, by 9% or 0.04 units at most, because
the density of the pore water increases with NaCl content,
1.189 g/cm3 at 5.2 M. The total carbon (TC) and organic
carbon (Corg) content of freeze-dried and ground sediment
samples and air dried and ground rock clasts was deter-
mined by flash combustion in a Carlo Erba Element Ana-
lyzer (NA 1500). Carbonate-bound carbon was driven out
of the sample with HCl prior to Corg analysis, the total inor-
ganic carbon content (TIC) was obtained by subtracting the
Corg from the TC value and converted into wt% of CaCO3.
Further details on the above analytical methods, e.g. ana-
lytical precision and accuracy, are given in Table 2.

The mineralogical composition of calcium sulphate sam-
ples was determined by X-ray diffraction (XRD) using a Phi-
lips-PW 1830. The instrument was equipped with an X-ray



Table 2
Chemical analytical methods and their precision, accuracy and detection limit.

Parameter Method Precision Relative accuracy Detection limit

H2S Photometer (as methylene blue)a 3 lM – 1 lM
NH4 Photometer (as indophenol blue)a 5 lM – 2 lM
PO4 Photometer (as molybdene blue)a 1 lM – 5 lM
Si Photometer (as molybdene blue)a 5 lM – 1 lM
TA Bruevich’s Titrationb 0.05 meq/L 2% 0.05 meq/L
SO4 Ion chromatographyb 0.2 mM 1% <100 lM
Cl Mohr’s titrationa 10 mM 2% –
Br Ion chromatographyb 20 lM 2% –
I Ion chromatographyb 0.2% 2% 0.02 lM
B ICP-AESb 5% 5% 50 lM
Li ICP-AESb 5% 10% 4 lM
Na ICP-AESb 2% 4% 0.1 mM
K ICP-AESb 3% 4% 0.1 mM
Mg ICP-AESb 2% 3% 0.3 mM
Ca ICP-AESb 2% 3% 0.05 mM
Sr ICP-AESb 5% 2% 0.3 lM
Ba ICP-AESb 5% 5% 0.04 lM
Mn ICP-AESb 5% 5% 0.1 lM
Corg Element analyserc 0.04 wt% 5% 0.05 wt%
TC Element analyserc 2% 5% 0.05 wt%
N Element analyserc 2% 5% 0.1 wt%
S Element analyserc 4% 5% 0.1 wt%
CaCO3 Element analyserc 2% 5% 0.1 wt%
Porosity Weight difference (freeze drying)b 0.02–0.04 – –

Note: Precision and accuracy were determined from repetitive measurements of samples and standards, respectively.
a Grasshoff et al. (1999).
b Haeckel et al. (2007), Wallmann et al. (2006).
c Welicky et al. (1983).
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generator at a working voltage of 40 kV and a tube amperage
of 35 mA; the sample surface was scanned in step lengths of
0.02� (2�H) over a range of 2–70�. Before XRD analysis
the samples were ground and mixed with an internal standard
(corundum, a-Al2O3). Subsequent grinding with the addition
of a small amount of ethanol ensured a size range of 5–10 lm.
The samples were then pressed into prefabricated aluminium
cavity mounts, suitable for the magazine of the
diffractometer.

3.1.4. Isotope analyses

Strontium isotope ratios were determined by Thermal
Ionization Mass Spectrometry (TIMS, TRITON, Thermo-
Fisher Scientific) after chemical separation via cation ex-
change chromatography using a SrSpec resin (Eichrom).
All isotope ratios were internally normalized to a 86Sr/88Sr
ratio of 0.1194. Repeated analysis of the standard NIST
SRM 987 during this study yielded an average 87Sr/86Sr va-
lue of 0.710232(11) (2r, n = 30). For comparison with liter-
ature values, all 87Sr/86Sr were normalized to a value of
0.710248 of the NIST SRM 987.

Pore water samples were also analyzed for H2O isotopic
composition (d18O and dD) with respect to the SMOW
standard using a Finnigan MAT 251 mass spectrometer.
Analyses of hydrogen and oxygen isotopes were carried
out at the UFZ using a High-Temperature Pyrolysis system
coupled with an Isotope Ratio Mass Spectrometer, Delta S
Finnigan MAT (Gehre and Strauch, 2003). The results are
reported relative to V-SMOW with a 2r-precision of 1.5&

for dD and 0.4& for d18O.
Analyses of 13C/12C ratios of methane and higher al-
kanes were conducted by gas chromatography coupled com-
bustion isotope ratio mass spectrometry (GC-C-IRMS) at
Bristol University using a Thermoelectron XP mass spec-
trometer. Calibration standards consisted of BOC (UK) al-
pha-gravimetric mixtures and a d13CCO2 gas standard from
Oztech Corporation (USA). Stable isotope ratios are re-
ported in d-notation relative to Vienna Pee Dee Belemnite
(VPDB). Analytical precision for CH4 was better than
±0.5& and for higher alkanes better than ±1.5&. Further
details are reported in Nuzzo et al. (2009).

3.1.5. Seismic data and processing

Supporting seismic imagery is based on data from the
high-resolution P-Cable 3D seismic system (Petersen et al.,
2010) collected in 2006 during the RRS Charles Darwin
Cruise 178. The seismic source consisted of an array of four
0.66L Bolt 600B airguns with a frequency range from 30 to
350 Hz, centred around 120 Hz. The maximum vertical reso-
lution of the seismic data is approximately 1–2 m and the
maximum horizontal resolution approximately 10–15 m.
For a more detailed description of the seismic acquisition
and processing the reader is referred to Perez-Garcia et al.
(2011).

3.2. Pitzer model

The dissolution reaction for gypsum (n = 2) and anhy-
drite (n = 0) is written as
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CaSO4 � nH2O$ Ca2þ þ SO2�
4 þ nH2O ð1Þ

and hence the solubility product (Ksp) is defined by the
activities (ai) of the involved species (i) at thermodynamic
equilibrium (eq):

Ksp ¼ aeq
Ca2þ � aeq

SO2�
4

ð2Þ

Similarly, the dissolution of halite can be expressed as

NaCl$ Naþ þ Cl� with Ksp ¼ aeq
Naþ
� aeq

Cl� ð3Þ

The activity, in turn, is calculated from the activity coeffi-
cient (ci) and the molal concentration (mi):

ai ¼ cimi ð4Þ

The ion activity product (IAP) for each mineral is the prod-
uct of the actual activities of the species present in a given
solution (IAP ¼ aCa2þ � aSO2�

4
� an

H2O and IAP ¼ aNaþ � aCl� ,
respectively) and by comparing to the thermodynamic sol-
ubility product provides information on the saturation state
(X) of the solution with respect to the particular mineral:

X ¼ IAP=Ksp ð5Þ

Thus, knowledge about the saturation state of a solution
requires the accurate calculation of activity coefficients
for the mineral of interest. While for dilute solutions
and at standard conditions (1 bar, 25 �C) thermodynamic
constraints on solubility and activity coefficients can be
easily calculated using the Debye–Hückel or Davies equa-
tions (Debye and Hückel, 1923; Davies, 1962), equilibrium
calculations for more concentrated solutions (e.g. seawa-
ter) demand a more comprehensive approach. Pitzer
(1973) has provided a formalism, also called the virial
method, that successfully accounts for ion interactions
over a wide range of ionic strengths. The required data-
base on Pitzer coefficients has been extended over the
years and today the Pitzer approach is applicable to a
wide range of chemical systems. Especially, the influence
of temperature and, to a lesser extent, pressure on the Pit-
zer coefficients has been the focus of many studies (Harvie
et al., 1984; Monnin, 1990; Millero and Pierrot, 1998;
Krumgalz et al., 1999; Marion and Farren, 1999). The
aim of our model is to determine the solubility and satu-
ration state of gypsum and anhydrite in sediment pore
water with high ionic strengths (up to 6 M NaCl), high
pressures (up to a water/sediment depth of 5000 m) and
elevated temperatures (up to 150 �C). The detailed Pitzer
formalism consulted for their calculation is provided in
Appendix A. Because of the wide temperature range
needed, the temperature corrections of the Pitzer parame-
ters were taken from different authors: Millero et al.
(1998) was used for T > 25 �C and Spencer et al. (1990)
was used for T < 25 �C. Temperature-corrected volumetric
ion interaction parameters applied in the pressure correc-
tion were taken from Monnin (1990).

The computation of the saturation state is, of course,
also sensitive to the correct choice of the solubility product
Ksp. Many authors have studied the solubility of gypsum
and anhydrite for a range of temperatures (e.g. Marshall
and Slusher, 1968; Blount and Dickson, 1973; Langmuir
and Melchior, 1985; Møller, 1988; Raju and Atkinson,
1990; Duan and Li, 2008). Raju and Atkinson (1990), how-
ever, are among the authors having measured gypsum sol-
ubility at low temperatures, i.e. <25 �C, and Marion and
Farren (1999) parameterized those results to specifically ad-
dress the low temperature region. Hence, we have used their
equations to calculate the gypsum and anhydrite satura-
tions and stabilities for the quiescent MMV at bottom
water temperatures of �12 �C. For higher temperatures,
i.e. 25–150 �C, the respective correction after Langmuir
and Melchior (1985) based on data from Blount and Dick-
son (1973) was chosen. The calculated Ksp values are also in
good agreement with other literature values (Langmuir and
Melchior, 1985; Plummer et al., 1988; Nordstrom et al.,
1990) and the mineral databases WATEQ4F (Ball and
Nordstrom, 1991) and PHREEQE (Parkhurst and Appelo,
1999). For halite the temperature correction derived by
Møller (1988) and refitted by Greenberg and Møller
(1989) was used.

Pressure has a comparatively small effect on the Ksp val-
ues of gypsum, anhydrite and halite but because our model
needs to be valid up to a depth of 5000 m (i.e. �500 bar),
Ksp is also corrected for pressure. The pressure correction
refers to the change in standard volume of a reaction
(V oðT ;P oÞ

r ) and was calculated based on data from Monnin
(1989):

ln KðT ;P Þsp ¼ ln KðT ;P
oÞ

sp � DV oðT ;P oÞ
r ðP� P oÞ

RT
ð6Þ

where P is the ambient pressure, Po is the standard pressure
of tabled data (i.e. 1 bar), T is the ambient temperature, and
R is the gas constant (i.e. 8.3144 J mol�1 K�1). Higher or-
der effects, such as compressibility, were neglected because
in previous studies they were found to have only negligible
influence on Ksp (e.g. Byrne and Laurie, 1999).

3.3. Isotope fractionation model

Fluid fractionation pathways based on d18O pore water
values as a function of the fluid Cl concentration were
determined to evaluate the MMV fluid evolution. Present
bottom water values of d18OBW = 0.94& and ClBW =
569 mM were taken as start values and the evolution was
modelled assuming a closed system Rayleigh fractionation
behaviour as outlined by Aloisi et al. (2004):

d18OðClÞ ¼ d18OBW � e ln
Cl

ClBW

� �
ð7Þ

where e reflects the deviation in d18O between (a) water va-
pour and pore water during evaporation (e = �9.7& at
25 �C; Friedman and O’Neil (1977)), (b) gas hydrate lattice
water and pore water during gas hydrate formation
(e = 4.4&; Matsumoto and Borowski (2000)), or (c) clay
mineral bound water and pore water during ash diagenesis
(e = 23.4&; Muehlenbach and Clayton (1976), Lecuyer and
Allemand (1999)).

The influence of the water liberated during the smec-
tite-to-illite transformation reaction on the d18O – Cl
path was calculated with a two end member mixing
model (Dählmann and De Lange, 2003; Hensen et al.,
2004):
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d18OðClÞ ¼ d18OBW
Cl

ClBW

þ d18OSM 1� Cl

ClBW

� �
ð8Þ

where d18OSM is the oxygen isotopic composition of water
released from smectite (7.5–10&, Dählmann and De Lange,
2003; Hensen et al., 2004).

4. RESULTS

4.1. Sediments and geochemical composition

The sampled cores consist of gray homogeneous mud
breccia with a porosity decreasing from 0.65 at the top to
�0.45 at the base of the cores (Fig. 3). The clay-dominated
sediments contain varying amounts of hemipelagic silt and
foraminiferal shells. With depth, an increasing amount of
mm- to cm-sized clasts of silt- and claystone were found,
including idiomorphic quartz crystals. These quartz crystals
are characterised by permeating cracks, a typical effect of
pressure release. Fossil foraminiferal assemblages from a
subsurface mud breccia on top of Mercator MV (multicorer
sample MSM01/3-273-2, 2-2.5 cm) were dominated by
agglutinated taxa that were previously reported from early
Cretaceous to Paleogene deep-water environments. The
fauna showed close affinities to assemblages described from
the Paleocene–Eocene Numidian Flysch from the northern
Moroccan Rif mountains (Kaminski et al., 1996). Late Cre-
taceous globotruncanids, in particular Rotalipora appenini-
ca, Rotalipora brotzeni, Rosita contusa and others revealed
a contribution of early Cenomanian to middle Maastrich-
tian sediments to the mud breccia (Robaszynski and Caron,
1979; Robaszynski et al., 1984). The organic carbon content
of the sediment (Corg) is very low, not exceeding 0.4 wt%
(Fig. 3). The cores from the centre of the MMV contain
abundant microcrystals of gypsum generating anomalous
sulphur contents of up to 4 wt% and a glittering core sur-
face upon retrieval. Additionally, mm-scale subhedral and
cm-scale euhedral as well as a fist-size concretion of calcium
sulphate crystals were sampled at the Top site at a sediment
depth of �1 m (Fig. 4). During a later cruise with RRS
James Cook, also halite crystals were found in cores taken
at the centre of MMV (Weaver and Masson, 2007). Sedi-
mentary carbonate contents (CaCO3, Fig. 3) are relatively
low at the MMV (10–20 wt%) when compared to the refer-
ence station (up to 50 wt%).
4.2. Pore fluid composition

At the MMV deep fluids are transported upwards to
the surface by advection producing strong solute concen-
tration gradients in the upper 100 cm of the sediment.
Those deep fluids are depleted in Br, K, Mg, and SO4

and considerably enriched in B, Ba, Ca, Cl, I, Li, Mn,
Na, NH4, and Sr (Fig. 3). Most of the latter exceed bot-
tom water concentrations by at least an order of magni-
tude. Scholz et al. (2009) calculated that the diapir
underlying the MMV is compositionally similar to salt
deposits further south-west on the Moroccan margin
(DSDP Leg 79, Holser et al., 1983), consisting mainly of
halite (NaCl), anhydrite (CaSO4), gypsum (CaSO4�2H2O)
and minor amounts of carnallite (KCl�MgCl2�6H2O) and
sylvite (KCl). The dissolution of the halite increases the
Na and Cl concentrations (up to 5.2 M, Fig. 3) to almost
saturation levels (see discussion) resulting in a molar Na/
Cl ratio of 1:1 in MMV fluids (Fig. 5A). Salinity enrich-
ment at this scale is unprecedented in the Gulf of Cadiz,
where Cl depletion is the more common occurrence
(Mazurenko et al., 2002; Hensen et al., 2007; Scholz
et al., 2009). The only two other MVs showing increased
Cl concentrations are the CAMV and the Hesperides
MV, although the effect is a lot less pronounced, not
exceeding 650 and 590 mM, respectively (Hensen et al.,
2007; Scholz et al., 2009). While halite dissolution has
the most obvious geochemical impact due to its high sol-
ubility, the dissolution of calcium sulphate is also clearly
visible in the pore water profiles: Ca concentrations are
an order of magnitude higher at the MMV than at other
MVs in the Gulf of Cadiz (Hensen et al., 2007; Scholz
et al., 2009).

While most pore water constituents show profiles
resulting from simple mixing of bottom water and deep
MV fluid, some solutes, such as Ba, K, Mg and especially
SO4 as well as TA, are involved in shallow (<200 cm sed-
iment depth) diagenetic processes displaying obvious devi-
ations from the typical mixing profile (Fig. 3; see also
discussion in Section 5.4).

Pore water profiles of the designated Reference site,
core 283GC32 (black stars; Fig. 3), indicate that surface
sediments about 2 km from the MMV are undergoing or-
ganic matter degradation via sulphate reduction at typical,
moderate deep-sea rates producing some NH4, TA, and I.
However, the core also seems to be influenced by the
MMV geochemistry, because Cl and Na concentrations
are linearly increasing with depth, which suggests purely
diffusive transport of those solutes from depth. Linear
extrapolation of the Na and Cl profile yields concentra-
tions of 5.2 M, as observed in the MMV fluid at the
Top site, in 60–75 m below seafloor. Seismic imaging ex-
cludes the presence of the salt diapir at this depth, suggest-
ing that instead a highly saline mudflow at depth, buried
by sedimentation over time, is likely responsible for the
diffusive Na and Cl enrichment in the pore water. The
slight increases in B and Li and decrease in Br as well
as parts of the increases in I and NH4 may also be ac-
counted for by the buried paleo-mudflow.

4.3. Dissolved hydrocarbon gases

It is well known that unpressurised core recovery causes
considerable loss in dissolved gas concentrations often lead-
ing to erratic profiles as also observed at the MMV (Fig. 3).
Despite the degassing, measured methane concentrations
remain elevated above seawater values at the centre of the
MMV (Fig. 3) and the isotopic composition of the hydro-
carbon gases remains largely unaffected by the degassing
(Wallace et al., 2000). At the MMV the gas consists to
>99.9% of methane with only trace amounts of ethane,
propane, butane, pentane, iso-butane, and iso-pentane
(Table 3). The carbon isotope signature of methane
(d13C = �44.2 to �31.9& VPDB) clearly indicates



Fig. 3. Concentration-depth profiles of solutes and solids in the sampled sediments at the Bubble, Top, East, West, and Reference site.
Average seawater composition in the Gulf of Cadiz is indicated by black arrows.
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Fig. 4. (Left) Observed 87Sr/86Sr ratio in the pore water (PW) and CaSO4 mineral samples (Top site; 263GC28) from the Mercator MV.
Analytical precision is better than the size of the symbols. For comparison, the present day seawater value is indicated by the gray rectangle.
(Right) Photographs of the authigenic CaSO4 mineral samples: (A) Concretion (�10 cm in size) composed of approximately equal amounts of
gypsum and anhydrite; (B) Euhedral gypsum crystal (�2 cm long); (C) Small subhedral gypsum crystals (ubiquitously found in the sediment).
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thermo-catalytic degradation of organic matter as gas
source rather than a microbial origin (see Bernard diagram;
Fig. 6A). This finding is corroborated by the d13C values of
the higher hydrocarbon gases that are heavy as well (Ta-
ble 3). Based on the hydrogen isotope composition of meth-
ane, Nuzzo et al. (2009) further distinguish between gas of
high thermal maturity, vented at the Bubble site
(dD = �129&), and mixing of deep, mature gas with shal-
lower, less mature gas at the Top site (dD = �142&). Only
at the Bubble site, active emanation of a few gas bubbles
was visually observed on video sled transects. However,
the observed slight 13C-enrichment of the CH4 at the Bub-
ble site compared to the Top site could also result from
more intense anaerobic oxidation at the Bubble site.
C1/(C2 + C3) ratios are low at the Top site (i.e. 44–120),
but tend to higher values at the Bubble site (up to 670).
Compared to the typical window for thermogenic gas in
the Bernard diagram (Fig. 6A), the gas at the Bubble site
is relatively enriched in CH4 hinting at a type-II kerogen
source (Whiticar, 1990).

4.4. Stable isotope fluid chemistry

The isotopic composition of the pore water, particu-
larly the water isotopomers themselves, give insight into
the processes generating fluids in the deep subsurface as
well as its further evolution during its ascent to the sur-
face. Fig. 5B clearly depicts a negative correlation between
d18O and dD, i.e. downcore decreasing dD values while
d18O values are increasing. The strongest change from
the bottom water down to the base of the core was ob-
served in the centre of the MMV, where dD shifts from
�22.9& to +6.9& and d18O from +1.3& to +10.9&

(Top site; Figs. 3 and 5C). Pore water from the outer parts
of the crater (East and West sites), however, does not
deviate much from the reference samples with
dD = +5.8& and d18O = +0.94&.
Since there is obvious evidence for halite dissolution as
the dominant brine formation process at the MMV, i.e.
the Na/Cl ratio of 1 (Fig. 5A), the dD and d18O result
(Fig. 5B) also rules out other brine forming processes, such
as seawater evaporation, ash diagenesis and gas hydrate
formation, because these, in contrast to halite dissolution,
increase salinity by consuming water. Hence, the observed
trend in Fig. 5C simply results from a combination of clay
mineral dewatering and subsequent intense halite dissolu-
tion (see also discussion further below).

Strong deviations from seawater have also been identi-
fied for the 87Sr/86Sr isotope ratio (Fig. 4). While the refer-
ence core follows a characteristic trend of steadily
increasing 87Sr/86Sr values starting close to the present sea-
water value (0.70916, Banner, 2004), i.e. from 0.70920 to
0.71023, the radiogenic Sr is strongly enriched in the entire
pore water profile at the centre of the MMV, ranging from
0.71052 to 0.71063 (Fig. 4).

4.5. Gypsum and anhydrite geochemistry and

thermodynamics

The calcium sulphate mineral samples collected from the
Top site include a fist-sized concretion of irregularly orien-
tated cm-scale crystals and two elongate mm- to cm-scale
translucent monocrystals, one of them being subhedral
and the other euhedral, displaying the typical monoclinic
growth structure (Fig. 4). XRD analyses confirm that the
single crystals are gypsum with only minor anhydrite
(JCPDS 21-0816 card for gypsum, JCPDS 37-1496 card
for anhydrite), while the concretion is composed of roughly
equal amounts of anhydrite and gypsum. The 87Sr/86Sr ratio
of the gypsum crystals is considerably more radiogenic than
seawater and the pore water of the reference core at the
equivalent sediment depth (Fig. 4). While the subhedral
crystals are generally less radiogenic (0.71024–0.71055) than
the adjacent pore water, the euhedral gypsum crystal is more
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Table 3
Dissolved alkane concentrations, their carbon isotopic compositions and relative abundances.

Site (Core) Depth(cm) C1

(mM)
C2

(nM)
C3

(nM)
i-C4

(nM)
n-C4

(nM)
i-C5

(nM)
n-C5

(nM)
d13CC1

(&)
d13CC2

(&)
d13CC3

(&)
d13Ci-C4

(&)
d13Cn-

C4 (&)
d13Ci-C5

(&)
d13Cn-

C5 (&)
C1/
(C2 + C3)

C2/
C3

i-C4/
n-C4

i-C5/
n-C5

Bubble (239
GC 20)

8.0 0.04 3.15 1.22 0.48 0.80 0.31 0.47 – – – – – – – 10 2.6 0.6 0.7
20.0 3.33 10.24 2.04 4.44 1.43 3.78 1.05 �34.6 – – – – – – 271 5.0 3.1 3.6
45.0 3.88 4.63 1.15 3.59 0.82 2.69 0.49 �32.9 – – – – – – 670 4.0 4.4 5.5
70.0 3.40 6.13 1.31 4.42 0.93 3.08 0.45 �34.6 �34.5 – – �29.4 – �26.3 457 4.7 4.7 6.9
95.0 2.50 17.74 7.75 6.83 4.81 4.10 2.54 �35.0 �34.7 – – �27.1 – �26.7 98 2.3 1.4 1.6
118.5 4.03 6.39 2.34 3.62 1.26 8.88 0.66 �31.9 �32.4 – – �26.1 – �27.5 462 2.7 2.9 13.5
147.0 0.28 4.03 1.10 4.21 1.07 4.30 0.73 �33.6 �33.6 �15.6 – �26.9 – �25.5 54 3.7 3.9 5.9
163.5 0.02 7.94 1.48 5.00 1.09 6.19 1.00 �35.2 �35.6 �17.3 �26.0 �25.2 �25.0 – – 5.4 4.6 6.2
200.0 4.31 5.26 1.82 4.03 1.29 2.67 0.68 �33.3 �33.8 – – �31.1 – �27.3 609 2.9 3.1 3.9

Top (263
GC 28)

13.0 1.28 24.61 4.31 3.14 0.91 2.12 0.36 �44.2 �23.6 �24.7 �27.6 – �26.3 – 44 5.7 3.5 5.8
35.5 2.37 28.54 5.50 4.28 1.42 2.52 0.57 �35.7 – – – – – – 70 5.2 3.0 4.5
70.0 1.89 28.44 6.55 5.08 2.03 10.95 1.00 �38.9 �23.8 �26.0 �27.7 �25.2 �26.3 – 54 4.3 2.5 11.0
90.0 1.57 20.92 4.54 3.14 1.23 1.61 0.55 �39.3 �23.9 �24.8 �26.7 �49.8 �28.5 – 62 4.6 2.6 2.9
110.0 2.96 20.62 4.24 2.73 1.07 1.41 0.52 �37.2 �23.7 �26.0 �27.9 – – – 119 4.9 2.6 2.7
135.0 1.45 22.77 5.93 4.25 1.45 2.39 0.54 �39.8 �24.2 �24.9 �27.4 – �26.8 – 50 3.8 2.9 4.4

Note: C1 = methane, C2 = ethane, C3 = propane, i-C4 = iso-butane, n-C4 = n-butane, i-C5 = iso-pentane, n-C5 = n-pentane.
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Fig. 6. (A) ‘Bernard Diagram’ of the hydrocarbon gas composition ascending at the Top and Bubble sites indicating its thermogenic origin.
(B) Cross plot of (d13Cethane � d13Cpropane) versus molar ethane/propane ratio. Approximate fields of the cracking processes are taken from
Lorant et al. (1998). (C + D) d13C cross plots of ethane versus propane and methane versus ethane. Theoretical maturation curves after Berner
and Faber (1988, 1996), - - - and –– respectively, assuming a d13C of �27& for the source material (equivalent to the mean value of C4, iC4, C5,
and iC5, because they may still carry the original source signature). Increasing maturity of the source material is indicated in terms of vitrinite
reflectance R0.
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4.6. Thermodynamic modelling

Thermodynamic modelling of the stability of the miner-
als anhydrite, gypsum and halite provides insight into their
solubility behaviour at varying pTS conditions that are
likely to occur at the MMV (Fig. 7; blue curves display gyp-
sum and red curves show anhydrite). The results can be
summarised as follows:

(a) At low to moderate temperatures, i.e. in the surface
environment of the MMV, gypsum is the stable cal-
cium sulphate mineral (Fig. 7A).

(b) The solubility of gypsum increases with rising tem-
peratures, which is especially pronounced at high
salinities. In contrast, the solubility of anhydrite
decreases with rising temperature in seawater and
increases only for high salinities (Fig. 7A).

(c) The solubility of gypsum and anhydrite increases
with pressure, which is more pronounced for seawa-
ter than for hypersaline solutions (Fig. 7B).

(d) Salinity exerts a very strong control on gypsum and
anhydrite solubility, steeply increasing and reaching
maximal solubility around 2 mol/kg of NaCl
(Fig. 7C).

(e) In agreement with the controls on calcium sulphate
solubilities, the transition point between gypsum
and anhydrite also depends on pTS conditions. While
seawater solutions require temperatures of at least
60 �C for anhydrite to become stable over gypsum,
in hypersaline solutions temperatures exceeding
20 �C can already be sufficient to stabilise anhydrite
(Fig. 7A–E). This would place the anhydrite/gypsum
transition during quiescent times (i.e. a geothermal
gradient of 30 �C/km) to about 400 m depth in the
hypersaline brines of the MMV (Fig. 7B).

(f) Halite solubility increases steadily with pressure and
temperature (Fig. 7F).

Furthermore, the thermodynamic Pitzer model is used
to indicate the saturation state of the MMV pore fluids with
respect to the 3 evaporite minerals, gypsum, anhydrite and
halite (Fig. 9). At all three sites from the MMV centre, ris-
ing fluids are supersaturated with respect to gypsum
(Fig. 9H). In roughly 1 m sediment depth a peak in
(super-)saturation is attained in the central MMV cores.
Above this peak, the pore water becomes increasingly
undersaturated with respect to gypsum as dilution with less
saline bottom water becomes more influential.

5. DISCUSSION

5.1. Fluid flow at the MMV

Pore water profiles, in particular of inert constituents,
possess a concave downward, increasing shape (Fig. 3) indi-
cating advective transport of deep fluids from below. As ex-



Fig. 7. Solubilities of gypsum (blue) and anhydrite (red) as a function of (A) temperature, (B) pressure and (C) NaCl concentration of the
brine. (D) Temperature-salinity and (E) temperature–pressure dependence of the gypsum–anhydrite transition. (F) Halite solubility as a
function of pressure (blue) and temperature (red). If not stated otherwise pressure is kept at 36 bar (i.e. �350 m water depth) and temperature
at 12 �C (i.e. observed bottom water value). Crossing points of the gypsum and anhydrite solubilities in A, B, D indicate the gypsum–
anhydrite mineral transition, i.e. the less soluble mineral is the more stable one. Concentration units are in mol/kgH2O. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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pected, transport-reaction modelling of inert pore water
profiles has revealed that the lowest advection rates oc-
curred at the rim of the MMV (< 0.1 cm/a, West and East
site), while the central Bubble and Top sites attain 1 and
3 cm/a, respectively (after a model described in Hensen
et al., 2007). This places the MMV into the upper, more ac-
tive range of mud volcanoes in the Gulf of Cadiz (Hensen
et al., 2007), such as CAMV (10–15 cm/a), Ginsburg MV
(3 cm/a), and Bonjardim MV (�1 cm/a). During more ac-
tive times, during which mud flow may occur, clasts from
depth are also transported upwards and Mesozoic forami-
nifera as well as the cracking of idiomorphic quartz clasts
suggest that mud mobilisation is partly occurring within
the Mesozoic sediments at depth (Fig. 2A).

While at greater depth, solute concentrations are domi-
nated by the advective transport of deep fluids, the shallow
surface sediments (upper 2–5 m at Top and Bubble sites)
are also considerably affected by diffusive mixing with bot-
tom water. The depth of the diffusive influence, estimated
from the relation of Einstein (1905) and von Smoluchowski
(1906), is constrained by the upward advection rate, thus,
the lowest samples of the Top and Bubble sites reaching
asymptotic concentrations are representing the original
deep MMV fluid composition.



Fig. 8. (A) Depth of the gypsum–anhydrite transition as a function of the thermal gradient for seawater salinity and 5.8 mol/kgH2O (5.2 M)
NaCl solution. The gray shaded box in the right plot represents the upper range of geothermal gradients that can be found in MV settings
within the upper few metres during mud expulsion. (B) Theoretical solubility of the stable calcium sulphate mineral (i.e. the one with the
lowest solubility) versus depth in the fluids of the Mercator MV for seawater (sw) and a hypersaline solution of 5.8 mol/kgH2O NaCl (assumed
geothermal gradient: 30 �C/km; Gy = gypsum, An = anhydrite).
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In order to distinguish processes confined solely to
MMV fluids from processes that are occurring in the larger
area not related to mud volcanism, the geochemical profiles
have to be compared to those of the Reference site (Fig. 3).
As expected, upward fluid flow is not observed in the Ref-
erence profiles and most solutes show at most slight devia-
tions from bottom water concentrations (see also
Section 4). In contrast, pore water samples at the MMV,
especially the lower ones, differ significantly from concen-
trations found at the Reference site. This supports our
interpretation that the shallow pore water composition at
the MMV is indeed controlled by upward flow of deep flu-
ids and associated diagenetic reactions, rather than back-
ground processes.

5.2. MMV fluid sources

Several processes alter the geochemical composition of
the fluid of the Mercator mud volcano on its long way from
the deep root up to the sediment surface, thereby overprint-
ing and masking the previous reactions. In the following
sections we will decipher these processes and to maintain
coherency of the text the sequence, which these processes
are occurring in, will be reflected in the arrangement of
the discussion. This holistic approach also requires the re-
view of some of our previous papers, where some data of
the Bubble and Top site has previously been discussed.

5.2.1. High-temperature fluid–sediment alteration

Boron and lithium concentrations are usually enriched
in MV fluids and this has mostly been attributed to their re-
lease during clay mineral dehydration (e.g. Dia et al., 1995;
Aloisi et al., 2004; Hensen et al., 2004). At the MMV, how-
ever, Li concentrations are exceptionally high (up to
3.36 mM) compared to the other MVs in the Gulf of Cadiz
(Hensen et al., 2007; Scholz et al., 2009) and similar envi-
ronments worldwide (Martin et al., 1996; Chan and Kast-
ner, 2000; Reitz et al., 2007). This leads to relatively low
B/Li ratios of 3.7 (±0.6, n = 45, deep fluids with
>0.2 mM of Li) compared to other MVs studied in the Gulf
of Cadiz (B/Li > 10). Adopting the categorization of Hen-
sen et al. (2007) for fluids from various cold and high-tem-
perature seep environments, places the MMV fluid origin
into sediment-hosting high-temperature systems (Fig. 10).
Because the high B concentrations of up to �11 mM are
atypical for high-temperature interaction with basement
rocks, Hensen et al. (2007) suggest that extensive alteration
of the thick sediment sequence above the continental crust
at high temperatures (>150 �C) is responsible for enrich-
ment of boron in the fluid relative to lithium (Chan et al.,
1999).

Scholz et al. (2009) further substantiated that the MMV
fluids have encountered intense high-temperature alteration
through interaction with deeply buried terrigenous sedi-
ments or even the continental crust by analysing the d7Li
and 87Sr/86Sr isotope signature of the pore fluids as well
as of transported mud clasts: (a) the d7Li of the pore fluids
shows the lowest values of MV fluids in the Gulf of Cadiz
(down to +11.9&), similar to those of high-temperature
vents; (b) high amounts of leachable Li are available in
the terrigenous sediments (�56 mg/kg in the mud clasts,
d7Li < 0&; 87Sr/86Sr = 0.71417), whereas the evaporites
are not a sufficient lithium source; (c) the pore water bears
a strong radiogenic 87Sr/86Sr isotope shift up to 0.71063
(Fig. 4) compared to modern seawater (0.70916, Banner,
2004). In contrast, reactions with carbonates, volcanic ash
or oceanic crust generally produce non-radiogenic pore
water (Elderfield and Gieskes, 1982). Consequently, Scholz
et al. (2010a) recognised the MMV fluids as the continental
end member in their study on seep fluid – rock interactions
because they are the most Sr-radiogenic and most Li-rich
fluids observed so far.

5.2.2. Clay mineral dewatering

A major fluid source for mud volcanism is the dehydra-
tion of clay minerals at elevated temperatures (Kastner
et al., 1991; Moore and Vrolijk, 1992; Brown et al.,
2001; Dählmann and De Lange, 2003). The most promi-
nent type is the transformation of smectite to illite that
has also been identified in the Gulf of Cadiz in our previ-



Fig. 9. Depth profiles of several parameters for the cores of the Bubble and Top site (geothermal gradient = 30 �C/km). (A) SO4 and Ca
concentrations in mol/kgH2O; (B) Na and Cl concentrations in mol/kgH2O; (C) activity coefficient of SO4 and Ca; (D) activity coefficient of Na
and Cl; (E) activity of SO4 and Ca; (F) activity of Na and Cl; (G) activity of water; (H) saturation state of the pore water with respect to
gypsum (anhydrite is not stable) and halite at ambient pressure and temperature conditions.
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ous studies (Hensen et al., 2007; Scholz et al., 2009). Dur-
ing this reaction the interlayer water of smectite is released
as a function of temperature, starting at 60 �C with the 1st
water layer and initiating the transformation by the loss of
the 2nd layer at 67–81 �C, whereas the 3rd layer is only
lost at very high temperatures of 172–192 �C (Colten-
Bradley, 1987). Because the structural water of clay miner-
als is characterised by positive d18O and negative dD val-
ues (Sheppard and Gilg, 1996), its geochemical signature is
easily identifiable in pore fluids. The resulting characteris-
tic negative correlation of downcore increasing d18O and
decreasing dD values is very prominent in the MMV pore
water profiles (Fig. 5B). However, the likewise expected
freshening of the pore water as well as the uptake of K
(Srodon, 1999; Hensen et al., 2007) are diagenetically
overprinted by the subsequent intense dissolution of evap-
orite minerals (see Figs. 3 and 5B and D). The only solute
where the effect of fresh water input is still evident is Br
(Fig. 3), a solute that is not known to be significantly re-
moved by other diagenetic processes (Fontes and Matray,
1993; Herczeg et al., 2001; Cartwright et al., 2006; Alcala
and Custodio, 2008).



Fig. 10. Typical molar B/Li ratios (dark gray) and Li concentrations (light gray) from different vent environments (after Hensen et al., 2007,
and references therein): (I) Low-temperature cold vents, (II) high-temperature influenced cold vents, (III) high-temperature vents at ridge
crests, and (IV) sediment-covered high-temperature vents. For comparison, representative values observed at various MVs in the Gulf of
Cadiz (CAMV = Captain Arutyunov, BMV = Bonjardim, GiMV = Ginsburg, GeMV = Gemini) as well as average values from the deepest
samples of the Top and Bubble site (MMV) and the Reference site (REF) reflecting the typical seawater values are given.
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5.2.3. Thermogenic organic matter degradation and gas

alteration

As a consequence of the thermo-catalytic degradation of
organic matter also stoichiometric amounts of NH4, I and
Br are typically released into the pore water (Price et al.,
1970; Price and Calvert, 1973; Shishkina, 1978; Harvey,
1980; Martin et al., 1993; Wallmann et al., 2006). Conse-
quently, the MMV pore fluids are clearly enriched in NH4

and I with values of up to �2 mM and �105 lM, respec-
tively (Fig. 3). The concentrations of Br, however, are de-
pleted with respect to bottom water values (Fig. 3),
despite the fact that organic matter degradation releases
roughly equal amounts of Br and I (Martin et al., 1993).
The fact that the Br released from organic matter degrada-
tion is overpowered efficiently by dilution through clay min-
eral dewatering, while I is increasing, is mainly related to
the different concentrations of Br and I in seawater (Scholz
et al., 2010b): while Br occurs in concentrations of
�850 lM, I concentrations are 3 orders of magnitude low-
er, not exceeding 0.5 lM (i.e. a I/Br molar ratio of
5 � 10�4). Thus, I is relatively stronger affected by the pro-
duction during organic matter degradation.

While overall the gas composition and its carbon isoto-
py clearly indicate a thermogenic gas source, significant
deviations from the primary cracking characteristics are ob-
served. Adopting the discussion in Nuzzo et al. (2009) and
Pape et al. (2010), this may result from further microbial
degradation of higher hydrocarbons in the surface sedi-
ments. Particularly, the n-alkanes of C3, C4, C5 are prefer-
entially attacked during this process while ethane, iso-
butane, and iso-pentane remain largely unaltered. If present
in considerable amount, the remaining pools of n-C3, n-C4,
and n-C5 should also become further enriched in 13C. While
at both sites, Top and Bubble, the branched alkanes are in-
deed more abundant than the respective n-alkanes (Table 3),
no significant differences in d13C are evident between them
(�31& to �25&; Table 3). Ethane is also more abundant
than propane (Table 3). However, the isotopic situation is
more diverse. At the Bubble site, propane is enriched in
13C (d13C = �17& to �16&), whereas the ethane pool is
considerably lighter (d13C = �36& to �32&). In contrast,
at the Top site propane and ethane d13C values are quite
similar (�26& to �25& and �24&, respectively). These
observations are best illustrated by d13C cross plots of
methane, ethane, and propane (Fig. 6C and D). For com-
parison, the maturity curves after Berner and Faber
(1988, 1996) have been added. They describe the carbon iso-
tope fractionation of the co-genetically produced com-
pounds relative to each other as function of the maturity
of the source material, which is expressed in terms of its
vitrinite reflectance (R0).

Fig. 6C suggests that at the Top site propane and ethane
still carry the signal of their co-genetic origin (R0 = �2%,
‘wet to dry gas’), whereas the CH4 is considerably enriched
in 12C (Fig. 6D). The latter may eventually be explained by
admixing of microbially produced methane near the sur-
face. Fig. 6B further illustrates that the hydrocarbon gases
collected at the Top site have undergone substantial sec-
ondary cracking processes of oil and nitrogen-, sulphur-,
and oxygen-rich petroleum (NSO) compounds (after Lor-
ant et al., 1998). While the low molecular weight alkanes
emitted at the Bubble site will likely have been generated
by the same secondary cracking processes, their genetic sig-
nal has been completely altered by microbial degradation in
the surface mud. Fig. 6C + D shows that biodegradation of
propane to ethane and finally to methane can explain the
deviations from the approximated co-genetic maturation
curves: during this reaction ethane becomes enriched in
12C and consequently, the residual propane gets heavier,
whereas the much larger methane pool remains relatively
unaltered.

Thus, there is ample indication that the thermo-catalyt-
ically produced hydrocarbons have seen secondary cracking
processes in the feeder channel of the MMV and the low-
molecular-weight fraction is further degraded by microbes,
at least at the Bubble site. Both processes are likely influ-
enced by alternating phases of varying mud volcano activity
(see Section 5.3).
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5.2.4. Stratigraphic groundtruthing

The different temperature windows for the processes dis-
cussed above, such as leaching of Li, B and radiogenic Sr,
smectite–illite transformation, thermo-catalytic organic mat-
ter degradation, as well as the fact that most pore water con-
stituents are overprinted by evaporite dissolution, allow for
an approximate stratigraphic groundtruthing of those pro-
cesses. Assuming a geothermal gradient of 30–38 �C/km for
the Gulf of Cadiz (Grevemeyer et al., 2009), places the
high-temperature leaching of terrigenous sediments and con-
tinental basement (150–200 �C) as well as the source of the
thermogenic gas (�200 �C) at a depth of 4–6 km below the
seafloor (Fig. 2A). Overall, thermo-catalytic cracking of or-
ganic compounds proceeds at a sediment depth of 3–6 km,
whereas the main fluid formation occurs during clay mineral
dewatering (60–100 �C and more) at a depth of at least 1.5–
3 km within the Mesozoic unit (Fig. 2A). Subsequently, these
fluids dissolve the flanks of the salt diapir that originates from
the Triassic evaporites and mobilize mud while they rise to
the seafloor. These depths are, of course, maximum estimates
because the heat flow within an active MV is usually consid-
erably higher (see discussion in Section 5.3 below; Fig. 8A)
and, thus, the above high-temperature processes are likely
to extend well into the shallow subsurface.

5.3. Diagenetic gypsum

5.3.1. CaSO4 paragenesis during halokinesis

Salt diapirs experience a variety of environmental
changes throughout their evolution, which can affect the
chemical composition of the salts long after their original
deposition. The stability of calcium sulphate minerals is
particularly sensitive to environmental changes and a com-
mon process in salt deposits is the conversion of gypsum to
anhydrite and back to gypsum (e.g. Warren, 2006). The cal-
cium sulphate is originally precipitated in surficial evapo-
ritic basins, mainly in the form of gypsum (Sonnenfeld,
1984) (see also Fig. 8A). During burial, the pressure and
temperature increase and thereby induce the dehydration
of gypsum forming anhydrite. The geothermal gradient
determines the depth at which the anhydrite–gypsum con-
version temperature is reached, more precisely, the depth
where gypsum becomes less soluble than anhydrite
(Fig. 8A + B). Assuming a regional geothermal gradient
of 30 �C/km at the MMV, which is the lower coastal end
value suggested by Grevemeyer et al. (2009), the thermody-
namic gypsum–anhydrite transition is located at a depth of
more than 1000 m (Fig. 8A), but can become significantly
shallower in the presence of hypersaline brines, i.e. 400 m
for the 5.2 M NaCl solution found at the MMV
(Fig. 8B). A zonation of gypsum overlying anhydrite is
commonly observed in salt deposits and our thermody-
namic predictions agree well with worldwide field data that
generally place the transition between 400 m (Klimchouk
and Andrejchuk, 1996) and 1200 m (Sonnenfeld, 1984).
The fact that the main body of the Triassic salt, which
stratigraphically overlies the basement unit (Hensen et al.,
2007, Fig. 2A), is overlain by at least several kilometres
of sediment, suggests that most of the gypsum should be
converted to anhydrite upon burial.
During the diapiric halokinesis to shallower depth and,
hence, also lower temperatures, in conjunction with the
ongoing encounter of undersaturated pore water, the con-
version of anhydrite back to gypsum (Fig. 8B) and dissolu-
tion of halite are promoted. Since halite is two orders of
magnitude more soluble (Fig. 7), anhydrite and gypsum be-
come relatively enriched in the diapir and get compacted
during ongoing diapirism, eventually forming a hard cap
rock on the diapir surface. This anhydrite layer is also prone
to dissolution, liberating Ca and SO4. In the presence of
hydrocarbons, the anaerobic reduction of SO4 produces
HCO3

�which combines with the Ca to precipitate as calcite.
The calcite commonly forms the outer part of the cap rock
and is characterized by horizontal banding defined by alter-
nating dark and light coloured layers (e.g. Warren, 2006).

There are several indications that the unit underlying the
Vernadsky Ridge outcrop represents part of the cap rock of
the diapir responsible for the anticline and graben structure
as well as the making of the MMV: (a) the Vernadsky Ridge
outcrop withstands erosion better than the surrounding
sediment, typical for hard, compacted caprock; (b) the ridge
is mainly composed of carbonate rock fragments
(Akhemetzhanov et al., 2005); (c) the seismic image
(Fig. 2C) shows steepened onlapping of the adjacent sedi-
ments in the northeast. The steepened onlapping of reflec-
tors onto a structural high is the typical seismic
expression of buoyancy-driven salt ascent at the core of
the anticline caused by the slow continuous ascent of salt
as opposed to the episodic activity of compressional fault
systems. The strong seismic reflectivity of this unit demon-
strates that, despite its chaotic nature, it contains density
contrasts which may have been generated by cap rock typ-
ical cementation and compaction.

5.3.2. Authigenic gypsum and halite formation

In the surface mud of the MMV (Top site, core
263GC28) many small mm-sized subhedral crystals
(Fig. 4C) and a cm-sized euhedral crystal (Fig. 4B) of al-
most pure gypsum were found. There is substantial evi-
dence that they have been formed authigenically by
precipitation from the MV fluid in the shallow subsurface
and do not originate from the diapir by being transported
in the rising mud: (1) microcrystals of gypsum are found
ubiquitously and evenly distributed in the sediments of
the central cores of the MMV; (2) the crystals bear the same
radiogenic Sr isotopic signature as the ambient pore water
(0.71024–0.71098; Fig. 4), whereas the original Triassic sea-
water and Triassic salt (derived from Southern Spain) was
even less radiogenic than today’s seawater, 0.7075–0.7080
(Banner, 2004) and 0.70801–0.70790, respectively; and most
importantly (3) thermodynamic calculations predict super-
saturation of the central MMV pore water with respect to
gypsum below a sediment depth of �1 m (Fig. 9H).

This presence of bathyal authigenic gypsum is unusual,
because the high Ca and SO4 concentrations required to
reach gypsum saturation are typically restricted to evapora-
tive processes, such as in hypersaline brines of supratidal
salt flats and playas, or the dissolution of buried evaporitic
layers (e.g. Hoareau et al., 2011). Only few reports exist on
non-evaporitic gypsum in marine sediments and these offer
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varying hypotheses regarding its origin. Hoareau et al.
(2011) have reviewed the DSDP/ODP data base and found
that at seawater-like SO4 concentrations gypsum saturation
may be reached in sediments, where large amounts of Ca
are released from the alteration of volcanogenic material
or the basaltic basement. Its occurrence has also been ex-
plained with a change from anoxic to oxic conditions in
the presence of pyrite and carbonate minerals (Siesser and
Rogers, 1976; Bain, 1990; Pirlet et al., 2010). This leads to
oxidation of pyrite releasing SO4 and lowering the pH,
which in turn induces carbonate dissolution, thereby
increasing Ca concentrations. As a consequence of elevated
Ca and SO4 concentrations gypsum precipitates – a process
that is also observed during storage of sediment cores con-
taining FeS2 (Briskin and Schreiber, 1978; Schnitker et al.,
1980; Muza and Wise, 1983). Authigenic gypsum has also
been linked to the formation of gas hydrates (Wang et al.,
2004). Upon gas hydrate formation, Ca becomes concen-
trated in the residual brine. When the brine encounters
downward diffusing SO4 derived from seawater, gypsum
saturation may be reached. This process is unusual, how-
ever, because the precipitation of calcium carbonate and
the consumption of SO4 by AOM are generally the fa-
voured sinks for Ca and SO4. However, both of the above
processes are not possible at the MMV, because gas hy-
drates are not stable at the pTS conditions (too shallow,
too warm, too salty) and pyrite and oxygen are absent in
the sediments. Hence a different explanation is needed.

While dissolution of salt from the diapir may provide the
necessary input of Ca and SO4, this alone cannot produce
supersaturation of the pore water with respect to gypsum.
Secondary processes must be taken into account. Based on
experimental data, Raup (1982) found that gypsum can pre-
cipitate upon mixing of two undersaturated brines (e.g. from
different evaporative stages) and Corselli and Aghib (1987)
believed that this process explains the occurrence of authi-
genic gypsum in the Bannock basin, Mediterranean Sea. At
the MMV, however, mixing only occurs with highly under-
saturated bottom water. The strong temperature dependence
of gypsum solubility (Fig. 7A) suggests that supersaturation
may also be achieved by temperature fluctuations resulting
from typical sequences of active and inactive MV phases.
For example, Castellarin and Sartori (1978) proposed that
authigenic gypsum precipitated in shallow marine sediments
upon cooling of high-temperature fluids that remobilized
Messinian sulphates at depth. Their hypothesis was derived
solely from information on the solid phase without pore
water data or further thermodynamic considerations. In or-
der to gain more substantial evidence and find an explanation
for our observations, a state-of-the-art thermodynamic mod-
el was developed and applied to the MMV data.

The thermodynamics of CaSO4 in marine sediments have
been the subject of many studies (Marshall and Slusher, 1968;
Monnin et al., 2003; Sheikholeslami and Ong, 2003; Messna-
oui and Bounahmidi, 2006; Hoareau et al., 2011), however,
the high salinity and unusual pore water profiles of the
MMV demand a more detailed account of CaSO4 stability.
With the help of a temperature- and pressure-sensitive ther-
modynamic model adequate for hypersaline brines, an inter-
pretation of the observations from the MMV can be
constructed. Fig. 7A suggests that upon pore water cooling,
the solubility of gypsum can significantly decrease, if salinity
is high. At the MMV there are two different cooling processes
operating: the slow cooling of rising MMV fluids along the
geothermal gradient during inactive periods and the much
more rapid cooling after a heat pulse has occurred in an active
MV phase. Assuming a temperature rise at 400 m below the
seafloor from 24 �C in a dormant phase to 50 �C or even
100 �C during an active heat pulse, increases the solubility
of gypsum/anhydrite in the halite saturated brines by 8 or
27 mmol/kg, respectively (Fig. 7A). Note, that these values
deviate slightly from Fig. 7 due to the increased pressure of
this described scenario. Similarly to gypsum and anhydrite,
halite solubility increases significantly upon warming and
the same temperature rise would result in an increase in halite
solubility of 120 or 516 mmol/kg, respectively (Fig. 7F). Con-
sequently, the hot MV fluid of deep origin that rises to the sur-
face during an active phase of mud expulsion is likely to carry
much higher Ca, SO4, Na, and Cl concentrations than the
cold surface pore water.

After such an active MV phase, temperatures may return
back to the dormant temperature regime and gypsum be-
comes supersaturated because the heat will dissipate about
100 times faster than diffusion will reduce the high solute con-
centrations (k/(q�cp) >> D, where k is the heat conductivity, q
is the density, cp is the specific isobaric heat capacity and D is
the solute diffusion coefficient). If the MMV fluids have addi-
tionally been transported upwards to�250 m or even all the
way up to the seafloor, this would decrease gypsum solubility
by another 1 or 2 mol/kg (Fig. 7B), respectively. For halite
the pressure effect is particularly pronounced, decreasing ha-
lite solubility over the same depth interval by 220 and
550 mmol/kg, respectively (Fig. 7F). Thus, not only gypsum
precipitates due to the MV dynamics but also halite crystals
should form, as was confirmed in the field.

5.3.3. Environmental control on CaSO4 precipitation

The rate of cooling and the grade of supersaturation
have a strong control on the crystal growth, resulting in
the variety of authigenic calcium sulphate morphologies
found at the MMV. During calcium sulphate precipitation
upon fast cooling (= strong supersaturation) ions may at-
tach themselves onto the crystal surface in less than optimal
locations (Cody, 1979), producing an accumulation of
small crystals or amorphous aggregates, such as the concre-
tion sampled at the MMV (Fig. 4A). In contrast, slowly
subsiding MV activity, i.e. slow cooling and thus promoting
bulk diffusion-controlled growth, will produce the euhedral
and small subhedral gypsum crystals (Figs. 4B + C).

A more subtle cooling effect is also achieved during MV
dormancy simply by the migration of the MMV fluids
along the geothermal gradient. Between the depth of the
salt diapir and the seafloor gypsum solubility decreases by
�10 mM (Fig. 8B). This process is ineffective but continu-
ous and could be responsible for the built-up of the abun-
dant gypsum microcrystals throughout the MMV
sediments that produce the relatively high and homoge-
neous sulphur content of 2–4 wt% observed in the MMV
crater sediments in comparison to the S-poor Reference
core (<0.1 wt%; Fig. 3).



L. Haffert et al. / Geochimica et Cosmochimica Acta 106 (2013) 261–286 279
The different growth rates of gypsum crystals are also
documented in the 87Sr/86Sr isotopic signal. During the fast
growth of the concretion, ambient pore water experienced
little change in its 87Sr/86Sr ratio and hence no variation
is observed in the 3 measured data points (Fig. 4). In con-
trast, the gradient of the 87Sr/86Sr ratio from more radio-
genic values at the inside to less radiogenic values to the
outside of the euhedral crystal (Fig. 4) reflects its slow
growth while the pulse of deep radiogenic and hot MV fluid
subsided and was diluted by diffusion. Whereas the concre-
tion and euhedral gypsum crystal are more radiogenic than
the ambient pore water, i.e. likely to be derived from a dee-
per environment or deeper fluids, respectively, the smaller
subhedral crystals have a less radiogenic 87Sr/86Sr signature
than the ambient pore water (Fig. 4). The decrease in the
prevailing 87Sr/86Sr ratio was likely caused by an increased
mixing of seawater with MMV fluids, constraining their
growth environment to the mixing zone between MMV flu-
ids and bottom water and to a time of even less fluid flow
than now, i.e. where the bottom water influence reached
deeper (profile of Bubble site compared to Top site;
Fig. 4). Furthermore, the strong 87Sr/86Sr scatter among
the different subhedral gypsum samples (Fig. 4) indicates,
that the MMV is a highly dynamic system that repeatedly
switches between oversaturation and undersaturation
depending on fluid flow velocities.

5.4. Shallow diagenesis

Close to the sediment surface, the highly saline MMV flu-
ids mix with less saline bottom water of very different com-
position. The diffusive mixing depth depends largely on the
upward fluid advection rate and is quite shallow at the Top
and Bubble site where advection velocities are on the order
of a few centimetres per year, whereas solute concentration
gradients are lower at the West and East sites extending the
mixing zone much deeper, well exceeding the coring depth of
150 cm. The mixing with bottom waters is well documented
by the concentration-depth profiles of B, Li, I, NH4, Br, not
reacting in the shallow subsurface. Other constituents en-
riched in the deep fluids, such as Cl, Na, Ca, Sr, Mg and
SO4 are involved in diagenetic reactions in the cored top
200 cm, though sometimes difficult to see.

In addition to the halite and gypsum mineral dissolution
and precipitation, discussed above, affecting Na, Cl, SO4,
Ca, and likely also to some extent Sr and Mg, the typical pro-
cesses occurring in surface sediments of cold seeps associated
to anaerobic oxidation of methane (AOM) can be observed.
In this reaction, the CH4 venting from below is consumed by
SO4, usually supplied from the bottom waters, producing
HS� and HCO�3 . The latter is observed as increase in total
alkalinity (TA) and subsequently induces carbonate precipi-
tation due to Ca (and Mg, Sr) supply from the bottom water.
Sulphate reduction due to organic matter degradation is not
likely to play an important role at the MMV because of
anomalously low organic matter content (<0.3 wt%;
Fig. 3). The most obvious indications for AOM and related
carbonate precipitation at the MMV are the decline in SO4

and Mg concentrations as well as the respective subsurface
increase or peak in TA and H2S (Fig. 3). The expected
decrease in Ca and Sr content, however, cannot be observed
as it is overprinted by the high concentrations delivered by
advection from below. Mg concentrations start to increase
below a depth of 50–100 cm again indicating the influence
from the deep MV fluid, but this rate of resupply seems to
be smaller than the rate of carbonate precipitation. CaSO4

precipitates in the mud, e.g. the ubiquitous microcrystals,
are also expected to act as an additional SO4 source to the
AOM process, similar to what has been observed for barite
in marine sediments (Von Breymann et al., 1992; Haeckel,
2006). The small Ba peak observed at�50 cm may indeed re-
sult from gypsum (measured Ca/Ba ratio is 104–105 as in the
pore water) or barite dissolution due to AOM at the MMV.
In the same line of arguments, one may also explain the addi-
tional amounts of Sr that seem to get released, e.g. from
SrSO4, in the upper 50 cm at the Top and Bubble site (Fig. 3).

At the Bubble site SO4 concentrations show a peak at
�100 cm (Fig. 3), however, our thermodynamic calcula-
tions clearly show that this peak is an artefact resulting
from the strong gradient in Na and Cl concentrations
(564 to 4712 mM of Cl; 494 to 4614 mM of Na) affecting
the activity coefficient of SO4 most (Fig. 9C). Diffusive
transport of solutes is truly governed by the gradient of
the chemical potential, respectively activity, of the dissolved
species. The concentration gradient can only be used as
approximation for transport in dilute solutions, if the major
salt component does not show strong concentration gradi-
ents, or no strong changes in p-T conditions occur. In the
case of the MMV, however, Fick’s law (1855) fails and
the accurate description of Maxwell (1866) and Stefan
(1871) must be considered (see also Onsager and Fuoss,
1932). Fig. 9 depicts the activities of the solutes Na, Cl,
Ca, and SO4, calculated from their concentration-depth
profiles and the activity coefficients provided by our ther-
modynamic model. This illustration clearly shows that
SO4 is actually diffusing into the MV sediments and is con-
sumed continuously in the upper 200 cm by AOM. Due to
constant resupply from CaSO4 dissolution, AOM will not
be able to totally consume the dissolved sulfate, instead
the high salinity levels will likely reduce or even inhibit
microbial AOM further downcore.

6. CONCLUSIONS

The Mercator MV is a prime example of mud volcanism
being genetically and geochemically closely linked to an
underlying diapiric structure that has created preferential
and deeply rooted fluid pathways. Overpressurized fluids,
potentially even from the continental crust, rise upwards
along deep faults and fractures created by the salt diapir.
On their way, the fluids leach the deep-seated, terrigenous
sediment strata at high-temperature conditions (>150–
200 �C) also collecting thermogenic gas from primary and
secondary cracking processes. Additional fluids are added
from clay mineral dewatering reactions in shallower strata
(>60–100 �C) of at least Mesozoic and Cenozoic age. This
fluid evolution is similar to other MVs in the Gulf of Cadiz
sitting on top of deep reaching faults, such as the Gorringe-
Horseshoe Fault and the Porto-Bonjardim Fault (Hensen
et al., 2007; Scholz et al., 2009). During their further ascent
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the fluids mobilize mud from overlying strata, e.g. Meso-
zoic and hemipelagic sediments, and dissolve minerals from
the flanks of the salt diapir, primarily consisting of Triassic
evaporites (halite, gypsum, anhydrite, sylvite, and carnall-
ite). The dissolution of salt and potentially associated, col-
lapse-related mud formation provide the necessary
‘ingredients’ for the making of the MMV.

As a result, MMV fluids in surface sediments contain ex-
tremely high salinities, i.e. they are almost saturated with
respect to halite (�5.2 M of Na and Cl) and are oversatu-
rated with respect to gypsum (�80 mM of Ca and
�20 mM of SO4). Consequently, small microcrystals of
authigenic gypsum are numerously found in the mud. These
findings make the MMV unique in the Gulf of Cadiz. Be-
cause the activity of water is significantly lowered with
increasing salinity, the gypsum–anhydrite transition zone,
which is usually placed at about >1 km depth, can rise to
about 400 m sediment depth. Furthermore, due to the
strong temperature sensitivity of the CaSO4 equilibrium,
temperature fluctuations during active and inactive phases
of the mud volcano shift the transition between anhydrite
and gypsum to within a few metres below the seafloor. At
the MMV the main mechanism generating supersaturation
and thus precipitation of authigenic gypsum is the cooling
of warm gypsum-saturated fluids. The cooling can either
be slow and constant along the geothermal gradient during
fluid ascent, producing the ubiquitous microcrystals of
euhedral morphology, or comparatively sudden following
a heat pulse or transport from greater and warmer depth
in the course of active mud expulsion, resulting in the pre-
cipitation of the larger gypsum crystals and concretions.

Thus, the results of this study provide evidence for a di-
rect structural link between halokinesis and seepage of fluids
and gases, which has also been frequently documented in
other regions, for example, the Gulf of Mexico. The rising
diapir fractures the overburden, thereby creating preferen-
tial pathways for the fluid and gas escape. In addition, the
pathways reach very deep leading along the flanks of the
diapir and allow fluids and gases, even with a hydrothermal
character, to rise to the surface. Hence, geochemically, the
MMV is an intermediate between hydrothermal vents and
cold vents. Furthermore, this is a rare example, where the
dynamic nature of submarine mud volcanism, i.e. the alter-
nation of active and passive phases, that changes surface
temperature and salinity temporarily and periodically, could
be documented. Finally, the thermodynamic analysis eluci-
dates modes of authigenic mineral formation at interfaces
exhibiting strong gradients in temperature and salinity, as
well as under elevated pressure. This may help to further
our understanding of mineral reactions under comparable
conditions, such as they are encountered at the deep Medi-
terranean brine lakes and at hydrothermal vents.
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APPENDIX A. – PITZER MODEL

A1. List of symbols

P pressure

T
 temperature

S
 salinity

R
 gas constant

Ksp
 thermodynamic solubility product

IAP
 ion activity product

X
 saturation state

Mi
 molar weight of species i
Z
 total molal charge

I
 ionic strength

V i
 partial molar volume

j
 compressibility

mi
 molal concentration of species i
ai
 activity of species i
ci
 activity coefficient of species i
zi
 molar charge of ion i
U
 osmotic coefficient

Au
 Debye–Hückel limiting slope
Pitzer-specific parameters
F
 intermediate value of the Pitzer formalism

bð0Þij ; b

ð1Þ
ij ;b

ð2Þ
ij
 Pitzer virial parameters for binary interactions
Bij;B0ij;B
/
ij
 2nd virial coefficients for binary interactions
Cij;C
/
ij
 3rd virial coefficients for binary interactions
wijk
 Pitzer virial parameter for ternary mixing
interactions
hij
 Pitzer virial parameter for same-charge electrostatic
effects
Uij;U
0
ij;U

/
ij
 2nd virial coefficients for same-charge electrostatic

effects

Ehij;

Eh0ij
 2nd virial parameters for same-charge electrostatic
effects
g(x), g0(x)
 mathematical functions

J0(x), J1(x)
 mathematical functions
Subscripts
i,j,k
 any species

a
 anion interaction partner

c
 cation interaction partner

X,N
 specific anion

M,N
 specific cation

sp
 solubility product
Superscripts
�
 standard state (P = 1 bar, T = 298.15 K, S = 0
infinite dilution)
ex
 excess

V
 volumetric
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A2. General Pitzer formalism

The model includes the species Ca, SO4, Na and Cl.
Activity coefficients for the cations and anions are calcu-
lated based on the temperature-corrected Pitzer parameters
b0, b1, W, CU accounting for binary and ternary ion interac-
tion and the following equations (subscript M or X denotes
the specific cation or anion for which the activity coefficient
is calculated and subscript c or a denote cations or anions
that act as ‘interaction’ partner):

ln cðT ;P
�Þ

M ¼ z2
M Fþ

Xn

a¼1

mað2BMa þ ZCMaÞ þ
Xn

c¼1

mcð2UMc

þ
Xn

a¼1

mawMcaÞ þ
Xn

a¼1

Xn

a0–a

mama0waa0M

þ jzM j
Xn

c¼1

Xn

a¼1

mcmaCca ðA1Þ

ln cðT ;P
�Þ

X ¼ z2
X Fþ

Xn

c¼1

mcð2BcX þ ZCcX Þ þ
Xn

a¼1

mað2UXa

þ
Xn

c¼1

mcwXacÞ þ
Xn

c¼1

Xn

c0–c

mcmc0wcc0X

þ jzX j
Xn

c¼1

Xn

a¼1

mcmaCca ðA2Þ

and the intermediate value F is calculated by

F ¼ �A/

ffiffi
I
p

1þ 1:2
ffiffi
I
p þ 2

1:2
lnð1þ 1:2

ffiffi
I
p
Þ

� �

þ
Xn

c¼1

Xn

a¼1

mcmaB0ca þ
Xn

c¼1

Xn

c0–c

mcmc0U
0
cc0

þ
Xn

a¼1

Xn

a0–a

mama0U
0
aa0 ðA3Þ

The Pitzer formalism can also be applied to derive the os-
motic coefficient (U):

X
i

mið/� 1Þ ¼ 2
�A/I3=2

1þ 1:2
ffiffi
I
p þ

Xn

c¼1

Xn

a¼1

mcma B/
ca þ ZCca

� �"

þ
Xn

c¼1

Xn

c0–c

mcmc0 U/
cc0 þ

Xn

a¼1

mawcc0a

 !

þ
Xn

a¼1

Xn

a0–a

mama0 U/
aa0 þ

Xn

c¼1

mcwaa0c

 !#
ðA4Þ

which can then be related to the activity of water (aw) by
ln aw ¼ � MW

1000
ð
P

imiÞ/, where Mw is the molar weight of
water (i.e. 18.01529 g/mol).

The ionic strength is defined as I ¼ 1
2

P
imiz2

i and the to-
tal molal charge as Z =

P
imi|zi|. The Debye–Hückel con-

stant for the osmotic coefficient (Au) in Eq. (A3) has a
strong influence on the overall calculation of the osmotic
and activity coefficient. A/ has a value of 0.392 at 25 �C
while for other temperatures the correction by Møller
(1988) was applied. The first bracketed term in Eq. (A3)
represents the general Debye–Hückel term for long-range
forces. All other parameters are specific to the Pitzer
formalism and account for the short-range interactions as
described below.

The second virial coefficients for cation–anion interac-
tion (Bij;B0ij;B

/
ij) are functions of the ionic strength (Pitzer,

1973):

BMX ¼ bðoÞMX þ bð1ÞMX gðaMX

ffiffi
I
p
Þ þ bð2ÞMX gð12

ffiffi
I
p
Þ ðA5Þ

The derivative of Eq. (A4) provides the term B0MX :

B0MX ¼ bð1ÞMX g0ðaMX

ffiffi
I
p
Þ=Iþ bð2ÞMX g0ð12

ffiffi
I
p
Þ=I ðA6Þ

When combining Eqs. (A5) and (A6) the term required
for the calculation of the osmotic coefficient B/

MX is
obtained:

B/
MX ¼ BMX þ IB0MX ðA7Þ

The functions g and g0 are defined as:

gðxÞ ¼ 2½1� ð1þ xÞe�x�
x2

ðA8Þ

g0ðxÞ ¼ �
2½1� ð1þ xþ x2

2
Þe�x�

x2
ðA9Þ

With x ¼ a1

ffiffi
I
p

or x ¼ a2

ffiffi
I
p

. When either cation M or anion
X are univalent a1 = 2.0 and for 2–2 or higher-order valence
pairs a1 = 1.4. For all electrolytes a2 = 12.

The third virial coefficients (Cij;C
/
ij) are assumed to be

independent of ionic strength,

CMX ¼
C/

MX

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
jzM zX j

p ðA10Þ

Short-range interaction of ions of like-charge interactions
are accounted for by the binary ionic strength-dependent
terms of Uij:

Uij ¼ hij þ EhijðIÞ ðA11Þ

The derivation with respect to I then gives:

U0ij ¼ Eh0ijðIÞ ðA12Þ

Combining Eqs. (A10) and (A11) gives U/
ij, which is re-

quired for the calculation of the osmotic coefficient:

U/
ij ¼ Uij þ IU0ij ðA13Þ

The quantities EhijðIÞ and Eh0ijðIÞ account for the electro-
static effects from mixing of unsymmetrical ions of the
same charge having increasing importance at high
ionic strengths (Harvie and Weare, 1980). They can be
determined from theory and were given the following
expression:

EhMN ðIÞ ¼
zM zN

4I
JoðxMN Þ �

1

2
J 0ðxMM Þ �

1

2
J 0ðxNN Þ

� �
ðA14Þ

Eh0MN ðIÞ ¼
zM zN

8I2
J 1ðxMN Þ �

1

2
J 1ðxMM Þ �

1

2
J 1ðxNN Þ

� �

�
EhMN

I
ðA15Þ

where

J oðxÞ ¼
1

4
x� 1þ 1

x

Z 1

0

1� expð� x
y

e�yÞ
� �

y2dy ðA16Þ
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J 1ðxÞ ¼
1

4
x� 1

x

�
Z 1

0

1� 1þ x
y

e�y

� �
� exp � x

y
e�y

� �� �
y2dy

ðA17Þ

The functions Jo(xMN) and J1(xMN) can be evaluated
numerically as outlined by Harvie and Weare (1980) and
Pitzer (1987). The term wijk in Eqs. (A1)–(A4) is related
to ternary ionic interactions of two similarly charged ions
and one ion of opposite charge.

While changes in temperatures are simply accounted for
by adjusting the Pitzer coefficients with the help of temper-
ature-sensitive parameterisation, the pressure correction is
based on the relationship between excess partial molar vol-
ume and the Gibbs free energy of a multicomponent system
(Monnin, 1990). The excess partial molar volume ðV ex

i Þ is
derived from the standard partial molar volume ðV o

i Þ and
the actual partial molar volume ðV iÞ:

V ex
i ¼ V i � V o

i ðA18Þ

and the excess partial molar volume is related to the pres-
sure-dependence of the activity coefficient:

V ex
i ¼ RT

@ ln ci

@P
ðA19Þ

There are at present no precise values available for the vol-
umetric ion-interaction parameters for pairs of like-charged
ions and for ionic triplets, therefore the Pitzer formalism
needs to be simplified by neglecting terms containing the

parameters hV
Mc; h

V
aX ;w

V
Mca;w

V
aXc;w

V
cc0X ;w

V
aa0M ;

EhV
cc0 ðIÞ; EhV

aa0 ðIÞ.
Hence, the equations for V �ex

i are as follows:

F ¼ AV 4

ffiffi
I
p

1þ 1:2
ffiffi
I
p þ 2

1:2
lnð1þ 1:2

ffiffi
I
p
Þ

� �	

þ RT
Xn

c¼1

Xn

a¼1

mcmaB0Vca ðA20Þ

V ex
M ¼ V M � V o

M

¼ z2
M Fþ RT

Xn

a¼1

mað2BV
Ma þ ZCV

MaÞ

þ RTjzM j
Xn

c¼1

Xn

a¼1

mcmaCV
ca ðA21Þ

V ex
X ¼ V X � V o

X

¼ z2
X Fþ RT

Xn

c¼1

mcð2BV
cX þ ZCV

cX Þ

þ RTjzX j
Xn

c¼1

Xn

a¼1

mcmaCV
ca ðA22Þ

ln cðT ;P ÞM ¼ ln cðT ;P oÞ
M þ V ex

M ðP� P oÞ
RT

� �jex
M ðP� P oÞ2

2RT
ðA23Þ

ln cðT ;P ÞX ¼ ln cðT ;P oÞ
X þ V ex

X ðP� P oÞ
RT

� �jex
X ðP� P oÞ2

2RT
ðA24Þ

The compressibilities �jex
M and �jex

X can be calculated in the
same manner as �V M ex and �V ex

X with Pitzer coefficients spe-
cific to the compressibility of a solution. It was found,
however, that the change in activity coefficients is negligible
for pressures up to 1000 bar (Millero, 1983; Marion et al.,
2005). Therefore and because compressibility-related data
is very limited, we have omitted the compressibility effect
in our model.
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