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Abstract

Pore fluids from two ODP sites at Eastern Mediterranean mud volcanoes have been analyzed for their Cl
concentration and their 8'%0 and 8D isotopic composition. The CI data span a wide range of concentrations, from
extremely depleted with respect to seawater (as low as 60 mM) at the crest of Milano dome (site 970) to strongly
enriched (up to 5.4 M) at Napoli dome (site 971). Chloride enrichment is known to be due to dissolving Messinian
evaporites, whereas the source of the low-Cl fluid is deduced from stable isotope data presented here. The isotopic
composition of the endmember fluid is found to be +10 %o for §'%0 and —32 %o for 8D for low- as well as for high-Cl
waters. From this signature it can be concluded that neither gas hydrates nor meteoric water play a significant role in
the freshening of the pore water. Several other processes altering the §'%0/8D composition of pore waters are
discussed and considered to be of only negligible influence. The process characterizing the isotopic composition of the
fluid is found to be clay mineral dehydration (mainly smectite-illite transformation), corresponding to a depth range
of 3.5-7 km and an elevated temperature of about 120-165°C. A quantitative estimate shows that this reaction is
capable of producing the observed extreme Cl depletion.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Mediterranean; mud volcanoes; pore water; oxygen isotopes; hydrogen isotopes; clay mineral dehydration; clay mineral
ion filtration; gas hydrates

1. Introduction active periods, the sediment is erupted along with
a fluid phase (water and gas) and deposited on the

Like other vent and seep structures, mud volca- ocean floor as breccia, building up the mud vol-
noes can be considered as windows to their under- cano. Fluids, however, are not only expelled dur-
lying, deep fluid source, providing insight into the ing eruptive events. Since fluid flow is also caused
origin of the fluid and mud mobilized. During by continuous processes, such as compaction-de-

rived advection, it also proceeds during dormant

periods. At depth, fluid—sediment interactions im-

print the fluid chemistry and their distinct signa-
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therefore, provides a key to constrain the reac-
tions occurring at depth.

The signature of the ascending deep fluid is
overprinted by reactions with the surrounding
sediment on its flow path. Pore waters at shal-
lower levels, therefore, have to be regarded as a
mixture of connate water, deep fluid, and an addi-
tional supply of products from secondary altera-
tion reactions. Apart from reactions with the sur-
rounding mineral phases, the formation or
dissociation of gas hydrates may significantly af-
fect the pore water composition. Thus, the inter-
pretation of pore water analyses is not always
straightforward and only detailed discussions
help to illuminate the various processes that might
be involved.

In this paper we provide an overview of pro-
cesses affecting chlorinity, 8'30 and 8D values of
pore waters, and present data from two mud vol-
canoes at the Mediterranean Ridge, sampled dur-
ing ODP Leg 160 [1]. The most intriguing fact of
this data set is the extreme depletion in chloride
concentration in some of the cores. Based on a
broader suite of analyses than was previously
available [2], we discuss the imprint of various
fluid—sediment interactions and the potential pres-
ence of gas hydrates on the fluid chemistry to
better constrain the responsible processes for
mud volcano-expelled fluids and their origin.

2. Mediterranean mud volcanoes

2.1. Tectonic and geological setting of the sample
locations

The Mediterranean Ridge is a morphological
high, built up by the accretionary wedge of the
converging plates of Africa and Eurasia (Fig. 1A;
see also [3]). The corresponding volcanic arc of
this subduction zone is the Hellenic Arc, compris-
ing the islands of Santorini and Milos. Numerous
mud volcanoes have been identified by sidescan
sonar techniques [4] and sediment and pore water
samples have been collected during several expe-
ditions [1,5-7]. Two main areas were studied, the
Olimpi Mud Volcano field (OMYV) and the Anaxi-
mander Mountains (AM).

In the OMYV area, where the two ODP sites
studied here have been drilled during Leg 160,
the convergence rate is rather high (25 mm/a)
and the accretionary prism extends over the entire
width of the Mediterranean Sea, with the sedi-
ments thrusted upon the Libyan margin in the
south and backthrusted upon the Cretan margin
in the north (incipient continental collision [8]).
Consequently, there is no trench at the (outer)
deformation front. The so-called Hellenic Trench,
north of the inner deformation front (backstop),
is a fore-arc basin in tectonic terms. The OMV
area lies about 150 km behind the (outer) defor-
mation front and the volcanic activity is related to
the backstop structure.

The two mud volcanoes studied here are Mila-
no dome (ODP site 970) and Napoli dome (ODP
site 971) (Fig. 1B). Both sites reveal interfingering
of hemipelagic and mud breccia sediments, indi-
cating episodic, extrusive mud flow [1,3]. From
the age of clasts within the mud breccia it can
be concluded that mud volcanism at OMYV is ac-
tive since more than 1 Ma [1,9].

The age and source depth of the mud matrix,
however, remain unclear. Whereas several authors
suggest a source depth of up to several km [10]
and early to middle Miocene age [9], recent stud-
ies support a shallow source depth of <2 km and
early Miocene (Messinian) age [3,11].

2.2. Previous pore water studies

Sediments retrieved during ODP Leg 160 were
gas-rich and massive degassing has been observed
at atmospheric pressure onboard. Pore waters of
sites 970 C and 970 D are characterized by ex-
tremely low Cl concentration and nearby cores
sampled earlier showed increasing §'80 values
with depth [2]. These observations were related
to gas hydrate dissociation during core recovery,
in accordance with in situ p,T conditions that are
within the gas hydrate stability field [2]. However,
samples of gas hydrates have as yet only been
found at mud volcanoes in the AM area [J].
Even though the two study areas have different
tectonic settings, the geochemical evidence from
the OMV area and the gas hydrate samples
from the AM area (cf. Fig. 1) lead to the assump-
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Fig. 1. (A) Map of the Eastern Mediterranean Sea with locations of the two main reseach areas, the Olimpi Mud Volcano field
(OMV) and the Anaximander Mountains (AM) (map taken from [6]). (B) Detailed map of the two mud volcanoes Milano mud
dome (site 970) and Napoli mud dome (site 971), situated in the OMYV field and the specific positions of the drill sites (map tak-

en from [1]).

tion that the presence of gas hydrate is a wide-
spread phenomenon along the Mediterranean
Ridge. Aloisi et al. [12] attributed rather high
8'30 signatures of carbonates of both areas (up
to 7% PDB (PeeDee Belemnite), i.e. 38 %o

SMOW (Standard Mean Ocean Water)) to the
presence of gas hydrates, but they also concluded
that further investigations are needed to evaluate
the possible importance of diagenetic processes
that might also increase the 880 of pore fluids.
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Table 1

Cl concentration, oxygen and hydrogen isotopic composition
of pore waters from Milano mud dome (site 970) and Napoli
mud dome (site 971) with the positions of the sites and their
respective water depths

Depth  Cl 3180 8D
(mbsf) (mM) (% SMOW) (% SMOW)

Milano mud dome
970 A (33°44.194'N, 24°48.120’E; 2075.5 m)

5.90 606 1.6 n.a.
8.95 607 1.6 9.7
135.35 813 2.5 6.6
144.95 844 2.6 7.8
155.85 932 2.6 6.0
165.53 1103 2.7 6.8
173.85 1266 2.8 4.1
184.55 1529 2.9 3.1
194.50 1715 3.2 4.3
970 B (33°44.214'N, 24°48.694'E; 2078.6 m)
5.90 794 2.1 9.2
2490 1159 23 8.7
3590 1373 2.6 6.5
43.63 1537 2.7 6.9
970 C (33°44.134'N, 24°47.457'E; 2036.9 m)
2.95 509 2.9 49
7.52 369 4.7 2.2
9.70 350 5.2 —5.0
970 D (33°44.042'N, 24°46.613’E; 1953.3 m)
1.27 183 6.9 —16.1
12.10 202 7.1 —20.1
23.10 236 8.2 —23.0
30.71 61 9.0 —20.7
41.80 88 9.0 —20.8

Napoli mud dome
971 A (33°42.190’N, 24°42.814’E; 2026.1 m)

4.40 678 1.6 9.8
14.40 821 n.a. n.a.
20.90 956 2.0 10.8
26.85 1169 2.1 9.0
38.76 1648 2.5 5.2
78.35 2864 n.a. n.a.
92.55 2977 3.1 —1.1

103.65 3203 3.2 —-1.7
971 B (33°42.817'N, 24°42.108'E; 2140.9 m)

1.04 641 1.6 8.4

8.10 810 1.8 8.5
17.60 1047 2.2 7.9
27.05 1402 2.5 5.6
50.45 2862 4.3 —10.3
59.51 2952 4.5 —11.5
69.75 3400 4.9 —13.3
98.88 4195 6.7 —-20.9

108.40 4082 6.7 -20.3
118.00 4453 7.4 —23.0
127.26 4331 7.4 —23.6
138.74 3984 n.a. n.a.

148.53 3938 7.7 —223

Table 1 (Continued).

Depth  ClI §%0 8D
(mbsf)  (mM) (% SMOW) (%0 SMOW)
167.70 3669 7.9 —22.8
177.40 3468 8.0 —20.9
971 D (33°43.437'N, 24°41.276’E; 1933.1 m)
1.35 4688 n.a. n.a.
2.85 5163 8.6 —234
5.85 5408 9.0 —-22.9
10.85 5295 8.8 —23.0
13.85 5348 n.a. n.a.
23.35 5354 n.a. n.a.
32.85 5365 9.0 —22.4
37.85 5310 n.a. n.a.
4535 5334 8.9 —22.4
971 E (33°43.621’'N, 24°40.839’E; 1943.6 m)
1.40 3535 4.7 —14.7
290 4242 5.9 —18.3
590 5010 7.8 —-23.9
8.90 5260 8.6 —24.9
12.40 5158 8.5 —22.2
16.80 5281 8.8 —22.5
20.35 5128 8.4 —21.6
27.81 5325 8.7 —23.7

Cl data are taken from [1]; n.a.: not analyzed.

3. Methods

Pore water sampling was done by ODP routine
methods [1]. Chloride concentrations were deter-
mined immediately aboard R/V Joides Resolution
by Mohr titration and potentiometric titration,
respectively, with a precision of 0.2-0.4% [13,14].
Oxygen and hydrogen isotopic compositions were
analyzed at Utrecht University by modified stan-
dard techniques. For 3'%0 measurements 100 pl
of the sample are equilibrated with 1.9 ml of a
CO, standard. After two nights at 25°C a sub-
sample of 1 ml is taken from the gas phase, the
CO, is frozen out with liquid N, and its isotopic
composition is determined by means of a stable
isotope mass spectrometer (VG SIRA-24). Results
are calculated considering isotopic composition
of the standard as well as the fractionation in
the CO,/H,CO; system and given relative to
SMOW. All samples are measured at least in du-
plicate; precision is 0.1 %o . 8D is measured from a
sample of 7 pl that is reduced to H, on uranium
pellets at 680°C. The reduced hydrogen is then
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desorbed and its isotopic composition is measured
by means of a stable isotope mass spectrometer
(VG SIRA-24). Results are given relative to
SMOW. All samples are measured at least in du-
plicate; precision is 2 %o .

The different principles on which the isotopic
measurements are based result in two different
scales of the reported isotopic ratios. Whereas
the oxygen isotopic values are based on the
HI8O activity (due to salt effects influencing the
equilibrium with the vapor phase), the deuterium
values are given in a concentration scale (because
of a quantitative reduction at 680°C). For a dis-
cussion of the origin of the water, the 'O values
have to be converted to the concentration scale,
i.e. the isotopic signature of the free water has to
be calculated. This is done by applying an empiri-
cal equation provided by Sofer and Gat [15].
However, the correction had only negligible effect
(=0.1%0, i.e. mostly far below the analytical pre-
cision), because the salt content of the mud vol-
cano fluids is dominated by Na and CI [1] that
have only very little effect on the salt correction
[15]. Nevertheless, we checked the possible effects
by measuring a set of Mediterranean seawater
with additions of NaCl, having total Cl concen-
trations from 0.6 to 4 M, after an equilibration
time of 1 and 2 days, respectively. Again, no sig-
nificant effect on the 8!30 value has been found,
either with respect to the Cl concentration or to
the equilibration time. Therefore, all results are
reported without conversion.

4. Results

Each mud volcano is represented by four cores,
namely 970 A, B, C, D for Milano and 971 A, B,
D, E for Napoli mud dome. The pore waters
show a large range in chlorinity (Table 1 and
Fig. 2a,b). The most striking feature is the ex-
treme difference of the crest samples between the
two sites (closed symbols), showing a CI concen-
tration as low as 60 mM Cl at Milano dome (site
970 D) and as high as 5400 mM at Napoli dome
(site 971 D). At the flank sites (open symbols), Cl
is increasing with depth at both mud volcanoes.
Core 971 B shows a particular CI depth profile.

After reaching a maximum concentration of ~4.5
mM (at about 120 m below sea floor (mbsf)), the
concentration is decreasing linearly with depth
(down to ~3.5 M).

Despite their extreme difference in chlorinity,
the depth profiles of the isotopic data of the crest
samples are rather similar (Fig. 2c,d and Fig. 2e.f,
respectively): The 8'80 and 8D profiles mirror
each other at both crest and flank samples, with
8'80 increasing and 8D decreasing with depth.

All crest sites show very steep gradients in the
upper 10 m of the sediment, whereas the flank
sites show smoother transitions. At site 971, the
deepest samples of the crest sites and of the flank
site 971 B have similar absolute values in all pa-
rameters, whereas at site 970 the crest sites have
much lower (Cl, 8D) and higher (8'%0) values,
respectively.

5. Discussion

We first discuss the possible imprint of Messi-
nian evaporites on chlorinity profiles and the iso-
topic values (Section 5.1) as well as the effects of
diagenetic reactions with various sedimentary
compounds (Section 5.2). Subsequently, we dis-
cuss processes causing pore water freshening and
their contribution to the pore water isotopic com-
position (Section 5.3) and, finally, quantitative as-
pects of the pore fluid freshening are considered
(Section 5.4).

5.1. Imprint of Messinian evaporites

In the Mediterranean, Messinian evaporites are
ubiquitously underlaying the subsurface sedi-
ments. They form a massive layer of variable
thickness (up to more than 1000 m in the deepest
parts of basins) that is found widespread and can
usually be recognized as a distinct reflector in
seismic profiles. The onset of mud volcanism at
the Mediterranean Ridge has been assigned to an
initial break of the evaporitic seal due to contin-
ued backthrusting of the accretionary wedge, al-
lowing the overpressured fluid to escape [16]. The
high salinity found in most of the pore water
samples (Fig. 2a,b) is caused by the continuous
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Fig. 2. Cl concentration, oxygen and hydrogen isotopic composition of all sites at Milano mud dome (site 970) and Napoli mud
dome (site 971). Isotopic data are given relative to SMOW. Closed symbols are crest sites, open symbols are flank sites. Note the
scale difference between Cl plots of sites 970 and 971. Straight lines represent background compositions (609 mM Cl; +1.6 %o
3'80; +11%0 8D sites 963 and 964; GdL, unpublished data).
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dissolution of the evaporitic layer or by upward
diffusion of deep brines.

At Napoli dome (site 971), the Cl concentration
is generally enriched compared to seawater and
reaches values of >3 M over the whole sampled
depth of the crest sites as well as in the deeper
sediment (>40 m) of the flank sites. At Milano
dome (site 970), however, the distribution of Cl
concentrations shows a high spatial heterogeneity,
with depletion (as low as 60 mM) in the crest
samples and enrichment (up to 1700 mM) at the
flanks. Compared to the flank samples at Napoli
dome the salinity at the flanks of Milano dome is
much lower.

The shape of the Cl profile of core 971 B (Na-
poli dome) might be related to horizontal faults
that occur within the mud breccia and serve as
conduits for the high-Cl fluids advecting at
~ 120 m depth within the mud volcano. This lat-
eral inflow results in an increased Cl concentra-
tion at this horizon and decreasing concentrations
with distance to its depth. Another possible expla-
nation of this CI depth profile is to assume an
admixture of a low-Cl fluid from below the sam-
pling depth (see Section 5.3).

Whereas the simple dissolution of chloride salts
by any unsaturated solution would increase the Cl
concentration but leave the isotopic values un-
changed, a possible contribution of residual brines
is expected to cause an enrichment in both 80
and D [17] (Table 2). However, the observed 8D
values are depleted and a 880 value of about
2%o for relict Mediterranean brines [18] is too
close to the background value of 1.6 %0 for Med-
iterranean seawater [19] to alter the isotopic com-
position significantly.

5.2. Contributions of other sedimentary
components

Several sedimentary components have 8'%0 and
OD values that differ significantly from the pore
water composition and may, therefore, alter its
isotopic composition by diagenetic reactions.

Marine carbonates and biogenic silica have rel-
atively high 8'%0 values of 27-38 %0 SMOW (i.e.
—4 to +7%0 PDB) [20]. Therefore, they may in-
crease the 8'%0 values of the pore water when a

recrystallization takes place at a temperature
higher than their formation temperature. In the
ODP cores, carbonates make up about 20% of
the mud breccia and could therefore partly con-
tribute to the high 8'30 values in the pore water,
whereas the biogenic silica component is too small
[1] to have an influence on the pore water 8'%0
signature. Recrystallization of both minerals
would, however, not change the 8D (Table 2).

Tephra layers have been found at both ODP
sites in the uppermost sedimentary layer [1] and
can be found in many cores of the OMYV area [21].
Their alteration would increase the §'0 of the
fluid if the reaction temperature is high, whereas
below 300°C the effect is minor or even opposite,
because 80 is taken up by minerals during low-
temperature alteration [22,23] (Table 2). Because
temperatures at the fluid source depth are sup-
posed to be moderate [24], high-temperature alter-
ation can be excluded as a potential source of
high 880 values. Furthermore, both high- and
low-temperature alteration lead to an increase of
dD in the fluid, as during hydration the lighter
isotope is preferentially incorporated into second-
ary minerals [22,25] (Table 2). In constrast, a de-
crease is observed.

Kaolinite makes up about 20% of the clay min-
eral fraction of the mud breccia [26] and water in
equilibrium with kaolinite has been found to have

Table 2

Synopsis of processes potentially occurring at the source
depth of the mud volcano fluids and during the fluid ascent,
with their respective imprints on pore water Cl concentra-
tion, 8'%0, and 8D values

Cl 880 8D
Messinian residual brine input + + +
Carbonate recrystallization o + o
Biogenic opal recrystallization — + o
Ash particle alteration o —/+ +
(low/high temp.)
Kaolinite—fluid interaction o + -
Gas hydrate dissociation + +
Anaerobic methane oxidation — o
Meteoric water input - - -
Clay membrane ion filtration — - —
Clay mineral dehydration — + —
Trends are given by ‘—’ (decrease), ‘+’ (increase), and ‘o’ (no

change), respectively.
For references see text (Section 5).
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an isotopic signature of +8 to +18 %o in 8'%0 and
—30 to —55%0 in 8D [25,27] (Table 2). Exchange
reactions of the pore fluid with this mineral will
therefore alter the fluid composition in the way it
is observed. However, the influence is minor com-
pared to smectite (with an abundance of about
80%) and, additionally, cannot be distinguished
from interactions with smectite because of the
same isotopic signature of both processes.

5.3. Processes causing pore water freshening and
their contributions to the §°0O and 8D pore
water isotopic composition

Reduced pore water salinities have been re-
ported for a number of sites and have been attrib-
uted to gas hydrate dissociation, meteoric water
input, clay membrane ion filtration, and clay min-
eral dehydration, respectively (for references see
the specific parts in the following text). Although
all of these processes reduce the pore water salin-
ity, their effect on the pore water (H,O) oxygen
and hydrogen isotopic composition is different. In
the following we summarize the processes with
their respective effects and give an overview in
Table 2.

Fig. 3a shows the correlation between Cl con-
centration and 8'%0 for all cores analyzed. Apart
from two cores (970 C and D) and the lowermost
samples of site 971 B, all data fit to one Cl-8'%0
correlation with increasing ClI for increasing 3'80
(> =0.95). The cores 970 C and D show decreas-
ing Cl concentration for increasing 80 (*=
0.92), with a total decrease of 400 mM Cl and
an increase of 6 %o in 8'%0.

The Cl profile of core 971 B (Fig. 2b) is re-
trieved in the 8'80/Cl plot (Fig. 3a), too. Whereas
the upper samples of this core plot within the
general trendline for evaporite-influenced pore
waters, the lowermost three samples plot towards
the low-Cl fluids of cores 970 C and D. The ob-
served trend is also reflected in the dD/CIl plot
(Fig. 3b), where the lowermost seven samples
plot below the regression line. For site 971 B we
can therefore conclude that the Cl profile is
caused by an admixture of a low-Cl fluid from
below the sampling depth carrying the isotopic
signature of the supposed deep fluid.
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Fig. 3. Correlation of 880 (panel a) and 8D (panel b) with
Cl for all cores sampled at Milano and Napoli mud volca-
noes. Crest sites are given as closed symbols and flank sites
are given as open symbols. (a) The thick line represents the
regression line for sites 970 C and D exibiting Cl depletion
(r2=0.92), giving an endmember composition of +10%o 530
(at 0 mM Cl). The thin regression line is for all other sites,
excluding the three lowermost samples of site 971 B
(r=0.95). The dashed line indicates the trend from a high-
Cl-dominated fluid towards a low-Cl-dominated fluid de-
scribed by the three lowermost samples of site 971 B, leading
towards the same 8'SO endmember signature. (b) The thick
line represents the regression line for sites 970 C and D
(> =0.82), giving an endmember composition of —32%o, 8D
(at 0 mM Cl). The thin regression line is for all other sites
(> =0.95), also including the seven lowermost samples of site
971 B.

From Fig. 3 it becomes evident that the deep
fluid is characterized by a low CI concentration as
well as a high 8'80 and a low 8D value at both
mud volcanoes. The secondary imprint of dis-
solved salts does not essentially alter the isotopic
signature of the resulting mixed fluid, as has been
discussed in Section 5.1.

We calculate the 8'*0 endmember composition
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of the low-Cl deep fluid by a linear extrapolation
of the isotopic value towards zero chlorinity (Fig.
3a). The 8D endmember can likewise be obtained
from a plot of 8D against Cl (Fig. 3b). The po-
tential deep fluid is then characterized by a highly
positive 380 value (+10 %o ) and a highly negative
SD value (—32 %o ).

5.3.1. Gas hydrate dissociation

The decrease of Cl in pore waters as an artifact
due to gas hydrate dissociation during core recov-
ery is a well known phenomenon in subduction
zone settings and has been observed in many
cases (e.g. [28-31]). It is coupled with an increase
in 8'%0 and 8D of the diluted pore water, since
gas hydrates do not only exclude Cl from their
lattice structure but also preferentially incorporate
the heavier isotopes of O and H in their cage
water. Dissociation of gas hydrates, therefore, re-
sults in positive trends for both 8'%0 and 8D to-
wards the isotopic composition of natural gas hy-
drate. The latter has been obtained from values
for dissociated hydrate samples corrected for any
impurities from the surrounding pore water (+2.4
to +3.5%0 for 8'30 [32-36] and about +22 %o for
dD [33)).

Decreasing Cl concentrations with increasing
8'%0 values (Fig. 3a) resemble the results from
ODP Leg 164 (Blake Ridge), where negative Cl
and positive 8'*0 anomalies have been attributed
to ex situ dissolution of gas hydrates [29].
Although the largest Cl anomalies observed at
Blake Ridge (AC1=400 and 200 mM, respectively)
are in the order of what is observed at the Med-
iterranean mud volcanoes, the 880 increases at
Blake Ridge are only +0.7%0 and +0.4 %o, re-
spectively. Taking into account that the maximum
8130 value of gas hydrate water hitherto observed
is 3.5%o [35], it is obvious that the large increase
in 880 at the Mediterranean mud volcanoes has
a different source than the release of '80-enriched
hydrate water.

A 8'80/8D correlation (Fig. 4) can help to fur-
ther support this interpretation. In contrast to the
correlation of 8'%0 with Cl, all data fit to one
correlation line (r2=0.93) and samples with low
Cl values (closed circles) are spread all over the
data set, suggesting that the Cl concentration is

0970 A+B @970 C+D

0971 A+B 4971 D+E

5D [%]

5'%0 [%o]

Fig. 4. Correlation of §'80 with 8D for all cores sampled at
Milano and Napoli mud volcanoes. Solid symbols represent
crest cores, open symbols flank cores. The thick line repre-
sents the mixing line between the supposed endmember val-
ues (large triangles) of background pore water (see Fig. 2)
and deep fluid (see Fig. 3) and is almost identical with the
regression line of all data (thin line; 2 =0.93).

not directly related to the isotopic composition of
the pore waters. The good correlation indicates
that both isotopes are altered by the same pro-
cess, leading to an increase of 8'%0 and a decrease
of 8D. Since the dissolution of gas hydrates would
lead to a simultaneous increase of both isotopes,
it is clear that gas hydrates cannot play a major
role in the observed §'0 and 8D shifts.

5.3.2. Anaerobic methane oxidation

Although the presence of gas hydrate cannot be
proven by the isotopic data, high methane
concentrations (up to 100% of the total gas)
have been measured in the pore water [1]. Since
bacterial methane is highly depleted in D (8D
ca. —200%o [37,38]), anaerobic methane oxida-
tion (CH4+SO3™ < HS™+HCO; +H,0) generates
water that is rather light in 6D. However, the in
situ concentration of methane is negligible com-
pared to the total ‘concentration’ of H,O in the
pore water (55 M), so that even a very large flux
of methane will result in only a marginal shift in
dD.

5.3.3. Meteoric water input

The relationship between 3'80 and 8D in mete-
oric water is described for the Mediterranean with
a specific meteoric water line (8D =880 +22 %o
[39]). As the lighter isotopes are evaporated more
effectively, the corresponding meteoric water is
lighter in both isotopes. An input of meteoric
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oD [%o]

water would, therefore, result in a negative shift
of 8'%0 and 8D values towards the meteoric water
line. Since no samples have positive dD values, i.e.
do not plot towards the meteoric water line, there
is no evidence for a fresh-water influence.

5.3.4. Clay membrane ion filtration

The ability of clay minerals to ‘filter’ specific
ions out of the pore water, clay membrane ion
filtration, is dependent on the ion charge and its
diameter as well as the mineralogy of the clay and
its respective cation exchange capacity. Kastner et
al. [40] stated that this process may be a more
important process lowering the Cl concentration
than previously assumed. The filtration leads to a
decrease in Cl and the heavier isotopes ('*0, D) in
the fluid that passed the clay layer [41]. However,
the possibility of clay membrane ion filtration is
considered to be negligible, because the filtrate is
expected to be depleted in 30 (e.g. [41]), whereas
an enrichment is observed. This is in agreement
with data from the Barbados accretionary com-

8180 [%o]

Fig. 5. 8'%0 and 8D data for all samples from Milano and Napoli mud volcanoes (sites 970 and 971) with a schematic overview
of processes potentially reducing the fluid salinity (for references, see text Section 5.3). SW, Mediterranean seawater (1.6%o 8'%0;
+11%0 8D; see Fig. 2); MMWL, Mediterranean meteoric water line (8D =880 +22 %0 ) with meteoric water (MW) that corre-
sponds to the SW value; GH, gas hydrate (8'30 +3 %o, 8D +20%0); MD, clay mineral dehydration (trend leading towards §'%0
+20 %0, 8D —70 %o ). Please note that this is a sketch only and no exact data should be read from it.

plex discussed by Gieskes et al. [42], where this
process was also dismissed.

5.3.5. Mineral dehydration

Due to the sediment load and the geothermal
gradient, mineral dehydration takes place at a
greater depth of the accretionary prism. Minerals
release their structural water and are transformed
into secondary minerals, thereby freshening the
ambient pore water. The main reactions are smec-
tite(S)-illite(I) transformation, opal dehydration,
and deeper metamorphic reactions (e.g. [43]).
The S-I transformation starts at about 60°C and
is almost complete at about 160°C [40,44]. With
increasing pressure and temperature the amount
of water released from the clay interlayers in-
creases. The S-dominated clay assemblage is
thereby gradually transformed into an S/I assem-
blage and eventually, after having lost the last
water interlayer, becomes an illitic clay [45]. The
interlayer water of clay minerals is generally char-
acterized by positive 880 and negative 8D values.
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Magaritz and Gat [20] report the general isotopic
composition of the carbonate-free portion of oce-
anic sediments to be +11.5 to +28.5%0 in §'°0
and —55 to —87 %o in 6D. During fluid-sediment
interactions, the fluid-8'%0 will, therefore, in-
crease, whereas its dD will decrease.

The most likely process to reduce pore water
salinity and to explain the 880 and 8D signature
of the endmember fluid is mineral dehydration.
Dehydration of opal and metamorphic reactions
cannot contribute essentially to pore water fresh-
ening, because the Mediterranean sediments do
not contain substantial amounts of opal [1] and
the p,T conditions of the fluid source region are
supposed to be relatively moderate [24]. Smectite,
however, is highly abundant in the analyzed sedi-
ments (up to 80% of the clay mineral fraction
[26]) and its transition to illite could take place
to an extent that causes the observed large de-
crease in pore water chlorinity (Section 5.4). The
endmember signature of +10% in 8'%0 and
—32%o in 8D can easily be achieved by the re-
lease of clay interlayer water. Assuming an iso-
topic composition of smectite of +17 to +23 %o
in 8'%0 and —35 to —55%o0 in 8D, respectively
[46], and a fractionation of the water release of

Table 3

387

10 %0 at 150°C for both isotopes [25,46], the re-
sulting fluid composition is +7 to +13 %o in §'*0
and —25 to —45 %o in 8D, respectively. Thus, the
observed values from the Mediterranean mud vol-
canoes perfectly fit into this range. The discussed
processes with their respective imprint on the §'%0
and oD isotopic composition of the pore water
and the observed data are summarized in Fig. 5.

Adapting a p,T diagram of [45] that illustrates
the regions of the different water layer losses to
the Mediterranean situation (water depth, bottom
water temperature, geothermal gradient) reveals
that the p,T conditions of smectite—illite transition
lie in the range of 120-165°C and a corresponding
depth of 3.5-6.8 kmbsf. This temperature range is
in good agreement with the previously inferred
source depth of the fluid and the geothermal gra-
dient (5-7 km, 25°C/km [8,24]).

5.4. Quantitative aspects of smectite dehydration

To consider the amount of water that can po-
tentially be released from a certain volume of
sediment by clay mineral dehydration, we calcu-
lated three (closed system) scenarios (Table 3)
with varying values for porosity, smectite content,

Calculation of three (closed system) scenarios to estimate the amount of interlayer water that may be released and account for

the pore water freshening

Scenario 1 Scenario 2 Scenario 3
conservative intermediate maximum
Variable parameters
Porosity 0.4 0.3 0.2
Smectite content of dry sediment (wt%) 40 45 50
Interlayer water content of smectite (wt%) 10 15 25
Calculated sediment parameters (Wt% of wet sediment)
Sediment content 77 83 90
Pore water content 23 17 10
Smectite content of dry sediment 31 37 45
Interlayer water content of smectite 3 6 11
Pore water dilution after release of interlayer water
Dilution of initial pore water (%) 12 25 53
ClI concentration of diluted pore water (mM) 537 458 287

The variable parameters are based on literature data given in the text.

The dilution of the pore water and the Cl concentration of the diluted pore water, respectively, are calculated as follows: The
dry sediment and initial pore water content are calculated from the porosity. The smectite content and the corresponding inter-
layer water content are determined from its proportion in the dry material and its water content, respectively. The produced
amount of fresh water is then ‘added’ to the initial pore water content and the dilution factor as well as the diluted concentration
are evaluated. The initial pore water concentration is assumed to be the same as Mediterranean bottom water (609 mM at sites

963 and 964 [1]).
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and interlayer water content of the smectite. The
assumed porosities are taken from the range of
(modeled) data for the Barbados accretionary
wedge [47]. The variation in the smectite water
content is justified by the range given in the liter-
ature [25,43.,44]. Analyses of the hydrous clay
mineral content of mud breccia at sites 970 and
971 reveal a maximum content of smectite in the
bulk sediment of 49% within the upper 200 m of
the mud volcanoes [26]. Since there are no data
available to predict the clay content of deeper
strata, 50% is taken as a maximum percentage
and the more conservative calculations are based
on its incomplete dehydration. Whereas the sedi-
ment matrix does not seem to have undergone
smectite—illite transition due to burial diagenesis
[26,48], there is evidence that the fluids come from
deeper strata than the adjacent solid mud phase
[24]. Therefore, high amounts of smectite and
small amounts of illite in the mud breccia do
not contradict the conclusion of deep-seated
smectite—illite transformation. The reaction prod-
ucts and released interlayer water are transported
to the surface sediments by fluids originating from
depths as great as the décollement (5-6 km [24]),
where the reaction is thought to take place.

Using the above-mentioned literature data, our
first scenario is based on a rather high porosity at
depth of the accretionary prism (0.4), a smectite
content that corresponds to 80% of the measured
content in the mud breccia (40%), and a minimum
estimate for the interlayer water content of the
smectite (10%). These assumptions result in a con-
servative estimate of water release. While the sec-
ond scenario uses intermediate assumptions, the
third one gives a maximum of pore water dilution,
assuming a rather low porosity (0.2), the maxi-
mum smectite content measured (50%), and a
high interlayer water content of the smectite
(25%). The way of calculating is described in the
legend of Table 3.

Our results show that a pore water dilution of
only 12% is achieved by considering the most con-
servative assumptions. The intermediate scenario
gives a dilution of 25%, while the third scenario
leads to a Cl depletion of 53%. The calculated
range is in excellent agreement with compiled
pore water data from various subduction zone

settings (Barbados Ridge, Nankai Trough, Peru
Margin), showing CI dilutions of 10-40% related
to smectite dehydration [40]. A maximum deple-
tion of 55% was found in a mud pie near the
Barbados accretionary complex. Modeling of
pore water data from the Nankai wedge [43] leads
to the conclusion that the majority of the Cl
anomaly (30%) may be attributed to smectite—il-
lite transition, even if the initial abundance of
smectite is only moderate (10-15% of the bulk
sediment). Morton and Land [49] modeled the sa-
linity of connate water that is refreshed solely due
to the release of smectite interlayer water and
achieved a maximum depletion of about 75%
(140 mM Q).

To check the quality of our approach, we ap-
plied data of the Nankai wedge that have been
modeled by Brown et al. using a two-dimensional
numerical hydrologic model that couples fluid
flow, solute transport, and a kinetic reaction mod-
el for smectite dehydration [43]. These authors
found that the bulk of the observed maximum
Cl reduction (110 mM) can be caused by S/I tran-
sition alone. Using their range of parameters (for
porosity, smectite content, and interlayer water
content), our calculation results in a pore water
ClI concentration reduced by 25-110 mM. This is
in good agreement with the results achieved with
the numerical model and thus proves the overall
good applicability of our approach.

The result of the above calculation gives the
possible dilution that can be achieved within a
given sediment volume (closed system approach).
Certainly, the fluid expelled at a mud volcano
does not only originate from the area it covers,
but at these vent sites the dewatering of a larger
area is focused. This concept implies that the de-
watering takes place at a certain depth level and
over a certain area of the accretionary prism,
i.e. including lateral inflow of likewise diluted
water masses, and that the depleted pore water
is subsequently transported upwards, eventually
being expelled at the mud volcano site.

To explain the observed Cl decrease by mineral
dehydration, it can be estimated that a catchment
area of less than eight times the mud volcanoes’
surface would be sufficient (90% observed dilu-
tion/ > 12% calculated dilution = <7.5). To assess
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whether such a catchment area is reasonable we
consider the abundance of mud volcanoes within
the OMV field. From a map (e.g. [21]) it appears
that this area is covered with mud volcanoes to
about 5%. Assuming that the mud volcanoes
alone account for the dewatering of the whole
OMV field, the catchment area would be about
20 times the mud volcano surface area. The fluids
are particularly kept back by the massive, ubiqui-
tous layer of Messinian evaporites and are chan-
neled where this cap is broken (e.g. by faulting).
But even when considering disperse flow that may
generally account for at least a third of the total
flow in an accretionary prism [50], the potential
catchment area being dehydrated at depth is
about 13 times the area of known mud volcanoes.

As the calculations above revealed that an area
not larger than eight times is needed, it is clear
that the area under consideration is large enough
to release a sufficient amount of water to explain
the observed freshening of the pore water. Thus,
smectite—illite transition is not only a plausible
reaction in terms of the geological conditions re-
quired (smectite abundance, p, T) and the isotopic
compositions observed (8'%0, 8D), but can also
satisfactorily explain the observed Cl depletion
quantitatively.

6. Conclusion

The 8'80 and 8D isotopic composition and the
ClI concentration of pore fluids from two Eastern
Mediterranean mud volcanoes can be described
by a mixture of seawater with a high-3'%0
(+10 %0 ), low-8D (—32 %0 ) deep fluid. At Milano
dome (ODP site 970), the advecting deep fluid is
characterized by extremely low Cl concentrations
(as low as 60 mM Cl), whereas at Napoli dome
(site 971) this signature is heavily overprinted by
dissolved Messinian evaporites (up to 5.4 M CI).
Our stable isotope analyses of the pore waters
give evidence that the Cl concentration is not di-
rectly related to the isotopic composition of the
pore water, i.e. both low- and high-Cl fluids ex-
hibit the same isotopic endmember.

It is shown that the mud volcanoes do not har-
bor significant amounts of gas hydrate and the

input of meteoric water could likewise be rejected
as a source for pore water dilution. Clay mem-
brane ion filtration is likely to be negligible.
Therefore, the main process characterizing the flu-
id’s isotopic composition is clay mineral dehydra-
tion. The discussed processes with their respective
imprint on the 8'%0 and 8D isotopic composition
of the pore water and the observed data are sum-
marized in Fig. 5. A quantitative estimate re-
vealed that smectite—illite transformation is capa-
ble of producing even the observed extreme Cl
depletion.

Our detailed study of several pore water param-
eters demonstrates that only an extended data set
including Cl, 8'%0, and 8D enables one to distin-
guish between the various possible processes caus-
ing pore water freshening.
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