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Abstract

The Isis mud volcano is an active camembert-like mud expulsion structure in the eastern Nile deep-sea fan area. It has been
investigated during the NAUTINIL (2003) and MIMES (2004) cruises carried out within the MEDIFLUX project. Active, gas-rich
fluid venting occurs at the Isis mud volcano as indicated by enhanced gas content in the sediments, having a measured 7.5 mmol of
methane per liter of wet sediment in the central area of the mud volcano. In addition, gas bubble expulsions have resulted in the
formation of multiple hydrocarbon plumes in the water column, with methane concentrations as high as 1550 nmol/L, compared to
~1 nmol/L for background levels in deep water.

In view of the stable carbon and hydrogen isotopic composition of methane (8'*C=-55.1%0 VPDB, dD=-203% VSMOW)
and of higher hydrocarbons (6'°C of —30.3%o, —26.1%o0, —28.4%o, and —25.0%. VPDB, for ethane, propane, i-butane and n-
butane, respectively), their origin is mainly thermogenic. These isotopic data also show that the wet compounds are co-generated
with oil and we suggest they predominantly originate from type II kerogen source rocks of potentially variable maturity levels.

Atthe centre of the mud volcano, the distinct kink observed in the pore water isotopic and dissolved species composition and its depth
level change between subsequent cruises indicates a high frequency of fluid/gas expulsion. The seawater signature of the pore fluid in the
upper part of the sediment column suggests that each expulsion is followed by a downward migration of overlying seawater. Such
downward advection of bottom seawater may not only be related to the replacement of the ejected gas but also to the replacement of lower
density pore fluid by bottom seawater. This mechanism is thought to be a common feature at mud volcanoes and gas seepage sites.

In the peripheral zone, pore fluid is at seawater concentration and isotopic composition, down to a coring depth of 430 cmbsf.
We suggest that the deeper downward advection of bottom seawater is related to the less frequent fluid/gas expulsion occurring at
these sites compared to the centre sites.

In this paper we show that a combination of geochemical tools used for hydrocarbons and pore water geochemistry is a powerful
approach to detect sources of ascending fluid and to reveal post-eruptional fluidodynamic processes within mud volcanoes.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Gas seepages and related geological structures have
* Corresponding author. Tel.: +31 30 253 4991; fax: +31 253 5302. been found worldwide. Mud volcanoes (MVs) are the
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features occurring at the seafloor within active continental
margins such as the Makran accretionary wedge off
Pakistan (von Rad et al., 2000), the Cascadian margin
(Suess et al., 1999), the Aleutian subduction zone (Suess
etal., 1998), the Costa Rica forearc (Schmidt et al., 2005),
the Okhotsk Sea (Gaedicke et al., 1997; Shakirov et al.,
2004; Obzhirov et al., 2004) and within passive margins
where high sediment rates occur, such as in the Gulf of
Mexico (Sassen et al., 1999), the Niger delta (Hovland
etal., 1997), the Eel River Basin (Burger et al., 2001). In
the eastern Mediterranean, mud expulsion structures
occur at the Mediterranean Ridge due to the collision
between the African and Eurasian tectonic plates
(Camerlenghi et al., 1995; Cita et al., 1996; Kopf and
Behrmann, 2000), in the Anaximander area (Woodside
etal., 1998; Zitter, 2004) and were recently documented in
the Nile deep-sea fan (Mascle et al., 2001; Loncke, 2002;
Loncke et al., 2004). Fluid venting area and related MV
provinces are important geological settings for hydro-
carbons gas release into the overlying water column (Judd
et al., 2002; Dimitrov, 2002, 2003; Mazurenko and
Soloviev, 2003). The formation of MVs is the result of a
catastrophic expulsion of an overpressurised complex
mixture of sediment, water, and various chemicals where
hydrocarbon gases (mainly methane) and in some cases
petroleum are the dominant components. Thus the
presence of seepage indicates the existence of subsurface
accumulations of hydrocarbons and migration pathways.
In this study, we present a comprehensive geochemical
investigation of pore water and water column hydrocar-
bon data at the Isis MV, a mud structure located in the
eastern part of the Nile deep-sea fan. The aims of this work
are: (1) to investigate the composition and the origin of the
light gaseous hydrocarbons in sediments and water
column; and (2) to identify and to assess the potential
processes at such mud expulsion structure.

2. Geological background

The Isis MV is located in the eastern part of the Nile
deep-sea fan at the water depth of about 991 m water
depth, in the eastern part of the Nile fan and has a
camembert-like morphology with a circular plateau of
about 4.2 km in diameter that is elevated ~50 m above
the surrounding seafloor (Fig. 1; Loncke, 2002; Loncke
et al., 2004). The Isis MV is clearly emplaced outside of
the Messinian (Late Miocene) evaporite zone and sited
at an active fault system which can act as conduits for
migrating fluids (Loncke et al., 2004). Details on the
tectonic background of this region have been published
elsewhere (Mascle et al., 2001; Loncke, 2002; Loncke
et al., 2004).

3. Origin of hydrocarbon gases and processes
affecting their molecular and isotopic compositions

The origin of gases and the processes that may affect
their initial composition can be assessed using the
relative abundance of higher hydrocarbons, the isotopic
composition of methane and of higher hydrocarbons,
and the vitrinite reflectance. We briefly introduce each
of these approaches, which will subsequently be applied
in the discussion.

3.1. Relative abundance of higher hydrocarbons

Methane is the most abundant hydrocarbon gas on
Earth (Schoell, 1980). At MVs and gas seepages methane
is associated with pore fluids and originates from either
microbial or thermal degradation of organic matter
(primary cracking) and from oil and gas heating (secondary
cracking) (Hunt, 1996). Heavier hydrocarbons, i.e. C,,
originate generally from thermal cracking reactions (Cline
and Holmes, 1977; Sandstrom et al., 1983; Pepper and
Corvi, 1995) and their proportion increases with the
maturation of the source rock. Hence, the relative
proportion of gaseous hydrocarbons can provide an initial
classification of a gas type using molecular ratio such
as the wetness ratio (C,./(C;+Csy)*x100, with Cy =
>'C5_6 Schoell, 1983). Accordingly, “dry” gases have a
wetness ratio lower than 1% and are derived from
microbial activity and/or from low mature or overmature
source rock. “Wet” gases are thermally derived and have a
wetness ratio higher than 5%. Gases with a wetness ratio
between 1 and 5% are considered to be a mixture of both
biogenic and thermal origin (Schoell, 1988). Abiogenic
formation of alkanes is a third potential formation
mechanism occurring during magma cooling or in
hydrothermal systems. The latter mechanism is not
applicable here (Sherwood Lollar et al., 2002).

3.2. Isotopic composition of hydrocarbons

The stable carbon and hydrogen isotopic composi-
tion of methane has also been extensively used to
determine whether methane has been microbially or
thermally produced (Stahl, 1977, 1979; Schoell, 1980;
Chung et al., 1988; Katz et al., 2002). Typical 6"°C,
values range from — 110%o to —50%0 VPDB for biogenic
gas and from —50%o to —20%0 VSMOW for thermo-
genic gas. The 6D values are less indicative and extend
from —350%o to —150%0 VSMOW for biogenic gas and
from —300%o to —90%0 VSMOW for thermogenic gas.

After formation, hydrocarbons migrate from source
rock towards a reservoir where they accumulate. Post-
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Fig. 1. Location of the Isis mud volcano, Nile deep-sea fan, eastern Mediterranean, with the positions of the sampling stations. The asterisk indicates
the sampling locations of cores and CTD at the centre of the MV (NLKO6F, MS24PT, MS19GT, MS09PC, NLCTD6, and MS23CT). The filled
symbols indicate the sampling locations of the off-centre cores (MS11PT, MS12PT, MS13PT, and MS17PT). Reference core MS22PT is well outside
the mud volcano and appears at the east side of the map as indicated by the large arrow. (Map courtesy of H. Ondréas).

genetic processes such as source mixing (Prinzhofer and
Pernaton, 1997), biodegradation (Zhang and Krooss,
2001) and fractionation during diffusive way of
migration (Fuex, 1980; Zhang and Krooss, 2001;
Liickge et al., 2002) can affect the carbon and hydrogen
isotopic composition of methane and can thus lead to a
misinterpretation of its origin. Moreover, since heavier
hydrocarbons are not subject to diffusive fractionation
(Chung et al., 1988; Berner and Faber, 1996), their
isotopic composition is a more reliable indicator of the
gas source although biodegradation of wet gaseous
components was also detected (James and Burns, 1984,
Clayton et al., 1997; Pallasser, 2000). Chung et al.
(1988) proposed a model to investigate the extent of gas
mixing and/or biodegradation. The various hydrocar-
bons released during source rock cracking are controlled
by a kinetic isotope effect. Since the '*C—'*C bond
breaks easier than the '*C—'*C bond, the hydrocarbon
products are isotopically lighter than the source rock.
This process is reflected by a linear relation between the
inverse carbon number of the hydrocarbons (1/7) and

their carbon isotopic composition. By extrapolating the
line to the 1/n=1 (i.e. methane), this so-called “natural
gas plot model” permits the estimate of the carbon
isotopic signature for the thermogenic methane end-
member and thus the appraisal of the occurrence of
biodegradation. If thermally derived methane mixes
with microbially produced methane, the 6'°C; value
deviates from this linearity. In that case, one can use the
gas plot model to calculate the biogenic contribution to
the gas mixture applying a mixing model.

3.3. Vitrinite reflectance

The vitrinite reflectance (%R,) is a common
parameter used to characterize the maturity level of
the gas source kerogen. It increases with maturity and
ranges from 0.5% (early mature) to 3% (late mature).
We will use two models that relate isotopic composition
of hydrocarbons to maturity levels.

Berner and Faber (1996) developed an empirical
model that plots the maturity curve on a 8'>C, versus
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6'3C5 diagram. The strong point of this model is that the
maturity curve is a function of the nature of the source
rock (type II, i.e. related to marine organic matter, or
type III, i.e. related to organic matter derived from
terrestrial plants) and of its 6'°C value (Appendix A,
Egs. (A.1)-(A.4), Fig. 9B).

Lorant et al. (1998) proposed an alternative method to
assess maturity, namely from a diagram plotting the C,/C;
ratio versus the 6'>C, —8'3C; difference (Fig. 9A). Their
model is based on the fact that isotopic fractionation of
hydrocarbons is not mainly controlled by the maturity
level, but rather by the residence time of generated gases
before their expulsion towards the reservoir. A short
residence time leads to the expulsion of early mature gas,
whereas, a longer residence time leads to mature gases
that may undergo additional thermo-cracking. The
diagram thus defines the different areas of gas genesis,
especially the primary and the secondary cracking zones.

All of the above approaches will be used here to
assess the origin for hydrocarbons at the Isis MV.

4. Materials and methods

Water and sediment columns at the Isis MV were
sampled during the NAUTINIL cruise in September/
October 2003 with R/V Atalante (stations labelled NL)
and MIMES cruise in June/July 2004 with R/V Pelagia
(stations labelled MS). During NAUTINIL, one CTD
cast and one sediment core (stations NLCTD6 and
NLKOG6F, respectively; Table 1, Fig. 1) were taken at the
centre of the MV. During MIMES, one CTD cast (station

Table 1
Positions of the sampling stations at Isis MV during the NAUTINIL
and MIMES cruises

Station Sampling device  Latitude (°N)  Longitude (°E)
NAUTINIL 2003 cruise
Centre
NLCTD6  CTD 32.36110 31.38946
NLKO6F Piston core 32.36110 31.38946
MIMES 2004 cruise
Centre
MS23CT  CTD 32.36091 31.38956
MS24PT Piston core 32.36098 31.38952
MSI9GT  Gravity core 32.36097 31.38952
MSO09PC Piston core 32.36092 31.38958
Off-centre
MSI11PT Piston core 32.35987 31.39148
MSI12PT Piston core 32.35690 31.38460
MSI13PT Piston core 32.36477 31.39912
MS17PT Piston core 32.36645 31.38483
Reference
MS22PT Piston core 32.35670 31.44502

MS23CT), three cores at the centre (stations MSO9PC,
MS19GT, and MS24PT), and four cores off-centre
(stations MS11PT, MS12PT, MS13PT, and MS17PT)
have been taken (Table 1, Fig. 1). An additional reference
core was taken outside the MV (station MS22PT; Table 1,
Fig. 1).

The Isis MV was also explored with the French
submersible Nautile in 2003. A total of three dives were
carried out, among which two explored the volcano on
transects from SE to NW and from NE to SW, and one
focused on the centre of the structure.

4.1. Water sampling

Sampling of the water column took place with a CTD
rosette sampler equipped with 15 Niskin bottles during
NAUTINIL and with 22 NOEX bottles (NO Exchange,
http://www.technicap.com) during MIMES. In the latter
cruise, the R/V Pelagia remained within 30 m “on site”
during the CTD cast. The bottles were collected during
the ascend of the CTD rosette and the first two bottles
were closed at the same depth after the CTD rosette
became stationary 6 m above the seafloor. The
remaining CTD bottles were closed after waiting for
1 min at each depth level.

For hydrocarbon gas compositional and stable
isotope analysis, water sub-samples were taken imme-
diately upon arrival of the CTD rosette sampler on deck.
Schott bottles (250 mL) were filled air bubble free and
quickly sealed with a gas-tight butyl stopper. About
100 pL of mercuric chloride (HgCl, solution, 70 g/L)
was added to stop any biogenic activity. A headspace of
10 mL was made with nitrogen gas (purity 5.0) while
simultaneously removing 10 mL of the sample using a
second needle. The samples were equilibrated upside
down for at least 24 h at room temperature prior to
measurement and were kept upside down until on shore
analyses for isotopic composition.

4.2. Sediment sampling

4.2.1. Hydrocarbon gases

For gas analysis, 3 mL (NAUTINIL) and 10 mL
(MIMES) of sediment samples were taken immediately
after core retrieval with a cut syringe. The sediment was
put into a 30-mL (NAUTINIL) and a 65-mL (MIMES)
glass bottle pre-filled with saturated NaCl solution
(ca. 300 g/L) that was quickly sealed with a gas-tight
butyl stopper, allowing no air to remain in the bottle. A
headspace of 5 mL was made with nitrogen gas (purity
5.0) gas while simultaneously removing 5 mL of salt-
water using a second needle. The bottles were shaken to
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make a homogeneous suspension and equilibrated upside
down for 24 h at room temperature prior to gas analysis.
During the MIMES cruise, duplicate sediment samples
were taken for onshore stable isotope analysis, using the
same procedure only making a 10-mL headspace.

4.2.2. Pore waters

Pore waters were extracted from 20-40 mL of
sediment by centrifugation or squeezing (de Lange,
1992). Pore water was then filtered through a 0.2-pm
cellulose-acetate membrane. For major element analy-
ses, 4-mL sub-samples were acidified with 100 pL of
suprapure HNO; acid (1 M). For dissolved inorganic
carbon (DIC) and nutrients, sub-samples were stored in
4-mL glass vials. All sub-samples were stored in the
dark at 4 °C.

4.3. Analytical procedures

4.3.1. Hydrocarbon gas concentrations

During the NAUTINIL cruise, methane concentra-
tions were determined on board, injecting 1-mL gas
sample into a Shimadzu gas chromatograph (GC) GC-
14B with a FID (Flame Ionization Detector) and
equipped with a packed stainless steel Porapack Q
(6 ft, 2 mm i.d., 80/100 mesh, Alltech). The oven was
kept at 30 °C. The heavier hydrocarbons were analyzed
onshore with a Trace GC equipped with a 32-m-long
HP-PLOT capillary column (10 pm). The GC oven was
held at 40 °C for 3 min, ramped to 185 °C at 20 °C/min
and finally held constant for 8 min.

During the MIMES cruise, the Shimadzu GC GC-14B
has been equipped with a 0.25-mL sample loop and a
Valco-plot-HayeSep D capillary column (30 m x 0.53 mm
i.d. x20 um). At least 10 mL of nitrogen was used to flush
the sample loop prior to each sample. The GC oven was
held at 60 °C for 2 min, raised to 180 °C at 35 °C/min and
finally held constant for 8 min.

The following standards were measured three times
prior to the analysis of a set of samples: 15, 100, and
1000 ppmv C;—C4 mixture, 1000 ppmv methane and 1%
methane (all from Scotty). The precision of the method is
around 3%. The concentration of each gas component in
the headspace was calculated off-line from the peak area.
The concentration of each component in the liquid phase
was calculated from the headspace concentration using the
Bunsen solubility coefficient 8 (Grasshoff et al., 1983).

Due to the large oversaturation of gases in most of the
studied sediment samples, a substantial but unknown
amount of gas may have escaped during core retrieval
and on-deck handling. The measured concentrations for
sediment samples are therefore minimum values.

All concentrations are corrected for volume, salinity,
and temperature and then reported in nmol/L for the
water samples and in pmol/L of wet sediment for the
sediment samples.

4.3.2. Stable carbon and hydrogen isotopes of
hydrocarbons and CO,

The MIMES sediment samples were analyzed for
hydrocarbon and CO, isotopes at Utrecht University
using a Gas Chromatograph—Isotope Ratio Mass Spec-
trometer (GC—IRMS) system consisting of an Agilent HP
6890 gas chromatograph connected to a Finnigan Delta-
Plus ¥ P jsotope ratio mass spectrometer with a combustion
interface. Gaseous compounds were separated on a HP-
PLOT column (32 mx0.32 mm i.d.x10 pm), using
an appropriate temperature program (40 °C for 2 min,
12 °C/min, 140 °C for 3 min). The NAUTINIL samples
were analyzed only for stable carbon and hydrogen
isotopes of hydrocarbon. The measurements were
performed at Isolab BV using a Finnigan Delta S mass
spectrometer connected to an Agilent HP 5890 gas
chromatograph. Using a temperature program, gaseous
compounds were separated on a molecular sieve (5 A)
PLOT column for methane and on a Porabond column for
C,—C4 compounds. For corresponding samples, identical
results were obtained for the two labs.

Data are reported in the usual d notation: 6 =
(157 - 1) x 1000(%o), with R being the '>C/'*C or the D/H
ratio. The §'°C values are given relative to the Vienna
Peedee Formation belemnite (VPDB) and éD relative to
the Vienna Standard Mean Ocean Water (VSMOW). For
sediment samples, the average standard deviation for
replicates was £0.2%o for 6'°C of methane and CO,,
+0.5%o for the C,. gases, and +2%o for 6D values. For
water samples, due to lower gas concentrations, the
average standard deviation was 0.5%o for 8'>C of methane
and +£2%o for the C, hydrocarbons.

4.3.3. 8’0 and 6D of pore fluids

Oxygen and hydrogen isotopic compositions were
analyzed by modified standard techniques, using a mass
spectrometer VG SIRA-24. Results are given in
VSMOW. The precisions are 0.1%0 and 2%o for the
0'®0 and 6D measurements, respectively. The detailed
analytical procedure has been published elsewhere
(Déhlmann and de Lange, 2003).

4.3.4. Sulfate, chlorite, silicate, and phosphate
measurements

Sulfate concentrations were measured on-shore as S
from acidified and N,-bubbled pore waters using ICP-
AES. Chlorite concentrations were measured by
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Fig. 2. Concentration of methane, ethane and propane, and temperature and light scattering profiles measured in the water column above Isis MV at
stations NLCTD6 during NAUTINIL cruise (A and B) and at station MS23CT, during MIMES cruise (C—E). Note the breaks in the y-axes. The grey

bands indicate the different sub-plumes.

potentiometric titration. For silicates and phosphates, all
analyses were carried out on board on a TRAACS800
continuous flow analyzer, applying colorimetric meth-
ods after described by Grasshoff et al. (1983). The
standard deviation for all measurements is 3% or better.

4.3.5. Temperature and light-scattering measurements

During the CTD casts, temperature was measured
with an electronic thermometer part of the Conductiv-
ity—Temperature—Depth sensor (SeaBird SBE-9), and
the light-scattering was measured by an optical
backscatter meter (OBS).

5. Results

5.1. Water column

5.1.1. Molecular and isotopic composition of
hydrocarbon gases

In 2004, during the MIMES cruise, a major enrichment
of methane up to 1550 nmol/L occurred within 50 m

above the seafloor at the Isis MV (Fig. 2C). These
enrichments are well above the CH, of background value
of seawater (~ ' nmol/L; Charlou et al., 2003). Besides the
near bottom sub-plume, three additional sub-plumes are
observed, with peak of methane concentration ranging
from 730 to 1160 nmol/L (Fig. 2C). The concentration
profiles of ethane (C,) and propane (C3) mimic that of
methane (C,) with concentrations in the deepest sample of
457 nmol/L and 20 nmol/L, respectively (Fig. 2D).

Similar, less distinct (possibly due to lower sample
resolution) sub-plumes have been detected in 2003
during the NAUTINIL cruise (Fig. 2A and B). However,
methane concentrations measured in 2004 are more than
twice as high as those measured in 2003.

Stable carbon isotopic data of methane, ethane, and
propane at MS23CT have variable values (Table 2). In
the deepest sample, C,, C,, and C3 components have
6'3C values of —53%o, —32%o, and —29%o, respectively.
The heaviest 8'°C values for C,—Cj hydrocarbons,
—12%o, —20%0, and —20%o., respectively, were mea-
sured at the top of the plume, i.e. at 961 m depth.
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Table 2

Stable carbon isotopes of methane, ethane, propane and stable oxygen
and hydrogen of water in the water column at station MS23CT
(MIMES 2004 cruise)

Depth 8¢, o"c, 53¢y oD 50
(mbsl) (%o) (%o) (%o) (%o) (%o)
961 -12 -20 =20 5.2 1.2
967 -18 =25 -23 5.4 1.3
975 —47 -29 =27 6.5 0.9
977 -19 -21 n.d. 6.5 1.2
981 n.d. —-22 n.d. 5.6 1.2
984 -23 =20 -21 6.7 0.9
989 -53 =32 -29 7.0 1.2
n.d.: no data.

Isotopic data are given relative to VPDB for carbon and to VSMOW
for hydrogen and oxygen (mbsl: meter below sea level).

5.1.2. Stable hydrogen and oxygen isotopic composition

In the water column, at station MS23CT, 6D and
6'%0 are constant in the whole sampling interval, with
averaged values of 6.0%o and 1.1%o for 6D and 6'%0,
respectively (Table 2).

5.1.3. Temperature and light-scattering

Down to 957 m, the seawater temperature remained
constant (13.69 °C) and then, near the seafloor, steadily
increased with increasing depth by up to 0.05 °C close to
the seafloor (Fig. 2E). In the light-scattering profile,
several peaks were noted between 960 and 989 m water
depth, with a large plume detected approximately 10 m
above the seafloor (Fig. 2E).

5.2. Sediment

Figs. 3A—H and 4A and D present results obtained
from the sampling sites in the centre area. Figs. 31-L
(inset) and 4B and E show results obtained from
sampling locations in the off-centre area. Since the aim
of this study is to determine the origin of the gas, only
the sedimentary gas samples between 130 and
600 cmbsf (centimeters below seafloor) will be
discussed here. The sediments from 0-130 and
>600 cmbsf are influenced by additional processes
(e.g. oxidation) that will be discussed in detail elsewhere
(Mastalerz et al., 2007).

5.2.1. Molecular composition of hydrocarbon gases
Measurements at the centre (stations NLKOGF,
MSO09PC, MS19GT, and MS24PT, Fig. 3A) show high
methane concentrations, up to 7500 pmol/L at
530 cmbsf, station MSO09PC, well above those of the
atmospheric equilibrium value of 0.9 mmol/L of wet
sediment (given a methane solubility of 1.3 mmol/L at

22 °C and 1 bar pressure (Wiesenburg and Guinasso,
1979) and a sediment porosity of 0.7). Concurrently,
sediments collected 220 m away from the centre of the
Isis MV (MS11PT), show noticeably lower methane
concentration (Fig. 31). Further towards the edge of the
MV in any direction (stations MS12PT, MS17PT, and
MS13PT) the methane concentration decreases signif-
icantly (Figs. 31 and 5). Sediments collected 1 km away
from the centre (MS13PT) show methane concentra-
tions of a maximum of 0.7 umol/L (Fig. 3I). Sediments
from the reference site (MS22PT) taken >5 km away
from the centre of the MV, exhibit methane concentra-
tions of 0.2 pmol/L (Fig. 3I). Higher hydrocarbons (C,
up to Ce) were only detected at stations from the centre
area of the Isis MV but not from off-centre locations.
Their abundance is here expressed as the wetness ratio
(see also Section 3.1).

5.2.2. Stable carbon and hydrogen isotopic composition
of hydrocarbon gases and CO,

At the centre of the Isis MV, §'°C and 6D values of
methane are relatively constant, and range from
—56.5%0 to —55.3%0 (mean=-—55.1%0) and from
—180%0 to —212%o0 (mean=-203%o), respectively
(Fig. 3C and D). Stable carbon isotopes of ethane,
propane, and n- and i-butane have also been measured
at the centre (Fig. 3E, G, and H) and do not show
significant variations with depth. The average 6'°C
values are —30.3%o for ethane, —26.1%o for propane,
—28.4%o for i-butane, and —25.0%o for n-butane. As the
uppermost sedimentary intervals are influenced by
diverse microbial processes (e.g. Figs. 3A, C and 4A;
Mastalerz et al., 2007), we consider only the sedimen-
tary section below ca. 130 cmbsf for the origin assess-
ment towards the origin of hydrocarbons.

Compared to the centre stations, methane in the
deepest samples at off-centre stations is relatively light
in ’C and heavy in D, namely 6°C,=—65%o at
MS11PT, §"°C,;=-78%o at MS17PT, and §D=—82%o
at MS11PT (Fig. 3K and L).

In the centre, a constant average 8'°C—CO, value of
—5.8%0 was measured in the lower sections of the cores
during the MIMES cruise. At off-centre stations the
carbon isotopic values for CO, are relatively light
(—15.6%0, n=12), constant within the whole sediment
sections, and similar to the values measured for the
reference site (—17.9%o).

5.2.3. Pore water sulfate, silicate, and phosphate
concentrations

At all sampling stations, the surface sulfate concen-
trations show values close to those of the seawater
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(Fig. 4A—C). At the reference station MS22PT, located
outside the MV, the sulfate pore water distribution
displays a smooth slightly curved profile (Fig. 4C),
whereas, at the off-centre stations, sulfate remains at
seawater concentration (Fig. 4B). At the centre, the
sulfate concentrations display a more pronounced
profile, with an estimated depth of zero sulfate
concentration at 54 cmbsf for the station NLKOG6F
(NAUTINIL) (Fig. 4A). During MIMES, central cores
MS19GT and MSO09PC were sub-sampled at higher
resolution than MS24PT, which highlighted abrupt
changes in the sulfate profiles (Fig. 4A). At MS19GT,
within the upper 35 cm, sulfate remains at seawater
concentration, but just below this depth the sulfate
profile displays a dramatic kink and decreases to reach a
sulfate concentration of 1.1 mmol/L at 60 cmbsf. A
similar observation is made for MSO9PC and MS24PT,
but with sulfate depletion occurring below 125 cmbsf
and 130 cmbsf, respectively.

All sediment sections from the off-centre locations
display similar Si and PO, distribution patterns: low- and

near-seawater values in the entire cored interval (Fig. 6B
and E). In contrast, in the centre, the concentrations are at
seawater values in the top meter and increase quickly
downcore at concomitant of sulfate depletion, to reach
values up to 24 pmol/L for *°, and 300 pmol/L for Si
(Fig. 6A and D). At the reference site, the Si and PO,
profiles are concave in shape, typical for Mediterranean
pelagic sediments, with concentrations increasing down-
ward to reach values up to 11 umol/L and 100 pmol/L,
for PO4 and Si, respectively (Fig. 6C and F).

5.2.4. Pore water chloride concentrations, and stable
hydrogen and oxygen isotopic composition of pore
water

At the reference station MS22PT, the chlorinity
shows typical profile for Mediterranean pelagic sedi-
ments, with a constant concentration at bottom seawater
value (Fig. 4F).

At the centre of the Isis MV and within the first meter
section of the sediment column, not only chloride but
also 6D and 6'%0 values of the pore fluid (620 mmol/L
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for Cl, 1.5%o and 5.9%o for 6'*0 and 0D, respectively)
are similar to those of bottom Mediterranean seawater
measured above the Isis MV (Figs. 4D, 6G and I and
Table 2). Below this interval and deeper down the
sediments, these values change dramatically to reach
constant values for the rest the core (133 mmol/L for Cl,
—17%o and 7%o for 6D and 6'%0, respectively).

At off-centre stations, the chloride concentration and
isotopic composition of pore water remain at seawater
values for the whole cored section (Figs. 4E and 6H, J).

6. Discussion

The obtained geochemical data set reveals three areas
within the Isis MV which are characterized by different
patterns of fluidodynamic: (1) the reference site 5.7 km
away from the centre of the MV, (2) the off-centre
region, and (3) the centre area (Fig. 1).

At the reference site, the concave-downward,
decreasing sulfate concentration profile and a concom-
itant downward increasing phosphate profile is attribut-
ed to sulfate reduction and associated organic matter
degradation processes (Figs. 4C and 6F; Borowski et al.,
1999).

At the off-centre area, methane concentrations are
low, and sulfate and silicate concentration gradients are
absent (Figs. 31, 4B, and 6B). These sediments thus
show little evidence of organic matter degradation.

At the centre area of the MV, steep sulfate gradients
(upto 112.8 mmol/L m™ ', station MS19GT, Fig. 4A) and
silicate gradients associated with high gas concentrations

suggest a strong upward advection of gas-enriched deep
fluids (Figs. 3A, 4A, and 6A; Borowski et al., 1996;
Aloisi et al., 2004). Moreover, the low-chlorinity of the
deep pore fluid and its isotopic composition resulting
from clay mineral dehydration (C1=133 mmol/L, D—
H,0=—18%o, 8'"*0—H,0="7%o, Figs. 4D and 6G, I; see
also Ddhlmann and de Lange, 2003) indicates not only a
deep origin but also creates a density gradient and thus
contributes as a driving force for gas-enriched, upward
fluid advection (Henry et al., 1996).

6.1. Origin of the hydrocarbon gases

Since advecting gases do not undergo isotopic
fractionation (Chanton, 2005), the central area is the
best to determine the initial source of hydrocarbons. The
off-centre area appears to be influenced by other
processes such as diffusion. Therefore we will first
discuss the central area followed by the off-centre sites.

6.1.1. Centre area

To assess the origin of the gases, several approaches
introduced in Section 3 are used here.

At central sampling stations, the wetness ratio of
hydrocarbon gases is about 3.5% (Fig. 3B), and according
to the classification of Schoell (1983), is probably
resulting from an ad-mixture of gases. Fig. 7 shows that
none of the hydrocarbon gases fall into one of the well
defined gas-origin boxes (thermogenic and microbial),
but all samples show values of a mixed biogenic and
thermogenic gas. In the natural gas plot (Fig. 8), the
deviation of the §'>C; values from the C,—Cy4 isotope line
supports the microbial contribution of isotopically light
methane to the gas mixture. The §'°C value of the pure
thermogenic methane generated with the wet components
can be estimated by extrapolating this line to n=1, i.e.
CHy, (Section3.2). The pure isotopic thermogenic is thus
estimated at —41.4%o. The ad-mixture of biogenic and
thermogenic methane can then be quantified using a
simple isotope mixing model. Assuming a 6'*C value for
pure biogenic methane produced in marine sediments
(—80%o; Whiticar, 1999), the biogenic contribution is
estimated to represent 36% of the total methane.
Considering that the C,.. components represent 3.5% of
the total hydrocarbon gas, the biogenic contribution
represents 35% of the total gas mixture, which leads to an
initial gas wetness ratio of 5.7%.

The deep samples from the central cores clearly show a
progressive '*C enrichment with increasing carbon
number and a linearity of the C,—C, regression lines
(R*=0.93, Fig. 8). This indicates that the higher
hydrocarbon gases have not been microbially altered. In
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Fig. 7. Carbon isotopic ratio versus hydrogen isotopic ratio of methane (after Schoell, 1988). Isotopic data are given relative to VPDB. The arrow
“diffusion” indicates the processes that affect the isotopic composition of methane (see Section 6.1).

addition, since straight-chain hydrocarbons are preferen-
tially biodegraded relative to isoprenoidal hydrocarbons
(Winters and William, 1969; Sassen et al., 1994),
the relatively low i-C4/n-C,4 ratio supports the absence
of microbial degradation for these hydrocarbons
(mean=2.3 mol/mol, Fig. 3F). Accordingly, hydrocarbon
gases collected from the centre area of the Isis MV show
their mature characteristic.
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Fig. 8. “Natural gas plot model” according to Chung et al. (1988):
reciprocal of the carbon chain length (1/#) versus the carbon isotopic
ratio of the n-alkanes (dashed line). Isotopic data are given relative to
VPDB. The average extrapolated C,—C, regression line (solid line) has
a correlation coefficient of 0.98. Extrapolation to 1/n=0 gives the
8'3C value of the source rock kerogen (—19.4%o); extrapolation to 1/
n=1 gives the dC value of the thermogenic methane endmember
(41.5%o). The deviation due to ad-mixture with microbial-produced
methane is shown.

Fig. 9A shows the diagram established by Lorant
et al. (1998). Studied samples fall in the secondary
cracking zone with a corresponding vitrinite reflectance
values ranging between 1.1% and 1.5%. This range
corresponds to high maturity levels, indicating that the
wet gases have been probably co-generated within the
oil window (Hunt, 1996). This is also confirmed by the
i-C4n-C, ratio which is consistent with a high source-
rock maturity (Prinzhofer et al., 2000). This relatively
wide maturity range suggests also mixing processes
during migration. Nevertheless, the hydrocarbon gas
data clearly indicate that the wet gases were generated
within the oil window interval and confirm above
estimations of (1) the 8">C value obtained for the pure
thermogenic methane (—41.5%o) and (2) the initial gas
wetness ratio (5.7%). Both estimated values are also
consistent with mature characteristics of the initial
source rock (Hunt, 1996).

The natural gas plot can also be used to estimate the
stable carbon isotopic signature of the source-rock
kerogen. This value is determined by extrapolating the
C,—C4 line to the y-axis, since the source can be
approximated by molecules with an unlimited number
of carbon atoms (1/n—0, Fig. 8; Chung et al., 1988).
Doing so, a value of —19.4%o is obtained. However, it
was shown that the 6'>C intercept value is often higher
than the actual 6'>C value of the kerogen, most likely
due to heterogeneities of the source kerogen, to
hydrocarbon formation mechanisms, or to maturity
effects (Chung et al., 1988; Pohlman et al., 2005). In
order to improve the estimated 6'>C value of the source
kerogen, we use the empirical model developed by
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Berner and Faber (1996) (Section 3.3). Fig. 9B shows a
6'3C, versus 6'°Cs diagram with the two maturity
curves for kerogen type II and the kerogen type III.
Since the kerogen '*C value has to be incorporated into
the maturity equations (Appendix A, Egs. (A.1)—(A.4)),
we implemented it in the way to obtain the best fit with
the estimated maturity range (1.1-1.5%, Fig. 9A). The
maturity curves with the implemented 6'°C value of
kerogen (—19.4%o) obtained from the gas plot model do
not fit with the vitrinite reflectance range obtained above

(Fig. 9B). This confirms the limit of the gas plot model
of Chung et al. (1988) as a method for the approxima-
tion of the '>C signature for the original source rocks. In
contrast, the equation of the type II kerogen shows better
fit, with a kerogen 6'C value of ca. —29%. (Fig. 9B).
This indicates that the C,, hydrocarbons originate
predominantly from a type II kerogen source, which is
typical for marine environments. However, some
contribution of type III kerogen cannot be excluded.

Apart from interpreting the origin of the gas as a
mixture of a biogenic and a thermogenic endmember,
13C-depleted methane can also be the result of isotopic
fractionation during diffusive migration. However, it is
unlikely that such diffusive fractionation occurs along
the migration path through the central channel because
MVs are primarily driven by advection and this
mechanism is not associated with isotopic fractionation
(Chanton, 2005). Therefore, if diffusive fractionation
had occurred, it must have taken place prior to the gas
expulsion, possibly between the subsurface oil source
rock and reservoir (Fig. 10). If diffusive fractionation
were significant, this would result in a §'*C; value even
lighter than —41.4%,, thus leading to an even larger
thermogenic contribution to the gas accumulation.

All this evidence demonstrates that a gas mixture
dominated by a thermogenic origin, but with a significant
biogenic contribution, migrates upward along a narrow
channel at the centre of the Isis MV. Stable carbon isotope-
based models indicate that the C,. hydrocarbon gases
originate predominantly from type II kerogen and are at
the base of the central gas accumulation and expulsion.

6.1.2. Off-centre area

The molecular composition and concentration of
hydrocarbon gas in the sediments from the off-centre
area are significantly different compared to those at
central locations. The gas is indeed relatively dryer
(Fig. 3J) and the C,. gaseous components are at very low
concentration levels. Such difference in the molecular
composition could be explained by either principally
different sources for the hydrocarbon gases or by
principally different fluid transfer mechanisms, which
subsequently induced complex alterations in the migrated
gas mixture.

Moreover, the constant seawater-like sulfate concen-
trations versus depth in off-centre sediments suggest a
lack of upward fluid advection and of bacterial sulfate
reduction processes (Fig. 4B). Consequently, the very
low C,, concentration, the absence of sulfate reduction
and the relatively light 6'°C for CH, imply that methane
from these sediments is likely diffused allochthonous
gas and is not in-situ generated (Figs. 3K and 4B). There
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Fig. 10. Schematic representation (not to scale) of the migration pathways of hydrocarbons (modified after Kopf, 2002).

is a clear correlation between increasing distance from
the centre, a decrease in the methane concentration and a
shift towards negative 8'*C; values (Fig. 5). In addition,
the 6D—C, value at the off-centre site MS11PT is 121%o
higher than for those at the centre (Fig. 3D and L). The
shift in 6D—C; being 12 times higher than the shift
in 6'3C, (10%o, Fig. 7) corresponds to results from
experimental and natural observations on methane
diffusion. The latter have indeed been reported as
having a shift in dD—C; between 10 to 30 times larger
than the shift in 613C1 (Fuex, 1980; Pernaton et al.,
1996; Kittel, 1996). Our observations are therefore
concordant with diffusion-related alterations from the
initial isotopic composition as found in the centre,
towards values encountered in the deepest samples at
off-centre stations. Additionally, in off-centre sediments
of MS11PT, the deepest sample exhibits a low ethane
concentration and a &> C, value similar to that measured
at the centre (Fig. 3J and K). This result also argues for
gas diffusion since the isotopic signature for ethane is
not altered during diffusion (Zhang and Krooss, 2001;
Liickge et al., 2002).

Finally, as to the molecular composition of C,.. hydro-
carbon gases, Coleman et al. (1977) showed that migrated
gas may be completely depleted of C,; hydrocarbons.
Besides, gas leakage through relatively impermeable and
fluidized sediments can result in segregation of C,.
compounds (Schoell, 1983), which supports the low
wetness ratio obtained in off-centre sediments as a result
of methane diffusion occurring across the MV.

In summary, at off-centre stations, the carbon and
hydrogen isotopic composition of methane measurable
only in the deepest sediments indicates that it originates
by diffusion from the same hydrocarbon source as that
of the central area.

6.2. Pulses of gas injection into the water column by
gas bubble transport

Gas concentrations and light-scattering profiles
obtained during CTD casts show clear enhancements
above the seafloor (Fig. 2A—E). Despite our careful
sampling technique, such enhancements could potentially
result from seafloor disturbance by the CTD-equipment.
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If so, we would expect all sub-plumes to have (1) similar
hydrocarbon isotopic compositions and (2) hydrocarbon
isotopic composition close to that from the surface
sediments. In contrast, the individual sub-plumes are
largely different, with consistent gas isotopic composi-
tions within each plume, but differing between them.
Moreover, for each of the two CTD casts, the deepest two
water samples have significantly different total hydrocar-
bon gas concentrations, despite being at the same water
depth (Fig. 2A and C). The difference between the two
samples at MS23CT is about 1200 nmol/L, although the
two samples have been taken within a time interval of
13 s. These differences might be explained by lateral
current which displaces the gas plume. Therefore, any gas
release from sediment disturbance would have been
“rapidly” removed compared to the sampling time of the
CTD casts (33 min during NAUTINIL and 37 min during
MIMES). Although some bottom disturbance by the
bottom weight ~ 5 m below the CTD rosette cannot be
entirely ruled out, the implemented delay prior to
sampling and the considerations made above are
convincing evidence that gas concentrations and light-
scattering distributions observed above the Isis MV are
“natural” profiles.

The sub-plumes observed above the Isis MV during
the 2003 NAUTINIL cruise (Fig. 2A and B) show that
substantial amounts of methane and ethane are intro-
duced into the water column. During MIMES cruise in
2004, significant increases in the hydrocarbon concen-
trations were measured (Fig. 2C and D). This suggests
an enhancement of the venting activity over this one
year period. These hydrocarbon-rich sub-plumes are
characteristic features of active gas venting, which
emphasizes that MVs are significant geological source
of hydrocarbons into the water column (Dimitrov,
2003). Furthermore, both CTD casts display identical
distribution patterns for methane, ethane, and propane,
which indicate that these gases have a common origin
and are co-emitted into the water column. The light-
scattering profile at MS32CT indicates that this gas
discharge is associated with an emission of turbid fluids
and/or bubble releases, which is also supported by the
slight increase in temperature noted at the bottom of the
plume (Fig. 2E).

Our gas profiles differ from those usually observed at
MVs and gas seepages, where the CH, concentration
often increases regularly with depth and well defined
methane anomaly occurs right above the seafloor
(Charlou et al., 2003). Water column gas plumes can
also be the result of dissociation of gas hydrate fragments
leaving the seafloor, rising in the water column and
releasing methane locally (Suess et al., 1999; Charlou

et al., 2004). This situation is inappropriate to our setting
since the Isis MV is located outside the gas hydrate
stability zone (bottom water temperature=13.7 °C,
pressure=97.2 bar, salinity=38.7%o; Sloan, 1989). The
observed sub-plumes rather result from pulses of gas
injections into the water column followed by mixing with
seawater and lateral transport by bottom currents that may
create distinct sub-plumes at different depth levels
(Radlinski and Zbigniew, 1995). Stable carbon isotopic
composition of methane, ethane, and propane may then
serve as good natural tracers for gas injection. At
MS23CT and in the sub-plumes at 989 and 975 mbsf,
the 6'°C values of methane, ethane, and propane are
similar to those measured in the deeper sediments at the
centre of the MV (Fig. 3C, G, and H, and Table 2). The
presence of sub-plumes above the Isis MV is therefore
likely the result of gas injection pulses from a deep
subsurface directly into the water column. Such unaltered
gas inputs imply a gas bubble transport mechanism,
because gas bubbles are not readily metabolized by micro-
organisms (Grant and Whiticar, 2002). Although no
continuous bubble flows have been observed during the
three Nautile dives, bubble saturation apparently occurs
just beneath the sediment surface, as bubbles were
released once the sediment surface was disturbed by the
arm of the submersible (NAUTINIL cruise report).
Bubble releases have also been recently observed at
other MVs (Sauter et al., 2006; Greinert et al., 2006). In
addition, seafloor observations at Hydrate Ridge showed
that gas venting can occur intermittently with intervals of
days to weeks (Tryon et al., 1999). Furthermore, during
MIMES, acoustic gas plumes were detected in the water
column, in particular above the centre of the Isis MV
(Dupré et al., 2007). These acoustic observations are
consistent with a gas bubble transport mechanism.

6.3. Driving forces and associated downward advection
of bottom seawater

In the following sections we discuss first the centre
area and then the off-centre area.

6.3.1. Centre area

In sediments, methane and sulfate are strongly
reactive, such as in the microbially mediated process of
anaerobic oxidation of methane or in the process of
organic matter degradation (Reeburgh, 1982). The
former process often leads to a SO, concentration
decreasing linearly with depth in the sediment (e.g.
Borowski et al., 1996), as observed for the station
NLKOGF at the centre of the Isis MV (Fig. 4A). However,
the sulfate profile obtained at the same location but one
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year later during the MIMES cruise has a kink-type
profile with a conspicuously constant sulfate content for
the uppermost meter (Fig. 4A, stations labelled MS).
Although bioirrigation by tube dwelling organisms can
also lead to an exchange of pore fluids with the overlying
seawater (Emerson et al., 1984; Wallmann et al., 1997)
this process is considered to be minor in this setting as no
epifauna has been observed within the centre of the MV.
Furthermore, bioirrigation alone cannot explain the
observed rapid change in pore water profiles within
1 year and the constant seawater composition down to
125 cmbsf (Fig. 4A and D).

This clearly suggest that a non-steady state event
occurred between the two cruises, which could either be
(1) a recent mud flow mixed with seawater and/or (2) a
downward advection of bottom seawater following a gas
outburst.

6.3.1.1. Recent mud flow deposit followed by bottom
water invasion. A mud flow deposit intimately mixed
with bottom water can indeed lead to kink-type pore
water SO, profiles (e.g. Hensen et al., 2003). In that
case, turbulent mixing with bottom water during
transport has resulted in a seawater composition of the
mudflow pore water after deposition. Such intimate
mixing is very unlikely in view of the potential ultimate
~100 m distance from any anticipated active mud
eruption site at the centre of the Isis MV. Mud flow
deposition followed by downward diffusion of bottom
water is also unlikely as this would result in much more
diffuse pore water concentration profiles and cannot
explain the sharp depletion at 125 cmbsf and the fully
seawater 6'*0 and 6D isotopic values for the pore water
above this kink (Figs. 4A, D and 6G, I).

An alternative process that can explain isotopic and
concentration profiles is downward advection of
seawater following a recent gas expulsion, as it has
also been suggested at other MVs (O’Hara et al., 1995;
Henry et al., 1996). At the centre of the Isis MV, a
bubble transport mechanism has been highlighted
(Section 6.2). During bubble release, a downward influx
of bottom seawater can be induced (Fossing et al., 2000;
Kopf, 2002), resulting in important concave-down pore
water profiles, as observed in the SO, Cl, and the Si
profiles in the MIMES cores (Figs. 4A, D and 6A). Such
process also concords with the isotopic composition of
the pore water fluid that indicates a full bottom seawater
signature in the whole uppermost sediment section
(Fig. 6G and I). Hence, subsequent to each pulse of gas
release is a phase of downward advection of bottom
water until a next episode of mud expulsion occurs. The
strength of such pulse, its gas contents, and the time

interval between pulse and coring in particular,
determine the depth of downward seawater progression.
This process seems to control pore water dynamics at
the centre of the Isis MV in accordance with the
observed pore water profiles from 2003 and 2004
(Figs. 4 and 6), and is thought to be an important process
for intermittently active mud expulsion systems else-
where. An additional factor at the Isis MV may be the
downward progression of bottom water which has a
higher chlorinity and density than that of the ascending
fluid (610 mmol/L versus 130 mmol/L, Fig. 4D and E,
and 1.030 versus 1.007 kg/L).

An alternative process that can explain both isotopic
and concentration data profiles is downward advection
of seawater posterior to a recent gas expulsion. At the
centre of the Isis MV, a bubble transport mechanism has
been highlighted (Section 6.2). During bubble ebulli-
tion, a downward influx of bottom seawater can be
induced, resulting in uppermost concave-down pore
water portions, as observed in the SOy, Cl, and the Si
profiles in the MIMES cores (Figs. 4A, D and 6A). This
is also in agreement with the isotopic composition of the
pore water fluid that clearly shows a bottom seawater
signature in the uppermost sediment section (Fig. 6G
and I). Hence, subsequent to each pulse of gas release is
a phase of downward advection of higher density
bottom water until the next episode of fluid venting
activity occurs. The intensity of such pulse, its gas
contents, and the duration of the intermediate period all
together determine the deepness of seawater penetration.

As shown at other MVs and in accordance with the
observed pore water profiles during 2003 and 2004, down-
ward advection of bottom seawater occurring straight after
a gas expulsion seems the most feasible fluidodynamic
process occurring at the centre of the Isis MV.

6.3.2. Off-centre area

At the off-centre area, downward advection of bottom
seawater seems also to occur. Despite the presence of
allochthonous methane originating from diffusion and the
occurrence of some organic matter degradation as
suggested by the increase with depth of dissolved
phosphate and the relatively light 6'°C value for CO,
similar to that found at the reference site (Section 5.2.2),
constant seawater sulfate versus depth is observed for all
cored intervals, down to 430 cmbsf (Figs. 4B and 6E).
Moreover, the pore fluid isotopic composition for all off-
centre sediments indicates a full seawater source, which
rules out a deep fluid source contribution. Therefore,
downward advection of seawater must even be more
advanced for off-centre sediments. The influx might also
be facilitated by the relatively high porosity of the
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extruded mud (57%, NLKOOGF), which is consistent with
the camembert-like morphology of the Isis MV thought to
be characteristic for high porosity muds (Kopf, 2002). In
view of the pore water data, and in particular its oxygen
and hydrogen isotopic composition, a downward advec-
tion process of bottom water is clearly not only occurring
in the centre but also in the off-centre areas of the Isis MV.
Such downward advection of seawater can be directly
related to gas expulsion at off-centre sites — as described
above for the centre area — or could indirectly be related to
gas expulsion at the centre areca. Gas expulsion at the
centre is associated with a compensational influx at off-
centre sites, as observed at several venting sites around
the world (Henry et al., 1996; Aloisi et al., 2004; Schmidt
et al., 2005). Without direct observations of fluid flow
measurements in the sediments, it is not possible to
unambiguously discriminate between these two options
for the centre. However, some circumstantial evidence is
available. Active gas expulsion at off-centre sites is not
only supported by acoustic observations during the
MIMES cruise suggesting gas bubble release at the
ecastern and northern edges of the MV (Dupré et al., 2007)
but also by the presence of black patches at off-centre sites
as observed during the NAUTINIL cruise (NAUTINIL
cruise report; Dupré et al., 2007). These black patches are
characteristic of sulfide-rich, reduced sediments and may
relate to recent methane emissions. In addition, it is hard to
see that such convection cell mechanism alone could
explain the presence of downward flow even at 450 m
away from the centre of the mud structure (Station
MSI17PT, Fig. 1). It seems therefore that the most likely
mechanism also for off-centre sites is gas eruption
followed by downward advection of seawater. The off-
centre gas releases must, however, occur at a much lower
frequency when compared to the centre, thus leading to a
much deeper progression of seawater.

6.4. Conceptual fluidodynamics within the Isis MV

Summarizing, we propose a model describing the gas
and fluid migration pathways and the resulting associated
processes at the Isis MV (Fig. 10). Gaseous hydrocarbons
arriving from a deep reservoir migrate through the
sediment column. During the migration, the hydrocarbon
gases mix with microbial methane and partially accumu-
late within an appropriate lithological reservoir. Due to
continuous transit of hydrocarbons from the source rock
to this reservoir, overpressure develops. This growing
overpressure eventually results in the outburst of fluid-
saturated mud and a transient pulsed migration of gas.
Depending on the oversaturation, these gases can form
gas bubbles which potentially emanate into the water

column, forming the plumes observed above the MV.
Eruptions occur more frequently at the centre of the MV
and more intermittently at the off-centre area. Following
each gas outburst, downward inflow of overlying
seawater is occurs. Because there is a shorter intermittent
period between eruptive events due to higher and more
continuous gas and fluids release dynamics, the bottom
water inflow is shallower at the centre than at the off-
centre area. To the best of our knowledge, this is the first
time that such deep downward advection of bottom water
is inferred for a MV environment.

7. Conclusions

A combination of geochemical tools used for
hydrocarbon gas and pore water geochemistry was for
the first time applied to the sediments and overlying
water column to detect sources of ascending fluids and
to reveal post-eruptional fluidodynamic processes.

The obtained data reveal that active gas venting
occurs mainly at the very centre of the Isis MV, which
results in high hydrocarbon gas concentrations in the
sediments and in the overlying water column. The origin
of these gases is largely thermogenic, as revealed by
their stable carbon and hydrogen isotopes. These
isotopic data also show that these gases were formed
within the oil window interval, perhaps together with
petroleum. The kerogen type established for the
hydrocarbon gas likely belongs to the type II and is
associated with sediments of various maturity levels.

Subsequent to each gas and fluid expulsion, downward
advection of bottom water occurs, as suggested by the
distinct kink in pore water dissolved species and hydrogen
and oxygen isotopic profiles indicating a pure seawater
signature above this kink. This process remains more
shallow in the sediments at the centre area than at the off-
centre zone, due to a higher frequency of gas outbursts
at the centre. The transient charging and discharging of
subsurface-accumulated gas and fluid is thought to be the
driving force for pulses of gas release at the Isis MV.

MVs are a significant geological source of hydro-
carbons and must incontestably be integrated into the
global hydrocarbon budget. High resolution pore water
and sediment sampling is essential to better understand
the functioning of such mud structures; further studies
will have to investigate not only the restricted active
centre, but also the off-centre area in more detail.
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Appendix A

Maturity equations corrected for the carbon isotopic
composition of the source kerogen (3'*C-kerogen) used
in this study (Berner and Faber, 1996):

Type II kerogen:

013 C— C,=7.4991(%R,)°—81.906(%R, )’
+354.73(%R, ) —772.76(%R, )’
+ 881.75(%R,)> —482.97(%R,)
+ 60.083 + 30—0'3C —kerogen

OB C — C3 = —2.0174(%R,)°+8.294(%R, )’
+14.76(%R,)* —126.87(%R,)>  (A.2)
+236.04(%R,)*—165.11(%R,)

+ 3.87530 4 30463 C —kerogen

Type 1II kerogen:

OB C — Cy = 3.198(%R,) — 26.901 +22.4
+ 8" C —kerogen (A3)

0B C -Gy
= 4.903(%R,)*—21.033(%R,)*+30.436(%R, )
—36.164 +22.8 4 6" C —kerogen

(A4)

These equations led to the construction of the four
maturity curves plotted in Fig. 9B for type Il and type 111

kerogen with an implemented &'*C-kerogen value of
—19.4%o and —28.7%o.
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