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Abstract The Caucasian orogenic wedge formed as a
consequence of the closure of the Tethyan Ocean, and
numerous fields of active mud volcanoes pepper the area
adjacent to the Black and Caspian Seas. Stable isotope
ratios of boron, helium, and carbon have been measured
for gas, fluid and sediment samples from active mud
volcanoes of Taman Peninsula and Georgia to estimate
the sources and mobilization depths of the fluid phase and
mud. Boron concentrations in mud volcano fluids were
found to be 5-35x higher than seawater. Fluid isotope
ratios vary between §''B=22 and 39%o, while isotope
ratios of the smectite- and illite-rich extruded mud are
considerably depleted in heavy ''B (6''B=-8 to +7%o). B
contents of these muds are ~8x higher than modern
marine sediments. This suggests that liquefaction prior to
mud volcanism was accompanied by both B enrichment
and isotope fractionation, most likely at an intermediate
depth mud reservoir at 2—4 km.

The hydrocarbon-generating source beds to the mud
volcanoes are located at 7 to >10 km depth in the folded
Maikop Formation and are of proposed Oligocene—
Miocene age. The most likely mechanism is re-hydration
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of these shales by both hydrocarbons and a geochemically
mature fluid from greater depth within the orogenic
wedge. Such a deep fluid source is supported by our
results from gas analyses, which imply an admixture of
minor amounts (less than 1%vol) of *He (Georgia),
thermogenic '*C in methane as well as “ultraheavy” '*C
in CO, (both Taman and Georgia). The overall results
attest active local flow of geochemically different fluids
along deep-seated faults penetrating the two study areas in
the Caucasian orogenic wedge, with the waters as well as
the gases coming from below the Maikop Formation.

Keywords Mud volcanism - Boron isotopes - Caucasus -
Deep-seated fluids - Liquefaction

Introduction

Mud volcanism and diapirism are global phenomena both
onshore and offshore, and have previously been related to
buried thick argillaceous sediment and petroleum reser-
voirs (e.g., Higgins and Saunders 1974; Kopf 2002).
Extrusion of fluid-laden muds has been demonstrated to
be an efficient mechanism of dewatering collisional
environments (like accretionary prisms; e.g., Brown and
Westbrook 1988; Kopf et al. 2001). Main driving forces
are under-compaction of sediment and pore fluid over-
pressures and/or the formation and migration of hydro-
carbon gas (e.g., Brown 1990). Most of this gas has been
demonstrated to be methane, with less than 5% of H,S,
COa,, or higher hydrocarbons (e.g., Limonov et al. 1995).

In the Caucasus, mud volcanism is known in various
regions, e.g., the Kerch, Taman- and Crimea Peninsulas,
the Kura region of Georgia, and many areas of Azerbaijan
(e.g., Jakubov et al. 1971; Valyaev et al. 1985; Lavrushin
et al. 1996). This must be viewed as a consequence of
marine, smectite-rich sediments, which underwent burial
due to incorporation into orogenesis after closure of the
Tethys ocean. Recent industry 3D seismic data indicate
that mud ascent takes place along narrow, deep-seated
fault zones (Cooper 2001).
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In this study, we use boron, helium and carbon stable
isotopes:

1. to characterize B enrichment vs. depletion and §''B
isotopes in mud volcano sediments and fluids as a
tracer for increasing burial, deep fluid-rock interaction,
and clues to mud mobilization and extrusion dynamics;

2. to use §'3C signatures from CO, and hydrocarbon gas
as indicators for elevated temperatures (i.e., deep
burial);

3. to elucidate a contribution of crustal (and possibly
mantle) He to the fluid phase and, hence, to extrusion
dynamics as well as geochemical recycling;

4. to test whether the prominent continuous mud volcanic
activity in the Caucasus is a function of the tectonic
movements that release overpressured mud at depth, or
whether re-hydration (i.e., liquefaction) of already
consolidated mudstone feeds mud volcanism;

5. to identify possible repercussions of sediment lique-
faction, mobilization and extrusion on readsorption
and geochemical cycling of boron (and other mobile
elements).

Previous mud volcano studies

Mud volcanism is a world-wide phenomenon, both on the
seafloor and on land (see reviews by Higgins and
Saunders 1974; Kopf 2002). Since its discovery on Java
in the early 19th century (Goad 1816), it has been
described by numerous workers (e.g., Abich 1863), but
until recent improvements of marine geophysical data
acquisition its significance has not been fully acknowl-
edged. As a result of the tremendous efforts and
submarine drilling and sampling during the last few
decades, however, some light has been shed on the
mechanism of mud extrusion as well as the source of the
components involved (e.g., Brown 1990; Robertson et al.
1996; Kopf et al. 2001).

Mud volcanoes (MVs) occur in collisional (e.g.,
Brown and Westbrook 1988; Yassir 1989; Brown 1990)
and transtensional settings (e.g., Limonov et al. 1995) on
the seafloor, as well as on land (e.g., Higgins and
Saunders 1974). The features are usually short-lived
structures (<1 Ma), and vary considerably in both size and
shape. Mud volcanoes contribute considerably to emis-
sion of greenhouse gases, namely CHy (e.g., Jakubov et
al. 1971; Lavrushin et al. 1996), and also play an
important role in fluid transfer from the sediment/
lithosphere to the hydrosphere/atmosphere (Kopf et al.
2001). Irrespective of the different scenarios in which
mud volcanoes occur, the driving force of ascent and
extrusion is negative buoyancy. In general, a less dense,
often fluid- and gas-rich, argillaceous reservoir at depth is
overlain by compacted or cemented rock. As a conse-
quence, excess pore fluid overpressures may evolve and
cause either diapirism or diatremes (Brown 1990). The
behavior and extrusion dynamics of such undercompacted
mud has been subject to various hypotheses (see Kopf

2002), especially since the surface edifice does not always
allow a detailed interpretation of the subsurface structure.

Mud extrusion in the Caucasus area is abundant in a
variety of countries such as Georgia, Azerbaijan and
Turkmenistan (Fig. 1), as has been detailed by Lavrushin
et al. (1996). Its general significance as an important de-
watering and de-volatilization mechanism during oroge-
nesis is illustrated by the large size of the features as well
as frequent eruptions during historic time (e.g., Jakubov et
al. 1971; Cooper 2001).

Tectonic setting and regional geology
of the Caucasus region

The present-day Caucasus region is dominated by thrust
faulting due to continental collision (Mattauer 1968),
having also caused prominent vertical movements and
major strike-slip faulting in preferably NNE- and NNW-
striking directions (Zonenshain and Le Pichon 1986). The
geological history is complex, and is summarized here
only very briefly (for details, see Dercourt et al. 1986).
During Jurassic to Paleogenic time, subduction of
Tethyan seafloor occurred along the southern margin of
the Turkish and Iranian blocks, with calc-alkaline arc
volcanism and a wide backarc basin system. During the
early Miocene, Red Sea spreading was initiated, and the
Arabian plate migrated northward, accompanied by a
reduction in width of the Tethys. After its closure
(~20 Ma), subduction shifted to the north. As a result of
the indentation of the Arabian block, the continuous
backarc basin was separated, and oceanic crust remained
only in the Black Sea and southern Caspian Sea (Philip et
al. 1989). The continuous northward drift of the Anatolian
Plate led to initial continental collision expressed by the
formation of the Lesser Caucasus, and the subsequent
surrection of the Great Caucasus during Middle Pliocene
(Fig. 1). At present, continental convergence continues
with a rate of ~30 mm/a east and 10 mm/a west of the
intersecting strike slip fault (Fig. 1). Most of the modern
tectonic activity is localized along these faults (Philip et
al. 1989).

A simplified tectonic map (Fig. 1) shows the main
units surrounding the Great Caucasus from north to south:

— the Russian platform.

— the Kuban Basin (including the Crimea and Taman
Peninsulas) and Terek-Caspian foredeeps separating
the epi-Hercinian Scythian Plate from the Alpine
mega-anticlinorium of the Greater Caucasus (including
the Dagestan wedge in its north-eastern segment).

— the Rioni Basin (opening into the Black Sea) and Kura
foredeep (extending into the Caspian Sea), both
intermountaine basins.

— the Lesser Caucasus mega-anticlinorium and Talesh
block in Georgia.

Hence, the two areas of this study are located in
tectonically distinct regions. In the east, the Georgia mud
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Fig. 1 Outline map of the Great Caucasus region, with insets
showing the location of the mud extrusion domains in the east (/
Taman Peninsula) and the west (2 Georgia). The location of the
cross section in Fig. 2 is illustrated by an end-marked line. In the

volcanoes (MVs) occur in the Lesser Caucasus in a zone
where the Arabian block is indenting (Fig. 1, inset 2).
Here, Meso- and Cenozoic sediments of the Dagestan
block (Fig. 1) are thrust beneath the northern hinterland. It
is bordered to the south by Jurassic to Cretaceous folded
and faulted rocks of the Great Caucasus axial zone, which
itself is thrusting to the south over the Kura Basin (Figs. 1,
2). The latter consists of a very thick sequence of
Paleogene to Quaternary marine sediments, which show
imbricate stacking. These deposits are interpreted as an
accretionary prism, having accumulated material from the
latest Tethyan seafloor (as illustrated schematically in
Fig. 2A; see also summary in Robertson 1998). The
Georgian mud volcanoes occur in the frontal part of the
continental collision zone (Fig. 2, SW part of profile), and
originate from the ancient accretionary prism of the Kura
Basin. By comparison, the Taman MVs are situated
further northwest in the Great Caucasus (Fig. 1, inset 1).

detailed maps / and 2, dots represent mud volcanoes; numbers of
these mud volcanoes refer to Table 4, second column from left.
Open squares are oil company boreholes; solid squares are towns.
Modified from Philip et al., (1989) and Lavrushin et al. (1996)

Between the northern border of the Black Sea (a
remainder of the Tethyan backarc basin system) and the
axial zone of the Great Caucasus, a sedimentary fill of
Neogene to Quaternary age has accumulated. Tectonic
shortening is more intense in the main orogenic collision
zone, and faulting roots much deeper (see Fig. 2B).
Mud volcanoes are abundant in Georgia as well as
Taman (e.g., Jakubov et al. 1971), and are largely of cone-
shaped, flat-topped geometry (Fig. 3). The features reach
several hundreds of meters (to more than 2 km) in
diameter, and are usually several tens to hundreds of
meters high (e.g., Tamrazyan 1972). Maximum sizes are
up to 600 m height and 10 km? in area (Jakubov et al.
1971). Mud and fluids extrude as small cones, but may
also form mud pools in the crestal region of the MV
(Fig. 3B, C). Eruptions are accompanied by expulsion of
mud breccias (i.e., clay-rich mud with rock fragments of
the overlying successions), water, and gas, the latter of
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Fig. 2 A Schematic cross section of accretion and mud volcanism
(black triangles) during the marine stage prior to closure of the
Tethyan ocean; B geological cross section across the Lesser and
Greater Caucasus, showing the present-day stage of continental
collision with abundant mud volcanism. All oceanic crust has been
subducted. For location of the cross section see Fig. 1 Note that
mud volcanoes are not to scale! Modified from Philip et al. (1989)

which frequently self-ignites (e.g., Bagirov et al. 1996).
For the entire Caucasus region, the Oligocene-Miocene
Maikop Formation, a sedimentary succession of rapidly
deposited, thick clastic rocks, has been suggested to be
the source layer for mud volcanism (e.g., Lavrushin et al.
1996). As a function of complex folding and faulting, the
Maikop shales occur at depths of 4 to more than 10 km,
but in places show a second, intermediate depth mud
reservoir in ~2 km (Cooper 2001).

Sampling and experimental methods
Sampling

Free gas bubbles emanating from the aqueous phase at the
MV craters were collected by placing mud volcano pore
water in 220 cm? glass containers; after almost complete
filling the sample bottles, they were plugged with rubber
stoppers under residual water seal. Gas samples were then
collected for the measurement of major components
(CHy, CO;y, Ny, O, Hy), He isotopes, and si3¢C isotopes in
C-bearing gases.

Sediment samples were collected in plastic containers
at the mud volcano surface for the determination of major,
minor, and trace element abundance, XRD analyses, and
B isotope measurements. Pore water samples were
extracted from mud pulp using 50 ym mesh filters, and
were then analyzed for major, minor, and trace elements
as well as boron isotopes. Samples from CO,-rich mineral
waters discharged through the Tiblisi borehole in the

Fig. 3 A Photograph of Ahtanizovsky mud volcano; B small cone
of recently extruded mud on Shugo mud volcano; C mud pools on
the partly dried crestal plateau of Shapurski mud volcano

northern foothills of the Lesser Caucasus (sample 10-97)
as well as from a spring near Pchoveli mud volcano
(sample 1-97) were collected for reference. All water and
sediment samples were taken and stored in ultraclean
plastic containers.

XRD and trace elements

The bulk mineralogy of the mud volcano sediments was
determined using an automated X-ray diffractometer
(Philips PW1800) at the University of Bristol, UK. X-
ray diffraction patterns of smear slides were scanned from
3° to 68° 20 at 0.02°/s, using 45 KV accelerating voltage
and 30 mA current with a copper k, source (1.5405 A
wave length). In addition, glycolated smear slides were



run from 3° to 37° to achieve a better recognition of the
clay mineral phases. Additional XRD analyses were
carried out on the clay fraction (<1 um, as obtained by
settling experiments and decantation) at the Geological
Institute of the Russian Academy of Sciences (GINRAS).
These XRD measurements of clay phases were carried out
on oriented specimens (1) in natural state, (2) after
glycolation, (3) after calcination at 550 °C, and (4) after
10% HCI treatment.

The chemical composition of the mud samples was
determined by a combined approach of ICP-AES (major
elements) and ICP-MS (minor/trace elements) at Bristol
University, UK. The instruments used were a JY24 1CP-
AES and a VG Elemental Plasma Quad II ICP-MS,
respectively. Dried and powdered samples were digested
with hydrofluoric acid, dried, redissolved in nitric acid,
and then diluted for measurement. JB-1 rock standard and
MAG-1 sediment standard were used to monitor the
results.

Minor and trace elements of MV fluid samples were
determined by inductively coupled plasma mass spec-
trometry (ICP-MS) at Kola Scientific Centre, Apatity (see
Lavrushin et al. 1996 for details).

Helium

The mass-spectrometric determination of inert gas con-
tents and isotopic ratios was carried out in the Kola
Scientific Centre, Apatity, following the technique out-
lined in detail by Polyak et al. (2000). Data are reported in
ppm, and as R="He/*He ratio. Correction of a possible
contamination by atmospheric air has been carried out
based on Ne or Ar (see description in Lavrushin et al.
1996).

Carbon

Contents of CO, and methane were determined by
chromatography at GINRAS, Moscow, and at Kola
Scientific Centre, Apatity. Carbon isotope ratios of
gaseous carbon dioxide were carried out at the Kola
Scientific Centre, Apatity (for details, see Lavrushin et al.
1996). §'3C results are reported in %o PDB (i.e., relative to
Peedee belemnite standard; see Craig 1957).

Boron

Boron concentrations of the pore fluids collected from the
mud dome surface were determined by ICP-AES (JY 170
Ultratrace at GEOMAR, Kiel). Samples were diluted 1:10
with 0.5% HNOj prior to analysis. Boron isotope ratios of
the interstitial fluids were analyzed by negative thermal
ionization mass spectrometry (TIMS) on a Finnigan MAT
262 with an external precision of +0.5%c. Owing to the
low salinities of some of the MV fluids, 1 ul of boron-free
seawater matrix was loaded on the filament in addition to
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1 pl of sample (containing 5 ng B). Boron from sediment
samples was separated after HF digestion by a series of
cation and anion exchanges, following the method
outlined in much detail in Deyhle (2001). Isotope ratios
were collected by positive TIMS measurements at
GEOMAR, Kiel (Finnigan MAT 262) with a repro-
ducibility of £0.13%0 (20 yean)- All isotopic compositions
are reported as per mil (%o) deviation from a standard
(boric acid NBS SRM 951, !''B/!°B=4.0437+0.0033;
Cantanzaro et al. 1970).

Results

Data of gas, water, and mud samples from a total of
thirteen different mud domes are reported in the following
paragraphs. The number of samples per location depend-
ed on sample availability and sample quality, so that some
results are not available for each of the mud volcanoes.
Some previously obtained data characterizing the same
and other MVs from these regions are also included for
comparison.

Mineralogy and trace elements of the mud

To shed light on mineralogical composition and possible
provenance, all mud samples were analyzed by bulk X-
ray diffraction (Table 1). For this reconnaissance study,
relative abundance was noted only in terms of a
distinction between major and minor (including trace)
constituents. Special focus was directed to the clay size
fraction.

The main minerals detected in all samples are quartz,
kaolinite, smectite/illite and chlorite. Some specimens
also have significant amounts of calcite or Mg calcite,
indicating cementation due to diagenetic reactions. Illite
dominates over smectite, suggesting that the majority of
the marine smectite from the Kula Basin has already
undergone transformation into illite (Colten-Bradley
1987). This suggests that the mudstones have experienced
considerable burial (equivalent to temperatures exceeding
70-100 °C) during Caucasian orogenesis. Albite, plagio-
clase, or other feldspar minerals are rarely observed.
Pyrite, pyroxene, kaolinite, and muscovite also occur in
minor quantities. Glycolisation of the samples confirmed
similarities in clay mineral composition between muds
from Taman and Georgia, as expressed by abundant
mixed-layer minerals of the smectite-illite group (with
30-40% of swelling interlayers) in both areas. In the
Taman muds, the overall amounts of smectite are slightly
higher than in Georgia, with the exception of the two
southernmost volcanoes Gladkovskii and Semigorskii
(Table 1). When compared to marine mud domes, the
illite concentration in the Caucasus muds are approxi-
mately by a factor of 4 higher than on the Mediterranean
Ridge accretionary complex where muds are dominated
by kaolinite, hallyosite and smectite, but contain only
traces of illite (Zitter et al. 2001).
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Table 1 Bulk mineralogy re-

sults from XRD analysis on Mud voleano b

Bulk mineralogy from XRD

Chlorite, illite, quartz, smectite, calcite, feldspar, pyrite, glauconite
Chlorite, illite, quartz, smectite, kaolinite, calcite, pyrrhotite

Illite, smectite, quartz, chlorite, kaolinite

Quartz, chlorite, illite, smectite, calcite, feldspar, muscovite

Quartz, chlorite, illite, kaolinite, calcite, feldspar, epidote

Quartz, chlorite, illite, smectite, calcite, feldspar, Mg-calcite
Chlorite, illite, quartz, kaolinite, smectite, muscovite, pyrrhotite
Chlorite, illite, quartz, calcite, feldspar, pyrite, glauconite

Illite, chlorite, quartz, kaolinite, smectite, calcite, pyrrhotite
Quartz, chlorite, illite, smectite, Mg-calcite, feldspar

Chlorite, quartz, illite, smectite, kaolinite, calcite, feldspar, biotite
Chlorite, illite, quartz, kaolinite, Mg-calcite, feldspar, amphibole,

glauconite

mud sediments from Georgia Georgia
and Taman Peninsula. Abun- .
dance of minerals is represented thovell 297
by relative descending order Kila-Kupra 3-97
Y g Bayda 7-97
Ahtala 9-97
Taman
Kuchugurski 1-94
Golubicriy 2-94
Polivadina 5-94
Semigorski 9-94
Gladkovski 11-94
Shugo 13-94
Ahtanizovski 16-94
Shapurski 17-94
Karabetovski 25-94

Illite, quartz, chlorite, kaolinite, smectite, feldspar

Results from major, minor and trace element determi-
nation are listed in Table 2. For comparison, the average
composition of global oceanic sediment (GLOSS; c.f.
Plank and Langmuir 1998) is also given. The major
element composition is dominated by Al,O; and Fe,O3
(Table 2), which agrees with the finding from XRD that
illite, smectite and chlorite dominate the clayey muds in
addition to omnipresent quartz silt (Table 1). Concentra-
tions of the mobile elements like Li and Cs are partly
enriched relative to modern marine clays. While the latter
usually range between 3549 ppm Li in marine clays (and
up to 70 ppm in zones of enhanced fluid transfer; see You
et al. 1995), the Caucasian MVs show values up to
~90 ppm (Georgia) and ~120 ppm (Taman; Table 2).
Individual mud domes like Semigorski MV, Taman, are
heavily enriched in Sr (up to ~600 ppm), Rb (up to
~160 ppm) and Ba (up to ~1300 ppm; see Table 2). MVs
from both study areas show an overall enrichment in
certain trace metals when compared to GLOSS (e.g., Cr,
Zn, Rb, Cs; Table 2), which is very likely reflecting their
affinity to clay minerals. Other trace elements are
depleted in the mud, but get enriched in the fluid (e.g.,
Y, Ba, Pb; see next paragraph).

Chemical composition of mud volcano waters

Results for interstitial waters are presented in Table 3. If
fluid composition of Georgia MV waters is compared to
those from the reference borehole (sample 10-97, Table 3)
and spring (sample 1-97, Table 3), it can be seen that
some of the mud volcanoes show much higher concen-
trations for some elements. This is the case for Na, Cl
(Fig. 4A), Mg (Fig. 4B), Ba (Fig. 4C), Li, Sr (Fig. 4D), B,
K, Cr, Rb, and I (see also Table 3). As volatile
mobilization is reflected in the focused dewatering
products of the Caucasian mud volcanoes, it is expected
that elements like Li and B, but also Sr and Ba are
enriched in the fluids within the Caucasian orogenic
wedge. This indeed is shown by Ba, Sr, Li and B, which
have more than one order of magnitude higher concen-

trations than seawater in certain MVs (Table 3). More-
over, the strong enrichment in Ba (samples 2-97, 3-97, 9-
94 and 13-94) indicates that the muds originate in an
anoxic, sulfate-free environment. A comparison between
the two areas is difficult because of the variability
between the fluids from the individual mud volcanoes.
There are, however, some significant differences, like
stronger freshening of the Taman waters in the Greater
Caucasus when compared to Georgia (see e.g., salinity,
Na, and Cl in Table 3). Also, many of the other elements
analyzed in both sample sets indicate higher concentra-
tions in Georgia. For instance, a significant enrichment is
found for Sr (average 436 uM [Georgia] and 116 uM
[Taman] compared to 87 uM in seawater) and Li (338 uM
[Georgia] and 409 uM [Taman] compared to 27 uM for
seawater), respectively (Fig. 4D and Table 3). Having
profound pore water freshening, on the one hand, and
presumably secondary diagenetic processes causing a
strong enrichment of some mobile elements (without
necessarily enhancing chlorinity or salinity drastically),
on the other hand, will be discussed below.

There are also interesting variations between the
individual mud cones. Like in the Georgia muds (see
above and Table 2), Ba is heavily enriched in the
Georgian MV waters and even in the adjacent spring.
Compared to modern seawater with a concentration of
0.45 uM, the average Ba content in both the MV fluid
series varies between an average 41 uM [Taman] and
186 uM [Georgia] (Table 3). As expected, the fluids show
an increase in Ba when sulfate concentrations decrease
(see Fig. 4C). It appears that a threshold value of 50 uM
SO4 or lower, allows Ba to be preserved at high
concentrations (as seen for samples 2-97 and 3-97).
Mobilization of Ba in marine sediments occurs easily
when these low levels of dissolved sulfate appear
(Brumsack and Gieskes 1983; von Breymann et al.
1992). This observation also points toward a significant
difference regarding the fluid source between these two
MVs and their counterparts (samples 7-97 and 9-97). In
addition to Ba (Fig. 4C), Mg, Ca (Fig. 4B), and Sr
(Fig. 4D) are enriched in Pchoveli and Kila-Kupra MVs



413

LT'T S6°0 L9'] 96°1 [ €6'1 0€'C 691 €Ll 0€'C €0C 86'0 S0C 6S°C 9¢'1 0C'C SL'T 80 n
6L'1 €90 969 444! vy 060 7091 LTST  T091 6861 L6'SI €0 0svl orer 91 9T'¢C SR 170 UL
80 oo L861 L691 LE'S 069 L9TC  66'81 188l 80°0C 98¥I 00l  ¥C8I 8I'I¢C 18°S 80°L [4R°]! 61t qd
890 160 SL'SLL  €S°LTS €I'80L L®'S8  00°CSY9 €£9LE €0°S901 I¥'Ivy ST96Cl  18¢S S9C0vr OFvLE CSPLY 60°SOI 18¢ICl T1'660l ed
44 SI'¢ 9Y'e L8 I8°LI1 €50 £8°C 96°S 6L veor 209 080 ¥L'S 14 6L LY9C 0C1¢ 8L'8 sD
770 ST0 £€C0¢ 9T¢l 99°L 60°1 26'81 LO8T  6L°SI 9l 68°CI 8¢€0 906l €G'¢l 0C'C o'y YI'1C e A
L9°0 88°0 8¢'6C 6V 6IC IL°06C LOLOT +S°L9C +T'861 1¢'8S¢E Se'SCl LOTES 06'ST  €O¥IT T6'9CI 68°SF  888C S8109 0C98Y IS
LT 8I'T 9T'LS 69°68 CEL9  68°LOT 88EL 9I'VL 0TY8 96191 €9°06 66'C9 IS18 00L9 6C8¢ 8¢9C 8086 16901 qQAq
9I'l 9I'l £€°98 1666 0C’00I T6'06 #8611 9L¥8 0506 €L°S0T 88'¢6 S9'6L 86'CSIT  TO6'LIT 1L°89 SEIL  0S¢el  9TLel uz
vl VTl Y0'6L 80°¢lT 10'86 1T8L  vTIel  9¥vCl 8I'TCI ST8YL LY'I8 Yy IL  SSIEl  SS8CI  TI'6¥lI 08801 €£€6C8 0C'IS D
- - - L61 650 171 1¢€°1 8L’ 453 68°C 60 81 6£'C 091 0L0 0Tl Se0 010 °d
- - - 8799 16'C9  TTST  ¥£C9 e1'es  LEL6 81°¢Cl 16°SL veLE T8y 8L'S9 16°¢cllT €SSl 00'1¢ 1716 T
wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd
IL0 650 61°0 €ro I1°0 71°0 71°0 710 010 LT°O LTO 800 €10 71°0 80°0 LTO LO0 cro ‘04
780 080 0°C oLl €9'1 vL1 20'C 20T 11'c €1 LT1 6¢°1l 68'1 L1 vC'C LO'T 61°1 10°C o
650 160 €v'e [t €Tl ¥l 76°1 or'l STl (39! 65’1 L60  SP'I 1671 880 €60 811 So'1 O%N
170 ce0 S6'S 17T 01'c 770 S 8¢°¢ LS'E [ [SSR3 IT0 9L'¢ €Tl €80 4! L€ 9¢'C OoeD
650 850 8¥'C 9’1 ! (el 10°C 00'C or'l S6'1 891 oro ¢8'1 6'1 90°1 S0 66'1 SI'C O3
1€0 170 e 0ro LO0 71°0 cro 800 90°0 800 010 cro 110 800 100 00 S0 LO0 OUN
811 LO'T 1S 719 65°S 679 999 S¢9 w6 659 cr9 oy ¥r9 vEL S09 6Ty 17’8 65°¢ m,ONom
SO'1 11T 16°T1 1671 8I'¢l 6L'S 144! SO¥lL  o6¢¢l Lyl LoVl 989 SOv1 9Vl LLYT ¢8Il 9I'¢l S6CT  fOUvV
[4N <90 290 69°0 0¥'0 L0 180 690 0L0 69°0 99°0 €0 IL0 080 LTO €e0 650 wo OLL
9PIM PBIM BIM PBIM PBIMN P%IM PBIMN 9DBIM BIN BIM LI %I 9DIM 9DIM 9DIM %I
SSO1O SSO1O
Jjuewe],  /e131090)
oney oney SSOTO uewe] ®ISIND  $6SC ¥6-Ll v6-91 v6-€I  tv6-11 ¥6—6 76— ¥6—C 61 L6—6 L6—L L6 € L6—C
SUOIIBIIUAOUOD
POZI[RULION SUOTIBIIUQOUOD PISBIOAY B[OSUIUS] UBWE], e131090)

($6-ST ySno1y) 6-1) e[nsuiueg UewWe], pue (L6-6 YSnoIy) /6-7) BIS1090) Je uaye) sojdwes pnw jo s)nsal SIN-dDI Pue (sjuowofe Jofewr) synsal SHY-dDI T 2lqelL



414

Po109Jap Jou“pru ‘pazA[eue jou‘eu

00°S e 20000 1000 1000 PU 1000 PUT000 1000 Pu T 1000 pu U 1000 1000 2000 pu (W) UL
9’8 €L0 €100 170 0100 ¥10°0 1000 9000 €000 1000 1000 T 9TL0 PU 8000 S10°0 100 S00°0 U (N N
0S°LST U ¥00°0 £9°0 €000 2000 2000 1000 L10°0 sey 1000 T 2000 €000 pu PU - +000 2000 2000 (A1) sD
€e'l we €00°0 ¥00°0 8200 200°0 000 #00°0 +00°0 000 000 T 6000 PU 9000 S00°0 L60°0 S00°0 C100 (Am) X
001 11°0 1 ¥l 91°0 y1°0 90°0 690 97'8 ST°0 61°0 eu [NV 00 110 600 €0 71°0 L00 (A) a9
0T'ST 0S°0¥ S00°0 9L0°0 00 ¥0°0 800 800 800 +0°0 +0°0 T LT0 PUTTO 0 [4%0] LO0 170 (Am) 1D
el 10°S L8 €911 8'SeY 1T 1T 9'¢8l 8°0CY 8'8% 81 eu 001 I LT1 9¢ 86 9 89S (M) 1S
0026 LTy St'0 71y L'S81 L 9L TYSI 999 LY €9 eu €0 10 I'1e 8¢ 6LE 6C¢ 8vL (N eg
900 €10 S € 69 €1 91 [SE3 e 0 6T '8 [y TU 9 €T'T 4! €501 179 (AW SN
850 870 [S0)I 9 I's 80 91 ST 9¢ €T LA LT 0T 900  6L0 81°0 S 401 6 86'Lz  (INW) BD
61°'1S ILet wo §c Y 9t '8 8y §0c 9'8C 'L eu 89l 9¢€'0 €Y 0I w9's 81 IS¢ ¥0°0 (Nw) g
[ANY 121! LT 9'801 $'8¢¢ 0¢clI €8 9ITI yeCl 911 0€6 eu 056 € 799 ¥9 991 o 9 (Am) 11
970 ¥1°0 701 LT ¥'1 (4! LT 9¢ L'L 01 LT 9T 91 U GE'E €10 160 8TT U (W) Y
100 00 6'8C LEO L0 10 90 LT0 ¥0°0 950 w00 o0 91 800 600 ST 800 S0°0 00 (AW YOS
e eu BU L€l 6 96 LT T T 6T Sve eu T'Le - €9 801 €Tl SL L (N 1
0€0 +9°0 w 94 8'9¢ €01 ST o6l (4 [ - 1'CI 911 50} S'81 4! 143 Soy 4! Knures
8C°0 9L°0 6SS €'LST Y44 008 0891 1'0€T ['8¢€€ 9 9L Y61 9CI € 0LT 661 6¥S 089 S61  (WW) 1D
170 9L'0 08% 1861 99¢ [ ey 8.9t 6'¢ST 6¥Cl P81 1°081 (2! € €9C LTT 394 7S 201 (NW) eN
a0y
DISA0JRqQ pysand DISAOY ms10§  euipea  A1oIq ysang -210q eadny|
“eIey] -eys osnys -pPeID -Tueg -liod - -njon  -nydnyy A EEgy epAeg B[y [eA0ydqd  Suudg
uewe], 131000 Ioyemeas uewey, 151000 ¥6-SC Y6-L1 ¥6-€1 Y6°11 ¥676 ¥6-S ¥6-C Y671 L6701 L676 L6°L L67€ L67T L671
SUONEIUIIUOD
PAZI[EULION SUOTEIUIOUOD PITLIAY B[NSUIUD UBWIE], eI131000

Apnis SIY) 10J S[QR[IEAR 9IoM SPIN[J UBWE], OU 9SNedaq ‘SUISSIW I8 SIUIWS[D dWOS I0J BIB(T "(9661) ‘[8 19 UIYSIIART WOIJ USYE) dIe SAJA B[NSUIUS] UBWIE], WO}
eje( (1 "S1 99s ‘uoneoo] 10J) v151090) ul (£6—0] o[duwes) o[oy[[LIp d0UIeJOI B WOL) 19)em pue (£6—] o[duwes) Surds e ‘sIojem [eNIISIOUI OUBD[OA PNW INOJ JO SINSAI SIN-dDI € 2IqeL



Fig. 4 Results from ICP-MS on
mud volcano fluids from Geor-
gia (see also Table 3). A Na, CI;

00
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30

B Ca, Mg; C Ba, SO4; D Sr, Li.
Note the differences between
mud volcanoes 2-97 and 3-97
on one hand and 7-97 and 9-97
on the other hand; 1-97 is the
spring on Pchoveli mud volcano
for reference. Average contents
of Na, Cl, Ca and Mg from
Taman mud volcano waters are
plotted in A and B for compar-
ison. For full set of results refer
to Table 3
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(samples 2-97 and 3-97), while Na, Cl (Fig. 4A), SO4
(Fig. 4C), B and I are enriched in Bayda and Ahtala MVs
(7-97 and 9-97). The observed variations suggest a
different fluid origin, and possibly even a different
reservoir of liquefied mud, for individual mud domes.
In the discussion, we relate our results to the complex
tectonic framework and possible mechanisms of fluid
generation. Similarly, the Taman fluids show strong
variations between individual domes (Table 3). Glad-
kovski MV shows the strongest enrichment in the
majority of the elements, in some cases reaching
concentrations which exceed those of teh Taman average
value by a factor of 34 (e.g., Li, Rb, Sr; Table 3). Other
features, like Karabetovski or Semigorski MVs lie
generally below the regional average. Since there is no
systematic difference in style of mud eruption or size of
the dome, our contention is that fluid flow along deep-
seated faults is hindered in some places, but favoured in
others (at least on a temporary basis).

If the fluid geochemistry of the two study areas are
compared, a more systematic pattern is observed. Since
freshening due to clay mineral processes may be stronger
in pore waters from the more illite-rich Taman muds,
many of the elements are depleted. Not only are salinity,
Na, or Cl much lower in Taman (approx. half the Georgia
values; Table 3), but Ca, Sr, Mg and Ba are also

B00
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400

200

1

1-97 207 3.7 797 9.497 1-97

significantly diluted. By contrast, the mobile phases like
B, Li as well as elements generally adsorbed to clay
minerals (U, Cr) are enriched in Taman where deforma-
tion and dewatering are assumed to be stronger. We will
address this aspect in the discussion.

Helium in mud volcano gases

Results from helium analyses carried out on eleven MV
gas specimens and the reference borehole in Georgia are
presented in Fig. 5. The MV gas samples show a variation
in He over more than two orders of magnitude (i.e.,
3872 ppm; see Table 4 and Lavrushin et al. 1996). As
with the aqueous fluids, this result suggests that the
amount and type of gas associated with each mud dome
may vary considerably. Although there is no clear
distinction between the He contents in Taman and
Georgia, we find significant differences in the He isotope
ratio between the two study areas (Fig. 5 and Table 4).
The >He/*He isotope ratio of the Taman samples
(R=2.816x1078, Table 4) corresponds to radiogenic
helium generated in terrestrial rocks, whereas gases from
Georgian MVs as well as from the reference borehole
(sample 10-97) range approximately one order of mag-
nitude higher (R=30200><10‘8; see Table 4).
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Fig. 5 A 6'3C from CH, and from CO, vs. R/R,, of He gas from
the mud volcanoes in Georgia (circles) and the Kerch-Taman
Peninsula (squares). Solid symbols are methane, while open
symbols represent CO,. The two subhorizontal lines represent the
trend of two-end member-mixing between terrestrial/crustal rock
(on the left) and mantle material (dotted vertical line at the right; cf.
Jenden et al. 1993). The percentage along the subhorizontal lines
indicates the inferred mantle contribution. B He isotope ratio (R/
Ram) vs. 1/He content (in 1/ppm) from gases from Georgia mud
volcanoes (open circles) and Taman mud volcanoes (squares). The
dashed line represents the R/R,, value in the reference borehole in
Georgia where no He content could be measured

Given that helium isotope ratios are approximately
R=1.4x107¢ in the atmosphere (Mamyrin et al. 1970), and
R=1.2x10" in the mantle (Mamyrin and Tolstikhin
1981), the input of “light” *He into the MV samples can
be quantified. Possible explanations for the observed R-
values are (1) admixture of gas from lower crustal or
mantle depth, or (2) the high Li-content of the surround-
ing rocks (as well as the mud; see Table 2), which may
cause high concentrations of *He and hence affect the
radiogenic He isotope ratio (Andrews 1985). Using a two
end-member mixing model (Jenden et al. 1993), we
estimated the input of He of presumed mantle signature to

be as little as 0.00001% at Taman, and up to around
0.001% in Georgia (Fig. SA, grey bars). Despite rather
small amounts of total gas volume, these numbers differ
by two orders of magnitude in potential mantle helium
between Georgia and Taman. The difference is also
apparent when the reciprocal He content is plotted versus
the He isotope ratio. As illustrated in Fig. 5B, the Taman
MVs plot almost entirely along the x-axis, while the gas
from Georgia mud domes appears aligned vertically. The
most obvious explanation for such a finding would be the
different structural style in the two areas, as is discussed
below.

Carbon isotopes and C-bearing gas contents

Methane is the dominant mud volcano gas phase in
Georgia and Taman, ranging from about 70%vol to more
than 99%vol in places (Table 4). CO, concentrations are
generally low (less than 15%vol), or even not detectable.
The only exception is Kuchugurski MV near the Sea of
Azov coast, where 29%vol were measured (Table 4;
Fig. 1, inset 1 for location of the feature). Higher
hydrocarbons occur in negligible amounts, i.e., ethane
<<0.5%vol, and propane <<0.005%vol (see Lavrushin et
al. 1996).

When the entire set of carbon isotope ratios (6'*Cppg)
is considered by itself, no clear distinction can be made
between the Taman and Georgia MVs. Although §'°C
values from CO, and CH,4 differ considerably (Fig. 5A),
Taman and Georgia gas samples plot in the same
respective range. Only when contrasted with He isotope
data, do samples from the two MV areas plot as separate
groups (Fig. 5A). Carbon isotope data of —19.4 to 13.5%0
from this study agree well with earlier data from mud
domes nearby (—36.9 — 23.4%0; Valayev et al. 1985). They
are significantly more positive than the respective §'*C
from methane, which range between —33 and —49%o
(Table 4).

Boron and boron isotopes in mud and fluids

Boron contents of pore fluids and muds from the different
MVs are shown in Table 4 and Fig. 6. Boron concentra-
tions range from 1.810.6 mM in fluids and from ~144—
323 ppm in the mud of Georgian MVs. In contrast, B
contents of fluids from the reference drillhole and the
spring on Pchoveli MV are more than two orders of
magnitude lower (0.04 mM; see grey shading in Table 4).
In Taman, B contents are 2.5 — 14.9 mM in the fluids, and
from ~143-868 ppm in the muds. This shows that both
fluids and muds of the Taman MVs have higher B
concentrations. B concentrations of MV waters are
spectacularly high compared to hydrothermal fluids (0.5
— 0.6 mM; cf. Spivack 1986), and also to pore fluids from
other mud volcano localities (see discussion below).
Similarly, B contents in the mud are significantly higher
than those from marine sediments studied previously
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Table 4 CH4, CO,, He and B concentrations and He, C, and B isotope ratios for MV samples from Georgia and Taman. Right column
shows mobilization depth estimates of the Taman mud from an earlier study by Lavrushin et al. (1996) which are used in Fig. 8

Sample Ref no. in Name of MV He R/Rym CHy B¢ CO, B¢ B con- 8B (%0)
ID Fig. 1, and content S3He/ content (CHy) content (CO,) tents
in Lavrushin (ppm) Hex107%) (%ovol) (%vol) (fluids in
et al. (1996) mM; mud
in ppm)
Georgia:
Fluid:
1-97 - Spring Pchoveli - - - - - - 0.04 232
2-97 - m.v. Pchoveli - - - - - - 3.6 36.6
3-97 33 m.v. Kila-Kupra 30 200 - -489 - -3 1.8 39.2
7-97 35 m.v. Bayda 10 30 - 423 - 11.3 5.7 38.4
9-97 32 m.v. Ahtala 50 122 - —43 - -9.8 10.6 22.5
(Gurdjaani)
10-97 40 bh. Thilisi-Lisi  — 56 - - - - 0.04 26.5
(av. 5.4)*  (av. 34.2)*
Mud:
2-97 - m.v. Pchoveli - - - - - - 248.0 5.1
3-97 33 m.v. Kila-Kupra - - - - - - 143.6 0.1
7-97 35 m.v. Bayda - - - - - - 256.2 7.4
9-97 32 m.v. Ahtala - - - - - - 323.0 -1.2
(Gurdjaani) (av. 243) (av. 2.825)
Taman Peninsula:
Fluid:
1-94 1 m.v. Kuchugurski ~ 3.05 7.4 69.9 - 29.2 - 4.9 26
2-94 2 m.v. Golubicriy 13.7 2.8 91.8 - 0 - - -
5-94 4 m.v. Polivadina 16.5 4 85.8 - 13.1 - 2.5 23.7
9-94 5 m.v. Semigorski 120-204 5.3-6.3 94.8 -38.5 34 -0.5 9.5 16.5
11-94 6 m.v. Gladkovski 872 4.8 94.2 -334 0 4 6.8 35.4
13-94 8 m.v. Shugo 22.5-354 384 89.5 -41.4 8.5 2.1 14.9 27
16-94 11 m.v. Ahtanizovski 103 5.3 82.5 -435 144 3.8 - -
17-94 12 m.v. Shapurski 7.7 16 92 - 6.7 - 2.8 32.6
25-94 19 m.v. Karabetovski 30-34 3.9-6 99.1 -36.7 0.3 13.5 8.7 424
(av. 5.9) (av. 29.1)
Mud:
1-94 1 m.v. Kuchugurski — - - - - - 339.1 3.8
2-94 2 m.v. Golubicriy - - - - - - 328.6 -1.5
5-94 4 m.v. Polivadina - - - - - - 316.5 1.4
9-94 5 m.v. Semigorski — - - - - - 538.8 -4.4
11-94 6 m.v. Gladkovski — - - - - - 280.2 -6.1
13-94 8 m.v. Shugo - - - - - - 421.8 =7.7
16-94 11 m.v. Ahtanizovski — - - - - - 868.1 -0.5
17-94 12 m.v. Shapurski - - - - - - 366.8 7
25-94 19 m.v. Karabetovski — - - - - - 142.6 2.4

 Spring and borehole fluids have not been included in mean average calculations

(Ishikawa and Nakamura 1993). While average B content
of the mud exceeds that of marine sediments by a factor
of 24, maximum values in Taman are 8x higher than in
marine clays. The fact that both fluids and muds in either
area are enriched relative to seawater and marine clays,
respectively (i.e., no complementary enrichment-deple-
tion pattern exists) suggests that their boron originates
from different sources (see discussion). The §''B isotopes
of the Taman and Georgia muds show a wide scatter from
approximately —8 to +7%o (Table 4; Fig. 6). Such isotope
ratios agree in broad terms with those of modern marine
sediments, especially when these sediments contain
significant amounts of smectite (+2.3 to +9.2%0) or
detrital illite (=13 to —8%o; see Ishikawa and Nakamura
1993). On the other hand, low 5B signatures are

generally believed to indicate a preferential removal of

"B from the mud during diagenetic reactions (You et al.
1995), recrystallization, or in the course of smectite—illite
transition (Ishikawa and Nakamura 1993). The fluid B
isotope ratios range from 22.5 to 39.2%o in Georgia and
16.5 to 42.4%0 in Taman (Table 4). On average, the
Taman MVs have lowers''B (29.1%¢) compared to
Georgia (34.2%c). The measured 5''B ratios are generally
lighter than that of seawater (39.5%0¢), and are hence
depleted in heavy ''B. Consequently, because both §''B
of the fluids and muds are lighter than the initial seawater
and clay ratios further supports the contention that they
originate from different sources (see discussion).

If we compare the B isotope trends of two study areas,
there is a subtle difference in §!'B in the muds, with the
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Fig. 6 5''B vs. 1/B content of mud volcano samples from Georgia
(including the reference borehole and spring) and Taman Peninsula.
Note that all sediment data have been converted into molar
concentrations to allow a comparative cross-plot

average value in Georgia (2.8%0) being slightly higher
than that in Taman (-0.9%o0; see data in Table 4). Given
the scatter of the individual mud measurements (Fig. 6),
however, the significance of this difference of ~3.7%o is
difficult to assess. Assuming a similar initial composition
in either area, our results suggest that more desorbable B
has been released from the Taman muds. On the other
hand, preferential removal of adsorbed B from the mud is
in conflict with its high remaining B contents (see above),
so that a more complex explanation is required (see
discussion below).

Discussion

In this paper we try to answer the following two questions
in the basis of our results: First, to which extent are the
chemical and isotopic signatures indicative of the mobi-
lization depth (i.e., P-T regime) of the gaseous, aqueous,
and solid extruded phases? Second, how does the
combined geochemical evidence fit into the overall
picture of devolatilization, liquefaction, and extrusion
mechanics within the regional tectonic framework?

Mobilization depths of fluids and mud

As solid, aqueous, and gaseous phases of the mud
volcanic ejecta may originate from different sources, or
reservoirs, we split the first part of the discussion into
three parts.

Gas

The majority of the mud volcanoes comprise methane as
the dominant gas, in places reaching almost 100%vol
(Table 4). Methane has been demonstrated to generally
exceed 95%vol of the total amount of mud volcano gas
(e.g., Limonov et al. 1995; Kopf et al. 1998). In general,
the methane data from the limited number of Georgia
mud volcano specimens cover the same range of §'°C
compositions as the samples from Taman mud volcanoes
(Fig. 5). However, there appears to be a regional variation
in methane origin, with predominantly biogenic §'*C
signatures in marine environments and thermogenic
methane (and higher hydrocarbons) emitted from conti-
nental mud volcanoes. In this study, 513C(CH4) ratios of
—-33.4 to —62.8%o lie well within the field of thermogenic
methane (e.g., Vinogradov and Galimov 1970). Thermo-
genic methane originates from approximately 2-4 km
depth (where highly reflective patches in 3D seismic data
have been associated with gaseous mud reservoirs
(Cooper 2001), or deeper. However, recent work on
rocks from the western Canadian Basin suggests that
thermogenic hydrocarbons may form at temperatures as
low as ~60 °C. The methane is the result of maturation of
organic matter in the sedimentary rock, and hence is
strongly linked to the thermal regime, but not primarily to
the tectonic framework. The slight variations found
between individual mud domes are best explained by
differences in mobilization depth of the gases (Prasolov
and Lobkov 1977).

Although less abundant than methane, carbon dioxide
also occurs in substantial amounts (Table 4). For
513C(C02), a range from about —13%o to +13%o is found
in either area (Table 4). Such 6'3C(coy) signatures may be
interpreted to indicate an origin of “metamorphogenic”
crustal levels (=10 to —4%o), “juvenile” (=4 — 10%o), and
“ultraheavy” (>10%o) degassing products of the mantle
(see discussion in Valyaev et al. 1985; Lavrushin et al.
1996). While some of the CO, may originate from a
shallow source, the “heavy” 513C(C02) of suggested
metamorphogenic origin, with the “ultraheavy” end-
members pointing towards deep crustal levels (Lavrushin
et al. 1996). The widely known presence of “ultraheavy”
CO, generation accompanying methane formation at
shallower levels (see Whiticar 1999) can be envisaged
as an alternative explanation for the isotope ratios
observed in the Caucasus.

In addition to the carbon isotopes, high §°He (R) ratios
are good indicators for a deep-seated gas component,
possibly from a crustal or mantle level (Polyak et al.
1976). In the study area, anomalously high helium isotope
ratios of R=2x107° have previously been explained to
originate from the presence of magmatic melts in the
mantle, most likely associated with the Neogene-Quater-
nary volcanic activity in the Greater and Lesser Caucasus
(Lavrushin et al. 1996). However, the mantle component
traced is estimated to be as little as 0.001% in the Georgia
mud domes, and another two orders of magnitude lower at
Taman (0.00001%). We propose that the higher R values



of the Georgian mud volcanoes indicate a deep source,
with gas migrating along NE-vergent, deep-seated faults
related to the collision of the indenting Dagestan block
(Figs. 1, 2). The contribution may be episodic, possibly as
a function of fault movement within the imbricate thrust
stack (namely northeast of the Kura region; Fig. 2). Gas as
well as waters from metamorphic reactions may then
migrate upwards along fissures and microfaults, and
subsequently they accumulate in certain reservoirs (at
depth of mud mobilization; cf. Cooper 2001), and trigger
extrusion of the buoyant mud.

Pore waters

There are several depth-indicative processes indicated by
our pore fluid results. First, both the Taman and, to a
lesser extent, the Georgia fluids have salinities and
chlorinities considerably lower than seawater (~30-40%
in Taman, and ~70% in Georgia; Table 3). This suggests
that the original interstitial water in the Caucasian
sedimentary rocks has been freshened by mineral dehy-
dration reactions. Such processes initiate at intermediate
depths, at temperatures as low as 70-100 °C. Among the
most prominent processes are opal-quartz reactions (Ernst
and Calvert 1969), illite—smectite transformation (Colten-
Bradley 1987), tectonic compaction (Fitts and Brown
1999), or diagenetic and metamorphic reactions, the latter
of which cover a wide range of pT conditions (e.g., Moore
and Vrolijk 1992). These processes occur discontinuously
within the sedimentary succession, or even the crust,
which has approximately 8% hydrous minerals in its
upper part (Kastner et al. 1991). In the Caucasian
mudrocks, clay mineral dehydration is probably the most
important of the abovementioned phenomena. With
increasing temperature and stress (of the overburden as
well as due to tectonic shortening), smectite interlayer
water as well as water from diagenetic transformation to
illite is expected to lower the salinity (Moore and Vrolijk
1992).

In addition to the different degree in interstitial water
freshening (see above and Table 3), the sodium to
chloride ratios in the two study areas are remarkably
different. While the Georgian fluids contain more Cl than
Na, Taman fluids show lower chlorinity and higher
sodium (Table 3). When Na/Cl is plotted against
chlorinity, the Taman waters from the Greater Caucasus
plot subvertically in the left part of the diagram, showing
the highest Na/Cl ratios when compared to other deep-
seated mud volcano fluids from elsewhere (see caption of
Fig. 7A). By contrast, the Georgian fluids plot subhori-
zontally at a relatively low Na/Cl ratio around 1, which is
similar to the Barbados mud volcanoes (Martin et al.
1996). Given that the latter features have been suggested
to originate from only 2-3 km depth (Kopf 2002), the
distinct differences between Taman and Georgia in
Fig. 7A are a hint towards a different evolution and
mobilization depths in the two areas studied.
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Despite the pore water freshening in some major
constituents, some volatile species show the opposite
behavior. Mobile elements like Sr, Ba, and Li in the fluids
show remarkable enrichment despite the overall decrease
in salinity (Table 3). Release of these elements as a result
of diagenetic reactions during compaction and transfor-
mation has probably caused the high element concentra-
tions in the pore waters. Consequently, these
geochemically mature fluids may originate from a depth
greater than the actual intermediate reservoir of liquefied
mud (2-4 km; Cooper 2001) where temperature-driven
devolatilization is more accentuated.

Boron contents in the fluids mirror those of Li and Ba,
with maximum enrichment to approximately 35x seawa-
ter. Isotope values further suggest that this mobilization of
B was accompanied by fractionation. As for the B isotope
geochemistry, our working hypothesis is that the des-
orbable, trigonal !'B species gets enriched in the fluid
phase and depleted in the sediment with increasing depth,
mostly owing to B desorption from the mud (e.g., You et
al. 1996a, 1996b). The adsorbed B has been shown to
have isotope ratios of ~15%o (Spivack et al. 1987). Hence,
one would expect a “deep” fluid to be characterized by
heavy isotope ratios and high B contents. Both can be
observed in the Caucasus MV waters (Table 4). The entire
suite of §''B are less than the modern seawater value
(39.5%0; Palmer and Swihart 1996), with a depletion to
values as low as 22.5%o0 (Figs. 6, 7B). Given the decrease
in salinity as well as the B enrichment of the mud, the
enrichment in B in the Georgian MV fluids up to 10.6 mM
is surprising. On the other hand, it agrees well with other
mud volcano areas onshore and offshore. Enrichments in
B are common in mud volcanoes. For instance, in
Trinidad, mud volcano waters reach 0.31 — 11.86 mM B
(Dia et al. 1999), in Taiwan waters B scatters between
0.16 — 995 mM (Gieskes et al. 1992), and on the
Mediterranean Ridge, B in pore waters ranges from 0.1 —
61 mM (Deyhle and Kopf 2001). The Georgian data also
correspond with thermal saline waters from mud volca-
noes of the Black Sea area (Lagunova 1976), where B in
some brines reaches up to 85 mM (i.e., >200x seawater).
The elevated boron concentrations have previously been
correlated with increasing bicarbonate concentrations, but
more importantly seem to relate to loss of desorbable
boron (dominantly ''B) from clay minerals into the fluid
(e.g., You et al. 1996b). In addition, above ~100 °C, B can
be released from the sediment matrix though diagenetic
reactions (You et al. 1996a, 1996b). However, especially
this latter process would cause B removal from the mud,
which is not observed in an open system like the
Caucasian muds (see below, and Table 4).

Most interestingly, not only mobile elements have
been released into the mud volcano fluids. For example,
many of the elements presented in this study (Table 3)
have been long known to be enriched in volcanic arc
magmas of subduction zones (relative to an upper mantle
source; Plank and Langmuir 1998). These include K, Ba,
Sr, Rb, Cs, but also rare elements like U, Th or Y.
Although these elements are recycled in the arc, a
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considerable proportion of the initial sediment input has
been demonstrated to be released to the fluid in
hydrothermal experiments up to only 70 MPa stress and
temperatures below 150 °C (Kopf et al. 2002). especially
the mobilization of some large ion lithophile elements
(LILEs) or high field strength elements (HFSEs), as is
shown in Table 3, is surprising giving the collisional
setting in the Caucasus. This observation attests that these
elements may be released from teh sedimentary phase at
PT conditions much lower than the deep subduction
factory.

A comparison of our data with those from another set
of hydrothermal experiments on a similar mud from the
Nankai accretionary prism (You et al. 1996b) is of
interest. From the experiments it appears that the
strongest increase in fluid B contents occurs above
175 °C. Even at the highest experimental temperature of
350 °C, B devolatilization has apparently not come to a
halt (You et al. 1996b). Such temperatures reflect, based
on the thermal gradient of ~40°/km in the Caucasus
(Kotov and Matienkov 1967), a fluid source depth of
about 8-9 km. This value agrees well with depth
estimates (Table 4, right column) using other geochemical



proxies for some of the mud domes studied (i.e., 6.7 —
9.3 km for Kuchugurski, Golubicriy, Polivadina,
Semigorski, Gladkovskii, Karabetovski, and Shugo
MVs; for details see Lavrushin et al. 1996). It also
matches the estimated depth of the parent layer, the
Maikop mudstones, as inferred from quality seismic data
(Cooper 2001). We shall return to this topic when
discussing the mobilization and extrusion mechanism
(see below).

Mud

Results from both the Taman and Georgia muds show
strong B enrichment up to 868 ppm being about 8x higher
than clay-rich marine sediments (Ishikawa and Nakamura
1993). The mean B content is 243 ppm for Georgia and
400 ppm for Taman muds, which is in agreement with
data on Azerbaijan mud breccias further southwest, where
an average 465 ppm was observed (Babayev and Marty-
rosyan 1973). The high B contents are probably related to
the deep burial of some of the mudstones of the parent
layers, the Maikop Formation. With burial and time,
temperature-driven transformation from smectite to illite
has occurred, which is generally accompanied by B
uptake into the mineral lattice. Earlier work has shown
that illite can incorporate twice as much B into the
mineral lattice than smectite (Perry 1970), which apart
from the enrichment aspect, also has profound effects on
the isotope ratio of the muds.

In order to test whether the mud and fluid are in
equilibrium, the B fractionation coefficient o (sometimes
termed separation factor s; and defined as a=(""B/
UB)uaX(M'B/'B)auia; see Kakihana et al. 1977) can be
used. As fractionation of B is strongly influenced by
changes in temperature, and consequently in pH, the
spectrum of &''B values of a mud being in equilibrium
with a given fluid can be easily calculated. For the
Georgian samples, the average ''B fluid signature is
34.2%o (see Table 4). A corresponding mud in equilibrium
with such a fluid would range from +21%o0 (at T=20 °C) to
+9%0 (at T=400 °C) when based on the experimental
boron separation results by Kakihana et al. (1977). The
fact that the average Georgian mud is 2.8%o, and even the
highest sample (Bayda mud volcano with §''B=7.4%o;
Table 4), well below the calculated value at 400 °C
suggests that the muds and fluids may not have been fully
equilibrated. We have two possible explanations to offer
as an explanation of our observation: First, fluid from
another source may explain the mismatch based on B
isotope data and may also explain why both muds and
fluids are strongly enriched in boron (see below). Second,
if a well equilibrated ascended from the Maikop shales to
the intermediate depth reservoir observed by Cooper 2001
(see sketch in Fig. 8), the residence time at this shallower
level (2—4 km depth) may have altered the B signatures.
At present, we feel either explanation, or even a mixture
of the two processes could be true.
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mud volcanoes

ir;igrrﬁéaéte_depth mud reservoir

Maikop Formation

fluid sources for overpressuring,
liquefaction, and mud extrusion:
(1) pore fiuid expulsion from compaction

(2) fiuid migration along deep seated thrusts

(3) thermogenic methane and higher hydrocarbons
(4) hydrothermal fiuids, alteration of crustal rock

Fig. 8 Schematic diagram of a mud diapir, MV extrusion and
diatremes, including possible fluid sources (numbered 1—4);
mature, B-rich fluids may be found among categories 3, 4, and 7

Previous workers have shown that §!'B of a sediment
decreases with increasing temperature and lithification
(Ishikawa and Nakamura 1993; You et al. 1996a). This
can be attributed to a number of processes, which quite
possibly overlap in vivo. Most of the adsorbed, predom-
inantly “heavy” B isotope is probably lost when the
interlayer water of clay minerals is released as a result of
tectonic compaction (Fitts and Brown 1999) and trans-
formation of smectite to illite (Colten-Bradley 1987). On
the other hand, “light” '°B is preferably incorporated into
the mineral lattice, so that with increasing illitization, a
more negative §''B of the mud would be the consequence
(Perry 1970). The majority of our §''B results either range
in the same order of magnitude as the high T results by
You et al. (1996a), or are even more depleted in ''B (e.g.,
Semigorski, Ahtanizovski, Shugo, Golubicriy, and Glad-
kovski mud volcanoes). When compared with the boron
systematics of ancient and modern marine sediments
(Ishikawa and Nakamura 1993), our data coincide in
broad terms with the window for modern marine smectite
(2.3 = 9.2%0) and continental margin detritus (—13%o to
—8%o), but also with early Miocene slates and claystones
from the Shimanto accretionary wedge, southwest Japan
(=5.6%0 to —11.7%0). This is in general agreement with
results by Chaussidon and Uitterdijk Appel (1997,
especially their Fig. 4) who distinguish between two
steps of boron fractionation, a first one from seawater to
modern clay-rich sediment, followed by a second one to
old marine sediment. This latter step is characterized by a
drop in §''B of about 10%o (resulting in absolute values
around —10%o for Permian to early Miocene shales; ibid.).
A similar observation has been made on sediments in the
Nankai Trough where §''B values as low as —13%o are
reported from below the décollement at >1 km burial
depth (You et al. 1995). Also, metasedimentary rocks
from various settings generally have &''B results from
—6.7%0 to —10.9%0 (Peacock and Hervig 1999). However,
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Fig. 9 ''B vs. mud reservoir depth (in km), as estimated for Taman
Peninsula mud volcanoes by Lavrushin et al. (1996). Note the
distinct depletion of heavy !'B in the mud with depth (as indicated
by the arrow)

no evidence for metamorphic components has been found
in the Caucasian mud breccias. Taken all evidence
together, the majority of our results correspond to ancient,
marine claystones which have undergone considerable
heating (up to 350 °C in case of the Shimanto claystones;
Ishikawa and Nakamura 1993). If we tie these observa-
tions into the regional geology, the most likely source
layer for the mud breccia matrix are mudstones, which
were deposited before the marine regression. According
to Khain and Malinovski (1963), the transition from a
marine to a continental environment with molasse sedi-
mentation occurred during the Miocene and Pliocene.
Concerning the regional geology, marine clay-bearing
Oligocene/early Miocene rocks of the Maikop Formation
are the most likely source rock for the muds. In fact, those
deposits have previously been related to Taman MVs and
were found in surface outcrops to considerable depth.
Since they are believed to partly go back to an origin as
olistrostrome deposits, they have been underconsolidated
during their entire geological past (Lavrushin et al. 1996).
When folded, the Maikop series may reach subsurface
depths of 7-10 km (Lavrushin et al. 1996). Such depths
are in the same range as estimates based on isotope
geochemistry (see Lavrushin et al. 1996; their Table 4). If
our B isotope results are plotted versus the depth
estimates from these authors, we see a trend of decrease
in 6''B with increasing depth of origin (see Fig. 9).

Mud liquefaction and extrusion

In the second part of the discussion, we want to link the
chemical signatures of the muds and waters with the
mechanism of mud volcanism. As discussed earlier, B
isotope fractionation indicates that mud and pore waters
are not fully equilibrated in the Caucasus mud volcanoes.
In any case, although they are rapidly deposited, thick

argillaceous units of low permeability, it seems unlikely
that they preserved enough initial fluid to trigger mud
volcanism. Consequently, it has to be concluded that a
mature fluid at depth liquefied an already compacted
mudstone of the Maikop Formation prior to extrusion.
These rocks are buried 4-10 km depending on structural
style, and are well mirrored in recent 3D seismic data
(Cooper 2001). Fluids from a lateral or deeper source can
generate secondary overpressure in low porosity rocks
(Moore and Vrolijk 1992), and this may disaggregate the
mudstone fabric. Although physical compaction of fine-
grained sediments is largely irrecoverable, swelling clays
such as smectites or illite may re-adsorb considerable
amounts of water, thereby decreasing bulk density of the
mud. Being less dense than the overburden, the swelled
muds start to ascend along zones of weakness (Fig. 8),
forming piercements in fold hinges or exploiting faults or
fractures. Initially small quantities of free gas may
facilitate this process, since the volume expansion on
ascent from depth is enormous (see Brown 1990).

During swelling of the clays, two distinct mechanisms
may cause enrichment in certain elements, as will be
exemplified using boron. In a first, relatively rapid
process, adsorption of dissolved B(OH),  anion occurs
at the “frayed-edge” of the clay mineral surface (Couch
and Grim 1968). This process may be followed by the
much slower diffusion of dissolved B into the clay
mineral structure, namely the sheets of linked (Si, Al)Oy4
tetrahedra (ibid.). According to the tectonic stress and/or
temperature, the distance between these sheets may vary
drastically (e.g., Fitts and Brown 1999), so that the
efficiency of diffusion and B enrichment is variable (as
reflected in the wide range of B contents, e.g., ~143—
868 ppm in Taman muds; Table 4). In addition to the
diffusion into the lattice, phase transformation of smectite
to illite with increasing temperature may also cause
considerable secondary B enrichment (Perry 1970).

As a consequence of the numerous variables in the
mud volcano system of our study area, our data do not
allow us to model B (or Ba, Li) enrichment as a result of
residence time of the mature fluid at the parent layer
level, the intermediate depth mud reservoir, etc. Also, the
temperature at a given depth, or the fluid composition
prior to liquefaction, are not known. However, we
propose that interaction between the Maikop claystones
and the mature waters at depth may have taken place for a
considerable period of time for two reasons. First, none of
the hydrothermal “long-term” (30 days at elevated T)
experiments with high-molarity (up to 1 M) boric acid
(Couch and Grim 1968) yielded B uptake in a similar
manner as measured in the Caucasian muds. This is very
likely a result of insufficient reaction time between mud
and fluid to allow for equilibrium water-rock interaction.
In contrast, the Caucasian mud domes plot nicely on a
curve of other mud volcanoes when B isotope geochem-
istry is contrasted with temperature (see Kopf and Deyhle
2002, their Fig. 5). The linear trend with progressive
illitization of smectite, as observed by these authors,
suggests that the systems regarded have reached quasi-



equilibrium. Second, B contents of both fluids (up to 35x
seawater) and muds (up to 8x marine sediments) show
profound anomalies. Other mobile elements mirror this
fluid-rock interaction (Tables 2, 3, 4). As for the source of
such a mature fluid having liquefied Maikop claystones,
we propose that deep diagenetic (or even metamorphic)
reactions in the metasedimentary to crustal levels are the
most likely processes. A fluid source from deeper than the
Maikop shales, together with a rapid extrusion mecha-
nism, may explain why mud and fluid are apparently not
fully equilibrated. Especially the low 8''B of the mud is a
result of the largely completed illitization and other
diagenetic processes at depth. In contrast, the B enrich-
ment of the fluid may be due to devolatilization at depth
levels of the Maikop formation (down to >10 km), but can
also be a consequence of desorption of B from the clay at
intermediate depth (i.e., the reservoir at 2—4 km; Cooper
2001).

In summary, the scenario we envisage is that the mud
originating from late Tethyan (Oligo-Miocene) marine
deposits underwent rapid burial by molasse deposits of
the oversteepened Caucasian orogenic wedge after initi-
ation of continental collision in the late Miocene. High
sedimentation rates during the Miocene led to rapid
accumulation of thick sedimentary sequences (like the
Maikop Formation), so that fluid expulsion of the
underlying units (Oligocene or older marine pelitic rocks)
was severely hindered. Later, a geochemically mature
fluid entrains the succession and disaggregates the
Maikop claystones to trigger mud volcanism and ascent
after continental collision in the late Miocene. There may
have been pre-collisionary mud domes extruded from the
olistostrome deposits (see Fig. 2A), however, these hardly
have been preserved during the orogenesis. All mud
domes studied are post-collisional. According to most
recent seismic data, muds rose to reservoirs in 2—4 km
sub-bottom depth, before they finally extruded (Cooper
2001). Such a model is supported by our §''B data that
indicate a marine boron enrichment, not a continental
environment with molasse deposition (see 5''B of fluids
close to seawater, and 8''B of muds similar to marine
smectite; Table 4). Clay mineral enrichment in B, but also
in Ba, Sr and Li, has probably occurred as a function of
long-term interaction between mud (namely illite, and to a
lesser extent smectite) and the mature fluid. Apart from
readsorption after liquefaction, long-term diffusion of the
mobile elements into the tetrahedral clay mineral struc-
ture (Couch and Grim 1968) as well as illitization (Perry
1970) are the most plausible explanations for the anom-
alous enrichment patterns found.

Conclusions

From geochemical analyses of mud volcano products
being expelled in the Lesser (Georgia) and Greater
Caucasus (Taman Peninsula), we can draw the following
conclusions:
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— Numerous mud volcanoes with up to several hundreds
of meters in diameter show evidence for deep-seated
dewatering processes within the Caucasus continental
collision zone. B isotope study of the mud allows us to
estimate its stratigraphic position in the Oligo-Miocene
Maikop Formation. As a function of the complex
tectonostratigraphic framework in the area, this age
bracket corresponds to mud mobilization depths of
approximately 7 to 10 km.

— Increasing boron contents and decreasing B isotope
ratios of the mud correlate with incipient burial (i.e.
depth of mobilization) and progressive illitization. B
contents from Taman (average 400 ppm) are higher
than from Georgian features (average 243 ppm), and
show a similar enrichment as onshore mud volcanoes
in Trinidad or Taiwan. The B enrichment of both fluids
(relative to seawater) and muds (relative to marine
sediment) suggests secondary liquefaction of clay-
stones.

— Regarding the pore fluids of these muds, low chlorini-
ties, but high concentrations of mobile elements
suggest that diagenetic fluids interacted with the mud
at depth. Boron concentrations in the fluids are
enriched by a factor of 5 to 35 relative to modern
seawater. Other elements enriched in the fluids include
Ba, K, B, Li, Sr, Cs, Cr, U, Th or Y, some of which
have previously been thought to become effectively
recycled in the volcanic arc (i.e., are only mobilized
during melting).

— Given the abundance of boron (and other mobile
elements) in the illite- and smectite-rich mud, a two-
step mechanism of enrichment in mobile elements is
proposed during liquefaction. After rapid chemical
adsorption of dissolved B to the clay mineral surface,
slower diffusion into the tetrahedral structure of the
swelling clay has occurred. Uptake of fluid during
swelling, together with hydrocarbon formation nearby,
lowered bulk density and hence triggered mud mobi-
lization and extrusion. The mud ascends to interme-
diate depth (2-4 km) before erupting from that
reServoir.

— Of the gases within the fluid phase, CH4 and CO, are
most abundant, the first reaching up to 99%vol in
places. Methane is of predominantly thermogenic
origin (-33.4 to —48.9%0¢ 6'3C), and is estimated to
be generated at 80-120 °C (“light” methane) to
approximately 250-300 °C (“heavy” methane), corre-
sponding to depths of 2-3 and 6-8 km respectively.
This methane may well trigger mud extrusion, espe-
cially at shallow levels (upper 2-4 km below the
Earth’s surface, where the mud reservoir is located).
8'3C isotope ratios of >10%o are indicative of some
minor input of “ultraheavy” CO, from possibly the
upper continental crust.

— He isotope ratios of the gas phase collected from the
mud volcanoes show that the mud fluids from
Georgian domes contain some contribution of man-
tle-derived helium, whereas in their counterparts from
the Taman Peninsula He originates from terrestrial
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rocks. This is most likely connected to collision-
related, deep-seated faulting in the Georgia area where
the indenting Dagestan block is thrust beneath the
Caucasus massif.
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