
 

625

 

ISSN 0016-7029, Geochemistry International, 2007, Vol. 45, No. 7, pp. 625–637. © Pleiades Publishing, Ltd., 2007.
Original Russian Text © Yu.I. Galushkin, G.E. Yakovlev, 2007, published in Geokhimiya, 2007, No. 7, pp. 691–703.

 

INTRODUCTION

The northern Precaspian Basin is currently an area
of the extensive exploration and development of hydro-
carbon deposits. However, there are very few estimates
of the generation potential of the sedimentary cover of
the basin. They rely either on the interpolation of mea-
surements from a rather sparse borehole network or on
the numerical estimates of the development of the
hydrocarbon potential of the basin obtained assuming
depth- and time-invariant temperature gradients in the
history of basin subsidence. In this paper, we attempted
to overcome this limitation by means of the numerical
analysis of thermal history and petroleum formation
conditions for the rocks underlying the salt complex of
the basin, accounting for variations in the temperature
gradient and thermal properties of the rocks with depth
and time.

GEOLOGICAL AND GEOPHYSICAL 
CHARACTERISTICS

The analysis of sedimentary sections is given in this
paper by the example of the northeastern part of the
Precaspian Basin along two transects extending north–
south and northwest–southeast (Fig. 1). The sections
are significantly different in the thickness of saline
sequences (Kungurian deposits in Fig. 2), which
allowed us to assess the influence of evaporite
sequences on the thermal history, maturation level of

organic matter (OM), and development of HC genera-
tion potential by the rocks underlying the salt complex
of the basin.

The northern Precaspian petroleum basin (PB) is sit-
uated south of the Volga–Ural basin and is one of the
world’s deepest modern sedimentary basins. Its deep
structure is largely defined by the relations in the sec-
tion of three thick sedimentary units: subsalt, salt, and
suprasalt sequences. The subsalt sequence includes
sediments ranging in age from the Late Proterozoic to
the Early Permian. It is dominated by terrigenous rocks
in the eastern and southern parts of the depression and
carbonate rocks in the northern and western parts. The
thickness of the subsalt unit of the section ranges from
3–4 km in the marginal parts of the basin to more than
10 km in the central part [1]. The salt-bearing sequence
is mainly composed of Kungurian-age salts, which
occur as beds and domes. The salt domal uplifts vary in
shape and size and occupy about 25–30% of the whole
area of the Precaspian Basin. The thickness of salt
deposits in domes may be up to 8000–9000 m and
decreases up to a complete pinching out between
domes. Salt is sometimes completely squeezed out in
such zones, and the rocks of the suprasalt complex may
rest directly on the Paleozoic rocks of the subsalt com-
plex. Such areas are considered as promising for pros-
pecting for oil and gas [2].

The sedimentary sequence above the salt complex
of the basin is made up of terrigenous and minor car-
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bonate rocks of the Late Permian, Mesozoic, and Ceno-
zoic. Its thickness ranges from a few hundred to 1500 m
at the crests of salt domes (Rozhkovskaya, Pav-
lovskaya, and other prospects; Fig. 2) and reaches sev-
eral thousand meters in the zones between domes (Yan-
vartsevskaya, Burlinskaya, and other prospects; Fig. 2).
The fluid isolation properties of saline deposits are well
known. They are responsible for the wide occurrence of
anomalous porous over pressures (APOP) in the subsalt
deposits of the modern sedimentary cover of the Pre-
caspian Basin at depths of more than 3700 m. The
appearance of such pressures is most likely related to
the recent neotectonic activation of the region, because,
even under the most unfavorable conditions of fluid
migration, the relaxation time of anomalous pressures
to normal hydrostatic values is usually no higher than a
few million years [3, 4].

A characteristic feature is the significant thickening
of the consolidated crust of the basin from 10–15 km in
the center of the Precaspian Basin (thinned crust of the
rift type) to 30–40 km at its margins. Correspondingly,
the Moho surface rises beneath the central part of the
Precaspian Basin to depths of 32–34 km at a thickness of
the overlying sedimentary deposits of up to 10–22 km
(e.g., [5, 6]), whereas the crust thickens up to 40 km
toward the Volga–Ural and Voronezh massifs, and the
sedimentary cover reduces to 3–10 km. Up to now,
there is no consensus on the mechanism of the thinning
of the consolidated crust in the Precaspian Basin. It is
supposed that Devonian rifting could be accompanied
by crust erosion from below at the expense of eclogiti-
zation [5] or lithosphere stretching up to the oceaniza-
tion of the crust [6]. In our calculations, we assumed
that the basin developed (Fig. 1) on a standard conti-
nental basement, whose structure is consistent with the
results of geophysical investigations and whose thermal
properties are given in Table 1.

THERMAL FIELD AND THERMAL PROPERTIES 
OF THE ROCKS OF THE REGION

The numerical reconstructions presented in the fol-
lowing sections describe the evolution of thermal
regime in the sedimentary sequences of the basin on the
basis of the investigation of the thermal properties of
rocks and the modern thermal field of the region. The
thermal field of the Precaspian Basin was most compre-
hensively characterized by Kotrovskii [3]. According to
these data, the depth and temperature of the roof of the
subsalt complex show significant local variations in the
northern part of the Precaspian Basin, but, in general,
the sedimentary complex is currently characterized by
low and moderate temperatures in this part of the
depression.

The measurements of the thermal properties of
rocks from the northern Precaspian Basin gave a wide
scatter, indicating significant dependence on the litho-
logical composition of rocks, their age, and depth of
occurrence [3, 9]. This fact is accounted for in the sys-
tems of basin modeling and was implemented in our
reconstructions of the thermal history of the basin [10,
11]. The heat conductivities of rocks were calculated in
our models using the global average values of the ther-
mal properties of main lithological units [11, 12] and
are in general agreement with the values measured in
the rocks of the Precaspian Basin [3, 9, etc.]. Unfortu-
nately, the utility of such measurements was often
impaired by uncertainties in the lithological composi-
tion of rocks and the lack of data on their porosity and
moisture content.

According to geothermal investigations [3, 13], the
present-day heat flow in the northern part of the Cas-
pian Basin approaches 40 mW/m

 

2

 

. Considerable per-
turbations in the distribution of temperature in the sed-
imentary cover of this region could be caused by the
formation and emplacement of salt bodies into the sed-
imentary sequence [2]. Salts and anhydrites show high
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 Location of transects 1 (Chinarevskaya, Rozhkovskaya, Yanvartsevskaya, and Ural’skaya prospects) and 2 (Karachaganak-
skaya, Burlinskaya, and Pavlovskaya prospects) in the northern slope of the Precaspian Basin. Also shown are the positions of the
escarpment bounding the basin in various periods of its development.
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heat conductivities (

 

K

 

 = 3.9–5.9 W/m K), which pro-
vides a significant difference in temperature gradient
between salt-bearing and salt-free sequences. For
instance, the temperature at a depth of 2.5 km is about

 

88°ë

 

 (for a temperature of 

 

í

 

Ó

 

 = 20°ë

 

 at the basin sur-
face) in a shale sequence and only 

 

38°ë

 

 in saline depos-
its. Salt masses disturb the temperature gradient of the
country rocks, such that the rocks of the upper levels of
an isolated salt body may be somewhat hotter than the
country rocks at the same depths far from the body,
whereas the lower parts of the salt body will be always
colder than the country rocks at the same depth level
([2] and see below). The temperatures of rocks from the
salt body will be similar to those of the country rocks
only at intermediate depth levels. Although the timing
and mechanisms of salt diapir formation remain contro-
versial, there is no doubt that these structures experi-
enced considerable changes during the geologic history
of the basin, which resulted in disturbances in the depth
distribution of rock temperature during the formation of
salt structures.

EVOLUTION OF THE THERMAL
REGIME OF THE NORTHERN SLOPE

OF THE PRECASPIAN BASIN: 
NUMERICAL RECONSTRUCTION

The burial and thermal evolution of the sedimentary
sequence of the northern slope of the Precaspian Basin
was characterized in this paper by the example of seven
sedimentary sections at the Ural’skaya, Karachaganak-
skaya, Chinarevskaya, Pavlovskaya, Burlinskaya, Yan-
vartsevskaya, and Rozhkovskaya prospects located
along two transects oriented north–south and north-
west–southeast (Fig. 1). Reconstructions were carried
out using the GALO program package for basin model-
ing [10–12, 14], which allows numerical estimation of
the evolution of the thermal regime, catagenesis, and
degree of source potential realization of sedimentary
basins. The results of numerical modeling for the ther-
mal and maturation history of the basin are shown in
Fig. 2. Variations in the burial depth of the sedimentary
layers of the basin are shown in these diagrams by solid

lines. The corresponding reconstructions were carried
out using the well-known procedure of backstripping
assuming that the porosity of rocks in every lithologi-
cally homogenous layer decreases with depth following
an exponential law, whose parameters depend on the
lithology of the given layer [10–12, 14]. The modern
section of the sedimentary sequence of the basin is
exemplified in Table 2 by the section of the
Chinarevskaya prospect, and Fig. 2 shows the petro-
graphic characteristics of sediments, which are needed
for the estimation of the parameters of rock compaction
with depth and formed the initial database for the
reconstruction of burial history.

The evolution of thermal regime in the sedimentary
sequence of the northern slope of the northern Precas-
pian Basin is illustrated in Fig. 2 by the distribution of
isotherms. The thermal history of the sections was
reconstructed by modeling heat transfer in the sedimen-
tary sequence, crust, and mantle on the basis of the
solution of a nonsteady-state one-dimensional equation
for heat transfer with allowance for the compaction of
sedimentary rocks depending on their lithology and
burial depth. Temperatures were calculated accounting
for variations in the thermal properties of rocks related
to changes in porosity, lithology, temperature, and pres-
sure during the whole history of basin subsidence [10–
12, 14]. The temperature distribution was calculated for
the sedimentary layer and the basement; the properties
of rocks are given in Table 1. A temperature of about

 

1160°ë

 

 was kept at the base of the calculation domain
at a depth of 130–170 km. Figure 3 shows the evolution
of temperature in the lithosphere of the basin obtained
by the numerical modeling of the Chinarevskaya pros-
pect. In general, our modeling implies that the litho-
sphere of the northern Precaspian Basin underwent
cooling from the initial epirift state of the lithosphere
with a surface heat flow of 60-100 mW/m

 

2

 

 in the Mid-
dle Devonian to a moderate present-day heat flow of
40–45 mW/m

 

2

 

 (Fig. 3). The latter values are in agree-
ment with the measurements of heat flow in the region
(e.g., [3, 13]).

 

Table 1.

 

  Structure of the continental lithosphere and rock properties [7]

Parameter
 Layer

Granitic Basaltic Mantle

Depth of layer bottom, km 5.0 15.0 35.0 >35

Density, g/cm
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2.75 2.75 2.90 3.30

Heat conductivity, W/m K 2.72 2.72 1.88 K =
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1.26 0.71 0.21 0.004
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 Numerical reconstructions of subsidence history, thermal regime, and organic matter maturity for the sedimentary sequences
from four prospects of transect 1 (Chinarevskaya, Rozhkovskaya, Yanvartsevskaya, and Ural’skaya) and three prospects of transect 2
(Karachaganakskaya, Burlinskaya, and Pavlovskaya) in the northern slope of the Precaspian Basin. The lower right panel shows
variations in the surface temperature of the basin (paleoclimate) [15, 16] that were used in our modeling. The location of transects
and prospects is shown in Fig. 1. (
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) Bottom depth of a sedimentary layer, (
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) isotherm, and (
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) vitrinite reflectance (%Ro).
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Our modeling relied heavily on the analysis of the
tectonic subsidence of the basin. It was assumed that
the supposed sequence of thermal and tectonic events in
the lithosphere of the basin should be consistent with
variations in the amplitude of tectonic subsidence of the
basement surface. Then, for those periods of basin
development when the response of its lithosphere to
loading was isostatic, variations in the tectonic subsid-
ence of its basement calculated after the removal of
water and sediment loading from the basement surface
(upper solid line in the left panel of Fig. 4) must be sim-
ilar to variations in tectonic amplitudes calculated from
the depth distribution of rock density in the basement
[10–12, 14]. The latter variations were calculated tak-
ing into account density changes due to the supposed
thermal and tectonic (extension) events in the history of
the basin (upper dashed curve in Fig. 4a). The agree-
ment between the two tectonic curves was reached for
the areas of the northern slope of the Precaspian Basin
considered here assuming that the moderate thermal
activation of the lithosphere with an effective surface
heat flow of 50–55 mW/m

 

2

 

 occurred from the Late
Devonian to the Kungurian, whereas Late Permian time
was marked by minor lithosphere stretching with an
amplitude of about 1.05 (Figs. 3, 4).

The agreement of the calculated values of tempera-
tures and vitrinite reflectance with measurements in the
modern sedimentary section is considered as an impor-
tant criterion for the consistency of the accepted model
of the thermal development of the basin. However,
direct temperature measurements were available only
for two prospects, Karachaganakskaya and China-
revskaya (these data are shown for the latter prospect in
Fig. 4b). Furthermore, the temperature values reported
in [3] for depths of 500, 1000, 2000, and 3000 m and
the roof of the subsalt complex were obtained by the
interpolation of data for a very sparse borehole network
and can be used only for very rough temperature esti-

mates in particular areas of the basin. In general, both
the measured and estimated temperatures were in
agreement with the model values. The calculations
showed that the temperature regime of rocks is strongly
dependent on the rate and amplitude of basin subsid-
ence, the lithology of rocks composing its sedimentary
section and, especially, the thickness and burial depth
of saline deposits in the section. In particular, the calcu-
lations showed that temperature values of about 

 

100°ë

 

are reached at depths of 4.0–4.5 km in the sequences
with the thinnest salt beds (less than 100 m in the Yan-
vartsevskaya and Burlinskaya prospects) and at much
greater depths (5.5–6.0 km) in the sedimentary
sequences of the Ural’skaya, Karachaganakskaya, and
Pavlovskaya prospects, which host thick salt beds (Fig. 2).
In the present-day distribution of temperature with
depth, the influence of salt is manifested in the exist-
ence of areas with significantly lower temperature gra-
dients (Figs. 2, 4). The cooling effect of salt is most dis-
tinctly illustrated by the thermal regime of the Rozhk-
ovskaya prospect, where thick salt beds occur near the
surface and, as a result, the temperature of rocks is no
higher than 

 

60°ë

 

 even at depths of about 5 km (Fig. 2).

Lateral heat transfer can strongly reduce horizontal
temperature variations in a two-dimensional (

 

x

 

, 

 

z

 

) ther-
mal section of a basin constructed by the linear approx-
imation of a series of one-dimensional (along 

 

z

 

) recon-
structions. Figure 5 allows us to estimate the expected
temperature deviations from the values obtained by
numerical reconstructions in a planar basin approxima-
tion (Figs. 2, 4). As could be expected, temperatures
calculated with allowance for lateral heat transfer will
be higher than the one-dimensional values within salt
diapirs and in the underlying sequences and somewhat
lower outside the diapirs (Fig. 5). The correction is no
higher than 

 

5°ë

 

 for all depth levels within sedimentary
complexes occurring between the diapirs and far from
them at distances of 5–10 km. In accordance with these
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considerations, temperatures in the salt and subsalt
complexes of the Rozhkovskaya borehole should be

 

10–15°

 

C higher compared with the results presented in
Fig. 2. In contrast, the temperatures of the suprasalt and
subsalt complexes of the Chinarevskaya, Yanvart-
sevskaya, and Ural’skaya boreholes, which are located far
from salt diapirs, could be 

 

3–10°ë

 

 lower than those calcu-
lated in one-dimensional reconstructions (Figs. 2, 4).

EVOLUTION OF MATURATION CONDITIONS
OF ORGANIC MATTER IN THE SEDIMENTS

OF THE NORTHERN SLOPE
OF THE PRECASPIAN BASIN:

NUMERICAL ESTIMATES

Based on the calculated temperatures during rock
burial, the degree of organic matter (OM) maturation in
the rocks was numerically estimated by calculating the
vitrinite reflectance (%Ro) using the kinetic spectrum
of vitrinite maturation from [17, 18]. Figure 2 shows
%Ro isolines, and Fig. 4c exemplifies the calculated
distribution of %Ro with depth in the modern sedimen-
tary sequence of the Chinarevskaya prospect. Table 3
gives the degrees of OM maturation in the rocks of the
base of supposed source sequences of the basin areas
studied. According to our estimates, the major zone of
oil formation (MZOF) (Ro > 0.70%) includes the
deposits of the modern suprasalt complex at depths of
3–4 km at the Ural’skaya, Yanvartsevskaya, and Burlin-
skaya prospects and the rocks of the subsalt complex at
depths of 4.0–4.5 km in the Karachaganakskaya,

Chinarevskaya, and Pavlovskaya prospects (Fig. 2, 4c).
Within the low-temperature Rozhkovskaya prospect,
the degree of maturation is estimated as no higher than
Ro = 0.60% at the base of the subsalt complex (Fig. 2,
Table 3). Thus, the rocks of the suprasalt and subsalt
complexes of the northern slope of the Precaspian
Basin show diverse OM maturation conditions.

There are a number of estimates in the literature for
the degree of OM maturation in the sedimentary
sequence of the Precaspian Basin, which can be com-
pared with the results of our modeling. For instance,
Zaurbekov [9] estimated the degree of OM maturation
in rocks (expressed as %Ro) for various depth intervals
in the eastern part of the Precaspian Basin. Although
these data are in general consistent with the calcula-
tions shown in Figs. 2 and 4, their utility is strongly
lowered by the lack of information on the position of
samples in the stratigraphic section and boreholes.
Konyukhova [19] estimated the degree of OM matura-
tion in the Devonian and Carboniferous rocks underly-
ing the salt complex on the basis of the element analysis
(H/C–O/C) of kerogen using the Van Krevelen–Hunt
diagram and sterane and trepan maturity parameters.
According to her analysis, the main zone of oil genera-
tion was reached by the Devonian, Carboniferous, and
even Permian rocks, provided the basin subsided to
depths of no less than 3.5–4.0 km, which is in agree-
ment with our calculations (Table 3). However, the
degrees of OM maturity reported by Konyukhova [19]
for the Karachaganaksaya and Chinarevskaya pros-
pects seem to be underestimated. For instance, her anal-

 

Table 2.

 

  Main evolution stages of the northern slope of the Precaspian Basin in the region of the Chinarevskaya prospect

 

N

 

Evolution stage Geologic time, Ma Depth, m Lithology; cl : si : sa : li : do : sl : an Paleoclimate, 

 

°

 

C

1 Sedimentation 0–24 0–64 50 : 00 : 50 : 00 : 00 : 00 : 00 7–16

2 Hiatus 24–65 64 – 16–20

3 Sedimentation 65–144 64–471 50 : 00 : 00 : 50 : 00 : 00 : 00 20–25

4 Sedimentation 144–184 471–648 40 : 00 : 40 : 20 : 00 : 00 : 00 20–22

5 Hiatus 184–243 648 – 20–22

6 Sedimentation 243–250 648–1411 50 : 00 : 50 : 00 : 00 : 00 : 00 19

7 Sedimentation 250–262 1411–2150 20 : 20 : 20 : 00 : 00 : 30 : 10 18

8 Sedimentation 262–266 2150–2480 30 : 40 : 30 : 00 : 00 : 00 : 00 17

9 Sedimentation 266–270 2480–3570 00 : 00 : 00 : 00 : 00 : 100 : 00 15

10 Sedimentation 270–303 3570–3860 00 : 00 : 00 : 80 : 20 : 00 : 00 10–15

11 Sedimentation 303–309 3860–3930 80 : 00 : 20 : 00 : 00 : 00 : 00 15–17

12 Sedimentation 309–344 3930–4150 00 : 00 : 00 : 70 : 30 : 00 : 00 17–18

13 Sedimentation 344–352 4150–4540 10 : 00 : 00 : 45 : 45 : 00 : 00 18

14 Sedimentation 352–373 4540–5140 00 : 00 : 00 : 70 : 30 : 00 : 00 18

15 Sedimentation 373–390 5140–5650 30 : 00 : 00 : 30 : 40 : 00 : 00 18

16 Sedimentation 390–395 5650–5800 30 : 00 : 70 : 00 : 00 : 00 : 00 18

 

Note: Depth values indicate the present-day position of the lower and upper boundaries of the sedimentary layer. The column “Lithology”
gives percentages of main lithological units in the rocks of the layer in the sequence: cl, clay; si, siltstone; sa, sandstone; li, limestone;
do, dolomite; sl, salt; and an, anhydrite.
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ysis suggested that the maturation conditions of OM
from the Middle Devonian–Frasnian deposits of the
Chinarevskaya and Karachaganakskaya prospects cor-
respond to the early stage of the oil window, at a transi-
tion from 

 

åä

 

1

 

 to the beginning of 

 

åä

 

2

 

 (0.5 < Ro <
0.7%), whereas our estimates indicate the mature part
of the window (0.8 < Ro < 1.02%). It can also be
pointed out that the conclusions of Konyukhova are in
conflict with, first, the great depths of occurrence of
these formations at the areas considered (5000–6000 m,
Table 3); second, the low values of hydrogen index (HI)
in these rocks (8–170 mg HC/g C

 

org

 

 in the Karachagan-
skaya prospect and 30–75 mg HC/g C

 

org

 

 in the
Chinarevskaya prospect [19]); and, third, the relatively
high 

 

T

 

max

 

 values [19]. There is also evidence for the
inflow of light low-sulfur oil from depths of 5647–5754 m
at the Karachaganakskaya prospect (at pressures of 

 

ê

 

 =
50–59 MPa and formation temperatures of 

 

í

 

 = 95–
113°ë

 

) and an oil–gas–water mixture from depths of
6120–6218 m, which is again in better agreement with
our data from Table 3 than with the estimates of
Konyukhova [19].

The values of vitrinite reflectance, %Ro, calculated
in this study are compared in Table 4 with data from a
report obtained by means of the French program pack-
age GENEX. The reported depths correspond to rocks
with different degrees of OM maturity in the modern
sedimentary sequence of the northern slope of the Pre-
caspian Basin. The discrepancies between the maturity
estimates presented in Table 4 are related to the differ-
ent geothermal histories of rocks used in the two stud-
ies. In our paper, the GALO system (see above) was
separately used to calculate the burial history of each
particular area. The distribution of temperature and
thermal gradient in the sedimentary sequence varied
not only with depth and between areas but also with
time during the basin subsidence (Figs. 2, 4). Modeling
in the GENEX system involves maturity calculation
assuming a constant temperature gradient both with
depth and with time during basin development (Table 4),
and these exercises provide, therefore, averaged char-
acteristics. The degree of maturation is evidently over-
estimated at great depths in salt-free sequences and
underestimated in the suprasalt complexes in sequences
with relatively deep occurrence of salt beds.

Lateral heat transfer must change to some extent the
results of reconstructions obtained in the model of a
planar basin. It was already noted that higher tempera-
tures (by 

 

10–15°C

 

) should be expected in the salt and
subsalt complexes of the Rozhkovskaya borehole com-
pared with the results shown in Table 2, and the degree
of OM maturity in its subsalt complex must therefore
be higher. In contrast, the temperatures of the suprasalt
and subsalt complexes in the Chingarevskaya, Yanvart-
sevskaya, and Ural’skaya boreholes, which are located
outside the salt diapirs, could be 

 

3–10°ë

 

 lower than
those calculated in the one-dimensional reconstructions
(Figs. 2, 4). The real degree of OM maturity in these
boreholes can probably be slightly lower than that

shown in the figures. Unfortunately, it is difficult to esti-
mate quantitatively the decrease in the degree of matu-
rity due to lateral heat transfer. It is obvious that the
influence of the aforementioned temperature changes
on the degree of OM maturation must be significant in
old salt diapirs. In contrast, it should have been negligi-
ble if the diapirs were formed recently. However, the
timing of formation and growth rates of the salt diapirs
are not constrained, and the problem remains unsolved.

REALIZATION OF THE PETROLEUM 
POTENTIAL OF SUPPOSED SOURCE ROCK

IN THE NORTHERN SLOPE
OF THE PRECASPIAN BASIN

The reconstruction of the thermal history of a basin
provides insight into the degree of the realization of the
petroleum potential of the supposed source rocks [10,
18]. Table 5 shows the type of OM, the initial potential
of HC generation, and OM content in the rocks of the
region that were accepted in our modeling. It can be
seen that these parameters are different for the northern
and southern groups of prospects. In particular, the
rocks of the southern group have a higher initial poten-
tial of HC generation than the sequences of the same
age from the northern group. Variations in the burial
depth, temperature, and %Ro values in the subsidence
history of the main supposed source formations of the
basin are shown in Table 3 and Figs. 2, 6.

Our modeling suggested a degree of OM maturation
corresponding mainly to 

 

R

 

o > 1% for the rocks occur-
ring in the present-day section of the basin at depths
greater than 6 km (Fig. 2, Table 3). The Devonian
source rocks buried to depths of greater than 5 km are
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Table 3.  Calculated degrees of OM maturity (represented by %Ro), temperatures, and realization of the potential of HC gen-
eration for the supposed source rocks beneath the salt complex of the northern slope of the Precaspian Basin

t Z T  Ro Hi Ht H0 Hg t1 texp t2
Ma  m  °C % mg HC/g Corg Ma

Ural'skaya prospect
395 7800 124.4. 1.442 312 299 150 109 263 254.8 192
373 7200 116.9 1.275 627 603 497 69.8 261 256 –
352+ 6930 113.2 1.194 543.5 543 485 57.5 260 245 –
352– 6930 113.2 1.194 543.5 543 485 57.5 260 251.7 –
309 6750 111.1 1.160 377 377 301 70.5 259.5 205.3 –
270+ 6275 106.5 1.081 377 374 307 65.7 258.1 – –

Karachaganakskaya prospect
390 6000 106.6. 1.022 312 282 223 59 253.9 216.7 –
373 5800 104.1 0.967 627 523 502 21 249.7 228 –
352+ 4990 94.1 0.833 543.5 209 181 28 242.6 – –
352– 4990 94.1 0.833 543.5 209 181 28 242.6 – –
309 4744 89.8 0.782 377 184 152 32 238.8 – –
270+ 4575 88.4 0.771 377 163 134 29 237.1 – –

Chinarevskaya prospect
395 5800 111.9. 1.019 225.1 165 108 57 346.5 – –
373 5140 102.4 0.863 377 300 248 52 257.1 – –
352+ 4540 94.0 0.776 377 172 142 30 246.8 – –
352– 4540 94.0 0.776 268.5 98.9 75 23.9 246.8 – –
309 3930 84.7 0.711 268.5 34.6 25.6 9 242.3 – –
270+ 3570 79.8 0.666 268.5 14.8 10.6 4.2 238.3 – –

Pavlovskaya prospect
395 5400 94.7. 0.849 225.1 114 80 34 305.0 – –
373 5000 88.8 0.784 377 188 156 32 255.0 – –
352+ 4440 81.0 0.725 377 75.6 62.3 13.3 248.4 – –
352– 4440 81.0 0.725 268.5 44.4 33.2 11.2 248.4 – –
309 3845 72.6 0.659 268.5 12.8 9.13 3.67 242.5 – –
270+ 3314 64.2 0.607 268.5 2.76 1.91 0.85 232.4 – –

Burlinskaya prospect
390 6200 124.5. 1.305 225.1 189 105 78 310 221 29.7
373 5600 116.7 1.156 377 377 309 66 248.5 116.7 –
352+ 5050 109.9 1.036 377 371 310 62 242.9 – –
352– 5050 109.9 1.036 268.5 226 168 58 242.9 – –
309 4490 102.3 0.901 268.5 194 148 46 236 – –
270+ 4438 101.7 0.893 268.5 190 145 45 235.4 – –

Yanvartsevskaya prospect
395 6600 130.5. 1.415 312 299 164 102 353 219 148
373 5800 119.8 1.195 627 599 529 51 247.4 224.5 –
352+ 5050 110.4 1.036 543.5 497 445 52 237.7 – –
352– 5050 110.4 1.036 543.5 497 445 52 237.7 201 –
309 4630 104.7 0.928 377 348 290 58 232.7 – –
270+ 4370 101.2 0.883 377 320 266 54 229.7 – –

Rozhkovskaya prospect
373 4900 58.2 0.564 377 1.64 1.35 0.29 232.1 – –
352+ 4350 50.9 0.511 377 0.335 0.276 0.059 125 – –
352– 4350 50.9 0.511 268.5 0.234 0.159 0.075 125 – –
309 3880 44.8 0.466 268.5 0.0535 0.036 0.0175 236 – –
270+ 3617 41.1 0.441 268.5 0.0227 0.0153 0.0074 235.4 – –

Note: t is the age of formation, Ma. Z is the depth in the modern section in km. T is temperature in °C. Ro is the effective vitrinite reflectance
in % (see text). Hi is the initial potential of HC generation by the rocks of the formation. Ht is the total generation of HC by the
source rocks. H0 and Hg are the generation of liquid and gas HC, respectively. t1 and t2 are the times of rock entering into the oil (Ro
= 0.50%) and gas (Ro = 1.30%) windows. texp is the time of attainment of the threshold of primary emigration, when liquid HC fill
20% of the pore space. The types of kerogen and the initial potentials of HC generation correspond to the data of Table 5.
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Table 4.  Comparison of depths corresponding to various degrees of OM maturation estimated for the modern section using
the GENEX software program with a constant temperature gradient and the GALO system used in this study

Prospect
Calculated depths corresponding to various degrees of OM maturation, km

Ro = 0.70% Ro = 1.00% Ro = 1.30% Ro = 2.00%

Prospects with negligible fractions of salts in sedimentary sequences

dT/dz = 20°C/km (GENEX) 2.900 3.900 4.300 5.200

Burlinskaya (GALO) 3.100 4.880 6.100 –

Yanvartsevskaya (GALO) 3.080 4.870 6.080 –

Prospects with thick salt beds in sedimentary sections

dT/dz = 15°C/km (GENEX) 4.400 5.800 6.600 7.500

UGS (GALO) 3.320 5.960 7.150 –

Karachaganakskaya (GALO) 3.510 5.850 – –

Chinarevskaya (GALO) 3.810 5.720 – –

Pavlovskaya (GALO) 4.140 – – –

Table 5.  Type and content of OM and the initial potential of HC generation for the supposed source formation of the northern
slope of the Precaspian Basin

Age of formation, Ma Supposed OM type Initial potential of HC 
generation, mg HC/g Corg

Corg

Burlinskaya, Chinarevskaya, Rozhkovskaya, and Pavlovskaya prospects

395 (Emsian) 30% ker II (377) + 70% ker III (160) 225.1 1.2%

373 (Late Frasnian) ker II (377) 377 0.5%

352 (Tournaisian) ker II (377) 377 0.4%

352 (Bobrikovskian) 50% ker II (377) + 50% ker III (160) 268.5 1.0%

309 (Vereiskian) 50% ker II (377) + 50% ker III (160) 268.5 0.6%

270 (Artinskian) 50% ker II (377) + 50% ker III (160) 268.5 0.3%

Ural'skaya, Yanvartsevskaya, and Karachaganakskaya prospects

395 (Emsian) 70% ker II (377) + 30% ker III (160) 311.9 0.8%

373 (Late Frasnian) ker II (627) 627 1.5%

352 (Tournaisian) 50% ker I (710) + 50% ker II (377) 543.5 0.4%

352 (Bobrikovskian) 50% ker I (710) + 50% ker II (377) 543.5 1.0%

309 (Vereiskian) ker II (377) 377 0.3%

270 (Artinskian) ker II (377) 377 0.3%

Note: ker denotes kerogen. For example, the initial potential Hi = 543.5 mg HC/g Corg corresponds to a mixture of 50% standard type-I kerogen
with a relatively poor potential of 710 mg HC/g Corg and 50% standard type-II kerogen with a poor potential of 377 mg HC/g Corg. The
kinetic spectra of respective kerogen types were taken after Espitalie et al. [20].
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characterized by a considerable degree of the realiza-
tion of the potential of HC generation coupled with rela-
tively weak processes of secondary cracking in the deepest
sequences of the Ural’skaya, Karachaganakskaya, and
Yanvartsevskaya prospects (Table 3). According to Tables
3 and 5, the OM of the source rocks of the basin generates
mainly liquid HC, although the fraction of gaseous HC
becomes significant in the deeply buried levels of the
Ural’skaya prospect. Note that the degrees of realization of
the potential of HC generation shown in Table 3 are in
agreement with the experimental pyrolysis of the source
rocks. According to these data, the residual potential of
HC generation by the Devonian rocks varies from 8 to
170 mg HC/g Corg in the Karachaganskaya prospect and
from 30 to 75 mg HC/g Corg in the Chinarevskaya pros-
pect [19]. The results of calculations presented in Table
3 are also consistent with the aforementioned data on
the inflow of light sulfur-free oil from depths of
5647−5754 m and an oil–gas–water mixture from
depths of 6120–6218 m in the Karachaganakskaya
prospect [19].

The time of reaching the threshold of liquid HC
emigration presented in Table 3 was estimated for a
20% filling of the pore space with liquid HCs [10, 18,
20]. The calculations took into account that the content
of OM in the rocks could decrease appreciably in the
course of its maturation and emigration. For instance,
the initial Corg content in the Late Devonian Frasnian
sequences of the Ural’skaya prospect was estimated as
2.9% as compared with Corg = 1.5% in the modern sec-
tion. Note that the threshold of primary liquid HC emi-
gration was not reached in the Middle Devonian rocks
of the Chinarevskaya and Pavlovskaya prospects owing
to insufficient generation of liquid HCs and low degree
of rock compaction. The rocks of the same age from the
Ural’skaya, Karachaganakskaya, Burlinskaya, and
Yanvartsevskaya prospects reached this threshold (Fig. 2,
Table 3). This process was aided by the high degree of
liquid HC generation, the relatively high content of OM
in the rocks, and the low porosity of deep-seated rocks.
It is characteristic that the threshold of primary oil emi-
gration from source rocks was always reached after the
deposition of the salt complex, which served as a pecu-
liar lid for the HC of the subsalt complex (Fig. 2).

CONCLUSIONS

Our modeling showed that the difference between
the sedimentary sections of the basin in the position rel-
ative to salt diapirs and thickness of salt horizons sig-
nificantly affects the thermal history of OM maturation
in the source rocks of the areas considered here. Our
calculations were based on the present-day thicknesses
of evaporite sequences and the suggestion that the time
interval of their formation corresponded to the age of
rock deposition (Kungurian and, in part, Kazanian
stages). Therefore, the results of modeling can be cor-
rected to account for the mechanism and time of forma-
tion of salt bodies. Unfortunately, this problem, includ-

ing the dynamics of salt diapir growth, is not yet fully
understood. For instance, there is still no adequate
explanation for the absence of apparent deformations in
the host rocks around salt diapirs. The geological data-
base on the timing and rate of salt diapir formation and
the trigger mechanism of its growth is very limited. At
the present level of knowledge, we can only state that
the generation properties of rocks are somewhat over-
estimated in our calculations for the regions between
diapirs and underestimated for the rocks beneath salt
diapirs. However, the degree of underestimation or
overestimation strongly depends on the time and
dynamics of salt diapir formation, and these character-
istics are poorly constrained. The presented results
allow us to estimate the possible variations in the con-
ditions of petroleum generation for the rocks underly-
ing the saline complex of the basin and in their temper-
ature history related to the uncertainty of our knowl-
edge on the time and rate of salt diapir formation. The
results of our modeling can be considered as a reason-
able approach to the description of the thermal history
of the basin and generation properties of its source
rocks, which will be refined as new information will be
acquired from temperature measurements in boreholes,
more sophisticated estimates of the degree of OM mat-
uration in sedimentary rocks, and dynamic modeling of
salt diapir formation.
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