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The Southern Caspian Basin (SCB) is a unique
region of the Earth where giant oil and oil–gas-conden-
sate fields occur in association with oil–gas mud volca-
noes. Practically all exploited hydrocarbon fields of this
region are accompanied by manifestations of oil–gas
mud activity, which confirms their close relations. Mud
volcanoes have deep roots, penetrating to zones of oil
and gas generation, and, hence, they serve as fluid path-
ways to upper structural levels.

Mud volcanism is a very interesting phenomenon. It
is characterized by the recurrent eruptions of huge vol-
umes of different gases (predominantly, gaseous hydro-
carbons) and solids (clayey masses with rock fragments
measuring from small grains to blocks up to several
meters across) separated by periods of gryphon–cone
activity (mud, water, gas, and oil outflows). Note that
mud volcanoes differ in gas and oil discharges and in
gas–oil ratio.

According to petrographic and paleontological
data, rock fragments and breccias of the mud volca-
noes have ages from the Cretaceous to Pliocene.
Hence the stratigraphic level and depths of the gas-
eous hydrocarbon generation is a complicated prob-
lem.

Its solution can be based on the isotopic geochemis-
try of mud-volcanic fluids, with regard for isotopic
geochemical relations established earlier at oil–gas
fields of SCB.

Mud volcanism is related to tectonic activity in the
Southern Caspian Sedimentary Basin and adjacent
Great and Lesser Caucasus oregenic belts. These mega-
structures have a Prealpine fault-block basement step-
dipping toward the depression center. Inherited faults in
upper structural floors control the distribution of mud
volcanoes and fault-related folds (Fig. 1). Tectonic
activity in deep fault zones causes eruptions of gaseous
hydrocarbons and related mud volcanism. Tectonic
motions are responsible for the abrupt changes in the
seafloor level of the Caspian Sea and simultaneous mud
volcanic activity. Mud volcanoes are most abundant in

the Shemakha–Gobustan zone of SCB, where seismic
activity is the highest (Fig. 1). Tens of earthquakes of
different magnitudes occur in this area annually. Note
that all of the earthquakes are shallow-focus, with
hypocenters located at depths of less than 20 km. Many
great mud volcanic eruptions in this area were triggered
by strong earthquakes.

FACTUAL MATERIALS
The gases, oils, and waters of mud volcanoes were

sampled in the Absheron, Shemakha–Gobustan, and
Nizhnyaya Kura oil–gas-bearing regions; the Baku
Archipelago; and in western Turkmenistan.

Stable isotopes of carbon were analyzed in oils
(samples from 25 volcanoes) and gaseous hydrocar-
bons and carbon dioxide (samples from 80 volcanoes);
stable isotopes of hydrogen and oxygen were deter-
mined in water (samples from 45 volcanoes). The ana-
lytical data were compared with the carbon isotopic
composition of oil and gas samples from 38 fields of
these areas. The isotopic ratios were studied and inter-
preted using diagrams and histograms.

In addition to the original analytical data, we used
materials compiled from [1–8].

RESULTS
The 

 

gases

 

 of mud volcanoes consist of methane
(

 

CH

 

4

 

, 79–98%) with subordinate ethane (

 

C

 

2

 

H

 

6

 

) and
nonhydrocarbon gases, including 

 

CO

 

2

 

 (0.54–10.3%),
N

 

2

 

, 

 

H

 

2

 

S

 

, Ar, and He. The carbon isotopic composition
(CIC) of the methane belongs to the interval from –61
to 

 

–36

 

‰. About 75% of the volcanoes have methane
with CIC from –50 to 

 

–40

 

‰, which shows its moderate
maturity. Methane from 15% of the volcanoes has a
heavy CIC (from –40 to 

 

–36

 

‰), typical of the gas
related to a late stage of organic matter maturation
(Fig. 2a). Distribution of the methane CIC values in the
mud volcanism area is distinctly zoned (Fig. 3). Highly
mature gases are typical of mud volcanoes of the She-
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makha–Gobustan zone: the average 

 

δ

 

13

 

C = –40

 

‰, with
a concentration of fat gases of 0.1%. Toward the Nizh-
nyaya Kura zone, the methane CIC becomes lighter
(the average 

 

δ

 

13

 

C = –47

 

‰, with the concentration of
fat gases equal to 2.1%), which indicates early and
moderate catagenesis stages of the organic matter.
This zoning is explained by geologically different
formation and accumulation conditions of gaseous
hydrocarbons in the sedimentary deposits. For exam-
ple, Mesozoic–Paleogene organic-bearing source
deposits are shallow-sitting, extensively exposed,
and strongly faulted in the Shemakha–Gobustan
zone. When seismically activated, they readily emit
immature gases. Consequently, this zone is noted for
several hydrocarbon occurrences but has no large
hydrocarbon pools.

The Mesozoic and Paleogene–Miocene sedimentary
rocks of the Nizhnyaya Kura Depression are overlain
by a thick (up to 6 km) Pliocene–Quaternary sequence.
Compared with the Shemakha–Gobustan zone, this
depression is much less abundant in mud volcanoes,
and their eruptions are less frequent. As is evident
from the scarcity of oil–gas occurrences in the
depression and from presence of large hydrocarbon
pools in the Pliocene–Quaternary reservoir rocks,
the hydrocarbons are well preserved, and the degas-
sing of the fields is low.

Gaseous 

 

CO

 

2

 

 of the mud volcanoes has a CIC vary-
ing from –49 to 

 

+25

 

‰, which suggests the presence of
metamorphic (from +8 to 

 

–4

 

‰), thermocatalytic (from
–16 to 

 

+2

 

‰), biochemical (

 

<–16

 

‰), and hydrothermal
(from –7 to 

 

0

 

‰) fractions (Fig. 4). The greatest peak
belongs to the interval of +16 to +10‰ (ultraheavy
CO

 

2

 

), while two other peaks occur in intervals from +2
to 

 

–2

 

‰ and from –6 to 

 

–10

 

‰ (Fig. 2c). About half of
the volcanoes emit 

 

CO

 

2

 

 with ultraheavy CIC (

 

δ

 

13

 

C >
+8

 

‰), whose origin remains unexplained. Gases of
oil–gas fields in the western SCB wall contain 

 

CO

 

2

 

 with
ultraheavy CIC, which is typical of oil pools at shallow
depths, where temperature is lower than 

 

70

 

°

 

C

 

 and the
oils are considerably oxidized and biodegraded. The

 

δ

 

13

 

C

 

 of this 

 

CO

 

2

 

 directly correlates with its bulk con-
centration. It is known that much gaseous 

 

CO

 

2

 

 is gener-
ated during the oxidation of liquid hydrocarbons, and
isotopic studies of similar 

 

CO

 

2

 

 revealed its ultraheavy
CIC [9].

Note that a similar correlation between the 

 

δ

 

13

 

C

 

 of
gaseous 

 

CO

 

2

 

 and its bulk concentration was revealed in
the gasses of mud volcanoes. Thus the presence of 

 

CO

 

2

 

with ultraheavy CIC in the gasses of mud volcanoes
indicates that these geologic structures contain pools of
liquid hydrocarbons affected by strong bacterial oxida-
tion. The revealed isotopic-geochemical relations are
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 Distribution of mud volcanoes and oil–gas-bearing folded structures in the western SCB zone. (
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) Folded structures; (
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) mud
volcanoes.
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important not only for identifying mud volcanoes but
can also be used as a reliable geochemical indicator of
concealed pools of liquid hydrocarbons.

The 

 

oils

 

 of the mud volcanoes are strongly oxi-
dized and biodegraded. The CIC of their saturated
fraction varies from –28.5 to 

 

−

 

25.4

 

‰. The isotopic
characteristics of SCB reservoirs were used as a

basis for studying the genetic relations of the oils
with stratigraphic complexes [10, 11]. The oils gen-
erated by Paleogene–Lower Miocene complex
(Eocene, Maikop, and Chokrak) have a light CIC
(

 

δ

 

13

 

C

 

 from –28.5 to –

 

27

 

‰), while the Middle to
Upper Miocene oils (diatomic) have a heavy CIC
(

 

δ

 

13

 

C > –24.5

 

‰) (Fig. 5).
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 Distributions of (a) 

 

δ

 

13

 

C of methane of mud volcanoes, (b) 

 

δ

 

13

 

C of methane of oil–gas deposits, and (c) 

 

δ

 

13

 

C of gaseous
carbon dioxide in SCB.

 

Fig. 3.

 

 Distribution zoning of carbon isotope composition of methane in mud volcanoes of the western SCB wall [5]. Oil–gas-bear-
ing fields (depressions): 

 

I

 

—Caspian–Gubinskii; 

 

II

 

—Absheron; 

 

III

 

—Shemakha–Gobustan; 

 

IV

 

—Nizhnyaya Kura.
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The CIC of mud volcano-related oils suggests that
some of them were generated by the Paleogene–Lower
Miocene complex, while other oils are hydrocarbon
mixtures genetically related to the Paleogene–Lower
Miocene and diatomic sedimentary complexes. Note
that, according to this marker, there are no oils with the
isotopic signatures of the diatomic complex.

About 50% of the mud volcanoes emit exclusively
Paleogene–Lower Miocene oil; 17% of them have oil
with a predominant diatomic component; and the
remaining 33% possess mixtures with approximately
equal percentages of oils from the Paleogene–Lower
Miocene and diatomic complexes (Fig. 6).

Oil occurrences with the predominance of the
diatomic component are confined to the northwestern
part of SCB (Fig. 7), where Paleogene–Lower Miocene
pools of the Nizhnyaya Kura zone are thrust northeast-
ward onto the Middle–Upper Miocene and Pliocene
sedimentary deposits of the Nizhnyaya Kura zone
along the Adzhichai–Alyatskii deep fault. Oils in the
upper and lower slabs of the thrust fault have similar
CIC, which suggests that they originate mainly from
the diatomic complex of the Nizhnyaya Kura Depres-
sion. This conclusion is confirmed by the fact that these
oils and the oils in the northern part of the Nizhnyaya

Kura Depression (Kalamadyn and Malyi Kharami) are
the least mature.

The 

 

water 

 

of all mud volcanoes is low saline,
sodium–hydrocarbonate. It notably differs in hydrogen
and oxygen isotopic compositions from the formation
water of oil–gas pools. The water of mud volcanoes is
enriched in deuterium (

 

δ

 

D

 

 up to 

 

+3

 

‰) and 

 

18

 

O

 

 (

 

δ

 

18

 

O

 

 up
to 

 

+11.2

 

‰) (Fig. 8). Most of the 

 

δ

 

18

 

O

 

 and 

 

δ

 

D

 

 values
belong to intervals from 4 to 

 

10

 

‰ and from –30 to 

 

0

 

‰,
respectively.

In terms of isotopic composition, the water of the
mud volcanoes is comparable with the water geneti-
cally related to metamorphic dehydration and conden-
sation [6, 12, 13]. The elevated 

 

δ

 

D

 

 and 

 

δ

 

18

 

O

 

 values of
this water can also be explained by underground evap-
oration related to multiple (thousands of times over the
geologic history) mud volcano eruptions and emission
of the hydrocarbon–vapor mixture, with isotopically
heavy water accumulated in the source.

DISCUSSION

The ages of emitted rock fragments and volcanic
breccias vary within a wide interval (from Cretaceous
to Pliocene), and, hence, it is difficult to determine
stratigraphic levels and depths of the hydrocarbon gen-
eration. Nevertheless, their values can be calculated
from the experimentally revealed correlation between
the CIC of the emitted gasses and their catagenetic
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maturity (Ro) [14]. Based on this correlation and the
values of vitrinite reflectance (Ro), we can estimate a
hypsometric depth at which gaseous hydrocarbons of a
given mud volcano are generated. Then, based on a
model for the deep geologic structure of this volcanic
area, we can estimate the stratigraphic level of hydro-
carbon generation.

In estimating hypsometric and stratigraphic levels
of hydrocarbon generation, we used the correlation
between the CIC and Ro of ethane approximated as
δ13 (‰) = 22.6 (%) – 32.2 [14].

According to our calculations based on this depen-
dence, the mud volcanoes located at the western SCB
wall emit ethane with maturity of 1.3–1.79% (Ro). The
Ro values, measured in SCB deposits to a depth of
6100 m and extrapolated to deeper levels, show that
this ethane is generated at depths of 6–8 km, which cor-
responds to the Jurassic–Cretaceous complex at the
northern and northwestern walls of this basin. In the
more depressed central zone of this basin (southeastern
Gobustan), ethane is generated at depths corresponding
to the Paleogene–Miocene complex. In this context, it
is worth noting the studies of gas hydrates accumulated
in bottom deposits and mud volcanic breccias of the
deep zone of the Caspian Sea [8]. According to visual
evaluations, the concentration of gas hydrates in the
rocks varies from 2–3 to 25–30 vol %. The gas hydrates
consist of methane (58.7–87.8%), ethane (10.4–
19.4%), propane (1.6–15.8%), butane (0.4–2.68%),
and pentane (0–0.68%).

The CIC of methane varies from –44.8 to –55.3‰,
and the ethane has CIC from –28.4 to –25.7‰. The
ethane maturity calculated from the δ13C C2H6 –Ro
dependence equals 1.47–1.94%, which corresponds to
depths of more than 10 km and indicates that the gas
was generated in the Miocene–Paleogene deposits [15].

Let us also consider He/Arr in the gases of the mud
volcanoes. The highest values of this ratio (2.5) are typ-
ical of gases related to mud volcanic oil occurrences in
northern and northwestern SCB zones, where these
gases are generated by the Cretaceous sedimentary
deposits of the Mesozoic structural floor. Mud volca-
noes with CIC-light oils generated by Paleogene–
Lower Miocene deposits emit gases with He/Ar = 0.5.
Gases from mud volcanoes with CIC-heavy diatomic
oils have He/Arr = 0.13–0.17.

Vitrinite reflectance (Ro) calculated from the degree
of sterane aromatization (C28 triaromatic/C28 triaro-
matic + C29 monoaromatic) indicates a low maturity
grade of the oils (Ro = 0.46–0.64%) [16].

Thus the gaseous hydrocarbons differ in maturity
grade from the oils, which indicates that their generat-
ing centers occur at different hypsometric and strati-
graphic levels.

The depth of rock dehydration is a more difficult
problem. Comprehensive studies of Cenozoic pools in
SCB revealed montmorillonite and other clay minerals

CC2H6
Rolog

at young Lower Pliocene sedimentary deposits of the
Nizhnyaya Kura Depression and Baku Archipelago at
depths exceeding 6000 m [17]. Hence, these deep-
seated rocks are practically unaltered by catagenesis,
and their alteration grade corresponds to protogenesis
and, occasionally, mesocatagenesis MC1 and MC2.
These data show that the dehydration potential of this
clayey sequence remains unrealized. As is known, the
intense dehydration of clays is related to the release of
their interlayer water during montmorillonite transfor-
mation to hydromica. Provided that the geothermal gra-
dient is normal (3°C/100 m), the temperature of this
process (120–150°C) should correspond to depths of
4−5 km [18–21]. However, the geothermal gradient in
the Nizhnyaya Kura Depression and Baku Archipelago
is very low (1.3–1.7°C/100 m), which explains the very
low rate of clay dehydration. In these zones of SCB, the
temperature at a depth of 6000 m does not exceed 100–
110°C. Hence, based on the average geothermal gradi-
ent of 1.5°C/100 m, the temperature conditions neces-
sary for montmorillonite transformation to hydromica
and the formation of isotopically heavy water occur at
depths of 9–10 km and greater. Note that geophysical
evidence (correlation method of retracted waves, and
deep seismic sounding) points to regional decompaction
zones in the clayey rocks at depths of 8–12 km [22]. We
suppose that these zones represent areas of montmorillo-
nite transformation to hydromica with the development of
abnormally high formation and pore pressures and related
paleo-quicksands and hydrous injections.

According to the geothermal gradient, metamorphic
waters are formed in the SCB pools at depths of 20–
25 km, where the temperature should be as high as
250°C.

A higher geothermal gradient (2–2.2°C/100 m) is
typical of the northwestern and northern walls of the
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basin (Shemakha–Gobustan and Absheron zones),
where dehydration-related and metamorphic fluids are
generated at shallower hypsometric levels.

Thus there are several isolated centers of fluid gen-
eration in SCB, and they belong to several stratigraphic
(Mesozoic, Paleogene–Lower Miocene, and diatomic
deposits) and hypsometric levels. Fluid generation in
this thick (25–30 km) sedimentary sequence with a low
geothermal gradient must occur within a very wide
depth range. According to the model of the most low-
ered SCB part (the Zafar-Mashal–Alov zone), the oil
and gas generation centers are restricted to depth inter-
val from 10 to 18–20 km [23, 24]. Hence a very thick
zone of hydrocarbon formation, including sedimentary
deposits from the Mesozoic to Lower Pliocene, occurs
in the central SCB part.

CONCLUSIONS

Fluids in SCB are generated in a wide stratigraphic
interval, including Mesozoic and Lower Pliocene sedi-
mentary deposits.

Isotopic data show that the roots of the SCB mud
volcanoes occur at depths of 10–12 km and coincide
with zones of intense fluid generation.

The generation zones of oil and gas are shifted rela-
tive to each other. In the deepest part of SCB, the oil
window occupies a depth interval from 6 to 12 km,
while the lower boundary of the gas window occurs at
a depth of 18 km. The gas window at SCB walls occu-
pies a depth range of 6 to 8 km.

Hydrocarbon gasses are generated at the same hyp-
sometric and stratigraphic levels as the aqueous fluids.
Nevertheless, the lower boundary of the aqueous fluid
generation occurs at a greater depth and includes the
generation zone of thermo-metamorphic carbon diox-
ide.

The spatial coincidence of the zones where the gas
and aqueous fluid are generated (dehydration of clayey
minerals) and the high depression and sedimentary
deposition rates caused the oversaturation of the clayey
sequences with the gas– aqueous fluids, the develop-
ment of abnormally high pore and layer pressures, and
the development of “loosened” bodies.
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