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ABSTRACT. Within the Pre-Caspian sedimentary basin, there is certain regularity in the distribution of types of struc-
tures of salt tectonics. It is characterized by concentric zoning corresponding to the change in the sedimentation thickness 
of the evaporite sequence. As it increases from 0 to 6 km towards the center of the basin, stamp (embryonic) salt uplifts 
are replaced by salt pillows first and then by salt domes and diapirs, finally changing to salt massifs and amoeboid-shaped 
salt ridges. In addition, diapirs in the sections of the Pre-Caspian basin, drawn from the drilling and seismic data, are 
shaped like high-amplitude "fingers" with a flat base, which is not a typical picture of the Rayleigh – Taylor instability 
development. Since halokinesis is the main factor controlling the migration and accumulation of hydrocarbons in the Pre-
Caspian region, background and aim of prospecting and exploration require identifying the specifics of the formation of 
various types of salt structures and the relationship between their location patterns and halokinesis process.

Numerical simulation shows that, depending on the instable layer thickness and its relationship with the total thick-
ness of the overlying layers, the instability development occurs at different rates, forming different types of structures. 
When the thickness of the instable layer is greater than or comparable to the thickness of the denser overburden, there 
occur the salt masses. A greater thickness of the overlying layer gives rise to the formation of classical mushroom-shaped 
diapirs. A small-thickness low-density layer first undergoes a full bending as it rises, so that its top and bottom turn out to 
be morphologically similar to each other, thus giving a misleading impression of ordinary stamp folds. Somewhat greater 
thickness of the low-density layer leads to the development of "pillows" therein. Detailed modeling made it possible to 
relate the specific shape of the Pre-Caspian diapirs to the fact that the basal and top horizons of the evaporite formation, 
being composed mainly of terrigenous, carbonate and sulfate rocks, have a normal, non-inverse density and mask com-
plex diapiric structures of halite-saturated domal cores.
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1. INTRODUCTION
Halokinesis is the main factor in the formation of the 

Pre-Caspian structures and, therefore, the main control-
ling factor for hydrocarbon migration and accumulation 
[Volozh et al., 2003]. As formulated in [Antipov, Volozh, 
2012, p. 48], background and aim of prospecting and ex-
ploration require "identifying regional specific features of 
the structure of salt-bearing and supra-salt complexes on 
one hand and relating location patterns of different-type 
salt structures to halokinesis on the other". In the publica-
tion cited, this problem was solved based on generalization 
of the results of the studies made in the last two decades 
[Bakirov et al., 1992; Volozh et al., 1989, 1997a, 1997b, 2000; 
Eskozha et al., 2007; Kuandykov et al., 2011; Matusevich, 
2005, 2007; Pisarenko et al., 2011]. There were performed 
structural mapping of the top of the salt in the Pre-Caspian 
basin with the use of the research results obtained by 
A.V. Matusevich, L.F. Volchegursky, M.S. Trokhimenko and 
others, sediment thickness mapping of the Permian halo-
gen formation, and bathymetric mapping of the Permian 
salt-bearing basin of the Pre-Caspian region [Volozh et 
al., 1997a, 1997b, 2003; Eskozha et al., 2007; Matusevich, 
2005, 2007]. There was determined the stratigraphic range 
of the Permian halogen formation (Upper Artinskian – 
Kazanian); besides, a stratigraphic section was drawn for 
the division of the Upper Artinskian – Kungurian interval 
of the salt-bearing unit, and stratigraphic division was car-
ried out for the supra-salt complex of the Pre-Caspian ba-
sin [Volozh et al., 2000; Pisarenko et al., 2011; Tikhvinsky, 
1974; Yatskevich et al., 1990]. Finally, in [Antipov, Volozh, 
2012], there was developed the principal model for the for-
mation of the salt-bearing unit within the Permian basin of 
the Pre-Caspian region. There was carried out typification 
for the salt structures, and a new version of zoning the salt- 
bearing and supra-salt complexes was proposed based on 
the section and structure types. In order to relate the loca-
tion patterns of different-type salt structures to halokine-
ses, consideration was given to possible scenarios of the 
development of salt tectonics. However, this involved the 
qualitative analysis of the structures identified as a result 
of the geological and geophysical studies. In the present pa-
per an attempt is made to specify these relationships, the 
halokinetic process, and the features of halokinetic struc-
tures by numerical modeling of this process as applied to 
the conditions of the Pre-Caspian salt basin.

2. CHARACTERISTICS OF THE RESEARCH OBJECT
The halogen formation of the Pre-Caspian basin covers 

an age range from the Upper Artinskian of the Lower Per-
mian to the Upper Kazanian of the Upper Permian. In ac-
cordance with composition and structural features, this for-
mation is divided into three complexes: Upper Artinskian – 
Kungurian, primarily halogen (consists of 95 % rock salt), 
Ufimian terrigenous-halogen and Kazanian terrigenous- 
carbonate-halogen, wherein the salt interlayers (up to 30 %) 
are of subordinate importance. Based on the calculations 
made with regard to the recent geophysical data [Anti-
pov, Volozh, 2012], the so called sediment thickness of the  

halogen formation is as great as 4500 m. Of this, 2500–
3000 m is accounted for by the Upper Artinskian – Kun-
gurian complex, and 1000–1500 m – by the Ufimian and 
Kazanian. In the Pre-Caspian salt basin margin, the lower 
and the upper complexes of the halogen formation are 
separated by a 150–610 m thick Lower Kazanian intersalt 
unit composed of terrigenous deposits (Sosnovskaya for-
mation) in the east and sulfate-terrigenous-carbonate de-
posits (Kalinovskaya formation) in the west.

Based on the analysis of seismic and drilling data, there 
were determined the paleodepths of the Kungurian and 
Kazanian salt accumulations, and there were performed 
bathymetric mapping for the pre-Kungurian salt basin and 
sediment thickness mapping for the Permian halogen for-
mation as a whole (Fig. 1) [Antipov, Volozh, 2012].

The principal structure of the evaporite formation is 
shown in Fig. 2.

The structure of the Permian halogen formation has 
the following features [Antipov, Volozh, 2012].

1. Sharp differences in sediment thickness of the halo-
gen formation in the central and marginal parts of the Pre- 
Caspian basin – the sediment thickness of salt-bearing for-
mation in the central part of the basin is three times greater 
than that on the stepped slopes. This increase is primarily 
due to a twofold increase in thickness of the predominant-
ly halogen Upper Artinskian – Kungurian complex.

2. Considerable differences in the lithological compo-
sition of the sections of the Upper Artinskian – Kungurian 
salt-bearing complex in the northwestern and southeastern 
margins of the Pre-Caspian basin. In the northeast, there 
are three lithological-facial units: carbonate-sulfate, car-
bonate-sulfate-halogen, and halogen. In the southeast mar-
gin, the complex also has a three-membered structure but is 
comprised of differently composed units: lower sulfate-ter-
rigenous, middle halogen, and upper sulfate-terrigenous.

3. One-type character of the structure of cyclic strati-
graphic subdivisions of predominantly salt-bearing Upper 
Artinskian – Kungurian complex in the northwestern mar-
gin – three-membered (clay – anhydrite – salt) for the salt- 
bearing Kungurian formation and two-membered (car-
bonate – anhydrite) for the Karpinsky formation in the 
seismic complex basement [Pisarenko et al., 2011, 2021a, 
2021b]. Transgressive contact between the Permian hal-
ogen formation and underlying deposits in the marginal 
(originally shallow-water) zones of the sedimentary basin 
changing to concordant in the deep-water basin.

4. The most ancient-known salt-bearing formation – 
Volgogradsky – bordering with accumulative (sedimenta-
ry) shelf scarps which separated the shallow-water part of 
the pre-Kungurian basin from its comparatively deep zone: 
stepped slopes and deep-water basin.

5. A thick terrigenous salt-bearing red-color unit (simi-
lar in age to the Ufimian terrigenous-halogen and Kazanian 
terrigenous-carbonate-halogen complexes) occurring in 
the upper section of the Permian halogen formation in the 
central Pre-Caspian basin.

Many researchers have noted the differences in the struc-
ture of salt domes in those or other areas of the Pre-Caspian  
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Fig. 1. Map of the sedimentation thickness of the halogen formation of the Pre-Caspian salt basin (after [Antipov, Volozh, 2012]).

Fig. 2. Chronostratigraphic scheme of the division of the Permian halogen formation of the Pre-Caspian basin.
The scheme showing the sedimentation nature of the distribution of the evaporite formation within the Kungurian basin and its tem-
poral paleodepth variation from 1500 m before the formation accumulation to its completion at the end of the Ufimian, with less than 
50 m deep isolated continental water bodies. The process of development of the salt basin exhibits several different sea-level stages. 
The time for each stage was calculated conventionally based on the rate of salt accumulation in the evaporite basins.
1 – shallow water deposits of the subsalt complex; 2 – deep-water formations of the subsalt complex; 3–7 – seismic complexes (SC) 
of the evaporite formation: 3 – Kushum Upper Artinskian (Sargin) SC, 4 – Volgogradsky-Saraninsky-Philippovsky SC, 5 – Nevolinsky 
Filippovsky-Irensky SC, 6 – Caspian Irensky-Ufimian SC, 7 – Upper Ufimian terrigenous SC; 8 – halites; 9 – anhydrites; 10 – rhythmic 
salt-bearing strata with potassium salts; 11 – sulfate carbonates with possible content of reefs; 12 – limestones and clastic carbonate  
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deposits, the products of reef and carbonate platform degradation (reef and platform basement deposits); 13 – terrigenous-carbonate 
deposits; 14 – terrigenous deposits; 15 – deposits of underwater fans within the basin; 16 – sedimentation surface; 17 – erosion sur-
face; 18 – sea level marks for different stages of the evaporite basin development, in brackets is the time interval in million years; 19 – 
mark of the depth of the Kungurian basin; 20 – stratigraphic indices of seismic complexes.

basin and drawn zoning schemes for this basin based on 
the types of these domes [Volozh, 1971; Volozh et al., 1989, 
1997b, 2000, 2003; Eskozha et al., 2007; Zholtaev, 1966; 
Zhuravlev, 1963, 1964, 1966; Konishchev, 1982; Volozh, 
Konishchev, 1989; Konishchev et al., 1990; Kosygin, 1950, 
1960]. In [Antipov, Volozh, 2012], based on the newly ob-
tained information, there are proposed a map of the top of 
the Permian salt-bearing strata in the Northern Pre-Caspian 
(Fig. 3) and a new zoning scheme for the Permian salt in 
the Pre-Caspian basin (Fig. 4).

Based on the structural features of the Permian halo-
gen formation, within the Permian salt in the Pre-Caspian 
basin there are distinguished the Pre-Caspian salt-dome 
province and the Northwestern peripheral area. Inside the 
Pre-Caspian salt-dome province, there are distinguished 
eight seismogeological areas: Northern, Western, Southern, 
Southeastern, Central Pre-Caspian, North Caspian – Aktobe, 
Karasal–Smushkov, and Primugodzhar (Fig. 4).

Within the identified areas, there are observed the fol-
lowing location patterns of the salt structures of different 
types.

Stamp (embryonic) salt uplifts are located along the 
northwestern peripheral area, in the zone bounded by the 
Paleozoic carbonate platform’s scarp from the inside and  

by the line of current distribution of the salt-bearing strata 
from the outside. The thickness of the salt-bearing com-
plex therein varies from 0 to 1200 m, that of the supra-salt 
complex – from 500 to 1500 m.

Salt anticlines are widespread in the southwestern pe-
ripheral area, in up to 10 km wide strip adjacent to the 
northern slope of the Karpinsky Ridge.

Toward the center of the salt basin, salt anticlines and 
pillows change to salt-dome development zone. It occupies 
the southeastern part of the basin and consists of three 
subzones. There is also an isolated salt-pillow zone with-
in the Sol-Iletsk protrusion and Karasal monocline. Closer 
to the periphery, there are conical salt-dome structures, 
first changing to stepped dome and then to mushroom- 
shaped dome zone. The central part of the Pre-Caspian salt 
basin is occupied by the area of development of salt mas-
sifs and amoeboid-shaped salt ridges. And, finally, there 
is a narrow strip of salt bars extending along the north-
western margin of the basin. All known diapiric struc-
tures of the Pre-Caspian basin are located within its cen-
tral areas.

Therefore, the location pattern of halokinetic struc-
tures has a clearly defined concentric zonality correspond-
ing to the change in the evaporite sediment thickness.

Fig. 3. A fragment of the structural map of the top of the Permian salt deposits in the southwestern Pre-Caspian after [Antipov, Volozh, 2012]. 
The 3D modeling area is marked with a black rectangle. 1Dev, 2Dev, 3Dev – 1st, 2nd and 3rd Devonian wells, 1С-А – Astrakhanskaya well.
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Fig. 4. Scheme of zoning of the salt and supra-salt complexes of the Pre-Caspian salt-bearing basin according to the types of sections 
and structures (modified from [Antipov, Volozh, 2012]).
1 – Central Pre-Caspian seismogeological region (SGR); 2 – North Caspian – Aktobe SGS, consisting of two seismogeological zones 
(SGZ): Sarpa-Uil and Astrakhan-Aktobe; 3 – marginal SCS: Western, Northern, Southern and Southeastern; 4 – Northwestern peripheral 
SGR; 5–6 – areas of development of salt anticlines (salt tectonics): 5 – Karasal-Smushkov, 6 – Primugodzhar; 7 – area of no Kungurian 
salt-bearing deposits; 8 – the boundary of the distribution of the saline Upper Artinskian-Kazanian formation of the Pre-Caspian salt 
basin; 9 – boundary between the Bashkirian intra-basin carbonate platforms and the Permian carbonate scarp; 10 – boundary between 
the Sarpin-Uil and Astrakhan-Aktyubinsk seismogeological zones.

3. METHODOLOGY AND RESULTS  
OF MODELING

Proper formulation of the problem of creating models 
for halokinetic development by calculation of creeping flow 
in a non-uniform-density viscous liquid, its justification 
and solving methods are described in detail in our previous 
publications [Lunev, Lapkovsky, 2009, 2014; Lunev et al., 
2017a, 2017b; Abramov et al., 2016; Kontorovich et al., 2014, 
2019; Abramov, Lunev, 2014; Abramov, 2015]. Here we will 
focus only on the description of certain application of the 
method of generating a model of the object of study.

In order to identify key features of the development of 
instability of a low-density salt-saturated layer depending 
on its thickness in relation to the total thickness of over-
lying denser layers, it is worthwhile to apply our previous 
2D-modeling program "Diapir" [Lunev, Lapkovsky, 2009; 
Filippov et al., 2009]. Its application assigns immediately 
the entire section showing the layers of different density 
and configuration and initiates an action of gravity force 
and a study of the system evolution.

Fig. 5 displays the development of instability of a low- 
density layer which varies in thickness from a few hundred 
to a few thousand meters.

It is evident that depending on the instable layer thick-
ness and its relationship with the total thickness of the 
overlying layers, the instability develops at different rates 
forming different-type structures.

When an instable layer thickness is greater than or com-
parable to the thickness of the overlying denser rocks, the 
floating of the layered material gives rise to the formation 
of salt massifs. Such version of the instability development 
is confined to the right flank of the structure shown in Fig. 5. 
It is calculated and displayed separately in Fig. 6.

At a greater thickness of the overlying layer, there occur 
classic mushroom-shaped diapirs as seen in the middle 
part of the structure in Fig. 5 and separately in Fig. 7.

And, finally, a thin low-density layer, when floating, first 
bends completely over so that the morphology of its top 
is similar to the morphology of its bottom, thus creating 
a false impression of typical stamp folds (Fig. 8). Some in-
crease in the low-density layer thickness leads to the de-
velopment of "pillows".

In Fig. 5, the development of the pseudo-stamp folds 
takes place in the left flank of the structure. Between these 
folds and the diapir formation zone, there is observed the 
development of "pillows".
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Fig. 5. Stages of development of instability of a low-density variable-thickness layer.
(а) – initial stage, (b) – intermediate stage, (c) – last calculated stage. The instable (low-density) layer is shown in red, the overlying 
denser layers are shown in other colors, and the underlying, densest layers are shown in blue. (A thin red layer on the left flank is al most 
invisible due to image scaling). Horizontal scale (bottom) and vertical scale (right) dimensions here and below are shown in km.

Fig. 6. Development of instability of a thick low-density layer (red) overlain by a denser sequence of layers of the same thickness.

Fig. 7. Development of instability of a low-density layer (red), whose thickness is about half as much as that of the overlying denser 
sequence of layers – the growth of mushroom-shaped diapirs.
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Fig. 8. The development of instability of a thin low-density layer (red) with the formation of pseudo-stamp folds, which change to 
"pillows" with the increase in the instable layer thickness on the right side.

A different character of the instability development 
structures is due to the interaction between two main 
factors. First, a typical horizontal dimension of emerging 
structures (the evolving instability wavelength) is deter-
mined by the convective layer thickness from the bottom 
of the floating low-density layer to the depth where its 
density is greater than that of the overlying material, in 
this case – to the free surface. Second, the thicker the inver-
sion layer (at a given value of the density deficit), the faster 
the instability development because the larger the anoma-
lous masses, the larger the buoyant force and, respectively, 
the faster buoyancy-induced flow rates. Therefore, in the 
thicker floating layer zone the intensifying disturbances 
have an opportunity to float to the surface and create clear-
ly defined diapirs whereas in the zone of a thin instable 
layer its bending amplitude remains relatively small. The 
development of salt massifs in the zone where the floating 
layer thickness is greater than or comparable to the total 
thickness of the overlying layers can be attributed to mere 
lack of space for the mushroom-shaped diapir formation.

The results of modeling are consistent with the above 
description of the zonal location of halokinetic structures 
(see Fig. 4) and with the change in thickness of the halo-
gen formation sediment in the Pre-Caspian salt basin (see 
Fig. 1), thus providing a sufficient explanation thereof. This 
eliminates the need to suggest that the external forces 
may result in the formation of salt stamp folds in the pe-
ripheral zone of salt-bearing deposits with the initially 
small thickness. This possibility cannot be ruled out, but it 
contradicts the observed structure of the top of the Caspian 
evaporite formation (see Fig. 3) which corresponds to the 
classical pattern of development of the Rayleigh – Taylor 
instability with a sustained characteristic wavelength of 
perturbations. In relation to this, it may also be noted that 
the above-mentioned formation of the system of bars sub-
parallel to the salt-bearing area margin is obviously based 
on the marginal effect which follows directly from the salt 
basin geometry.

A more detailed analysis of the influence of the section 
structure on halokinesis and character of the resulting  

structure involved the use of "Diapir3D" program [Abramov 
et al., 2018]. This program allows making calculations in ac-
cordance with the existing 3D dimensions of the observed 
structures (see Fig. 3); besides, it provides a possibility to 
calculate the Raleigh-Taylor instability development against 
the background of the assigned section formation – ver-
tical motions accompanied by the accumulation and irre-
versible consolidation of sediments at the subsidence of 
the area and by their erosion at the uplift.

For modeling, there was chosen the location (see Fig. 3) 
within the North Caspian – Aktobe region corresponding 
to the subsided shelf of the pre-Kungurian sea basin (see 
Fig. 2). There was an attempt to reproduce the currently 
observed modern structure of the evaporite formation as 
nearly as possible. No consideration has yet been given to 
achieving close similarity between the model and the ob-
ject studied; we only tried to reproduce the reliably iden-
tified features of the structure – its general configuration 
(on-site location of domes and interdome synclines) and 
hypsometric marks of the evaporite formation on the tops 
of the domes and in the depressions in accordance with 
the mapped surface (see Fig. 3), and a general hypsometric 
position of its bottom in accordance with the drilling data 
[Volozh, Parasyna, 2008]. In relation to this, we have not 
yet used the available possibility to assign changes to the 
on-site regional background motions and deposit compo-
sitions. It was supposed that regional vertical motions at 
every moment of time were uniform throughout the loca-
tion and that the deposit composition (expressed as the 
deposit density), averaged across the distinguished layers, 
is also uniform over the entire location.

The subsidence rates in this area were calculated as 
constants for each distinguished layer based on its thick-
ness and geological age of its boundaries, with regard to 
the desired law of sediment consolidation. The uplift rates 
were calculated based on various assumptions about the 
total amount of erosion during the gap in sedimentation. 
(Just note that this parameter of the model, for obvious 
reasons, can vary in a wide range.) It was therewith sup-
posed that the subsidence in the area is compensated by  
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Table 1. Model parameters of the section

Note. The red color in Table 1 shows the intervals where the accumulation of sediments was replaced by sediment erosion, and the model-inferred 
eroded thicknesses of the earlier deposits are negative. The zero value of the thickness beneath the boundary № 1 implies no borders thereunder (in 
the model).

irreversible consolidation of sediments, and the uplift – 
by erosion. Therefore, the average location of day surface 
on the studied area remains unchanged to within a certain 
constant, and its relief is determined by dynamics of anom-
alous masses arising from the development of density in-
stabilities, i.e. by halokinesis. The density is determined as 
a function of the average composition assigned for each 
layer and the law of consolidation implying interpolation 
between the density values assigned for each layer at cer-
tain depths.

We calculated several tens of instability development 
versions which model the evolution of salt structures in 
the selected location at different parameters. The param-
eters of the final-state model, best aligned with the ob-
servation data on hypsometric marks of the top of evapo-
rites domes and in the bottoms of interdome synclines, and 
average hypsometric values of their basements are pre-
sented in Table 1 (thickness of the distinguished layers and 
age of layer boundaries) and in Table 2 (the laws of den-
sity variation).

The model-assigned division of the evaporite forma-
tion into three layers – layers № 6–8 in Tables 1, 2 – needs 
explanation.

 A relatively high-density layer at the top of the evapo-
rite formation (layer № 8 in Tables 1, 2) is distinguished 
by the fact that the Pre-Caspian cross-sections drawn from 
the drilling and seismic data, presented in publications 
[Pisarenko et al., 2011, 2021a, 2021b], usually show dia-
pirs in the form of large-amplitude fingers, with only a few 
of them mushroom-shaped corniced. It is known, however, 
that most of the diapirs, at the amplitudes which occur in  

the study area, are exactly mushroom-shaped [Jackson, 
Talbot, 1986]. However, the cross-sections and the map 
show the top of the entire evaporite formation, not the top 
of a certain halite-saturated instable layer. We assumed that 
if the upper part of the formation has a high terrigenous 
and high-density anhydrite or dolomite content, then, with 
the growth of diapirs, it will envelope them masking the 
mushroom shapes and making the finger-like structures. As 
shown by the results of modeling, this assumption proved 
correct. The basis for this assumption lies in the fact that 
the upper evaporite formation of the southwestern Pre-
Caspian really includes sulfate-terrigenous and carbonate- 
anhydrite-terrigenous strata (see Fig. 2).

The assumption about the initial presence of a relative-
ly high-dense, a few hundred meters thick layer in the base-
ment of the evaporite formation (layer № 6 in the Table 1,  
2) is based on the following considerations.

Though the root zones of the real salt diapirs under-
standably remain almost unexplored, numerous centri-
fuge experiments [Ramberg, 1985] show upward bending 
of the base of the floating layer – the material of the under-
lying horizons is involved in the diapir to a larger or smaller 
height depending on the ratio of densities and diapir ma-
turity. As shown by our numerical experiments [Lunev, 
Lapkovsky, 2014], the deeper layers in this process under-
go inverse folding: the synclines are formed beneath the 
diapirs, and the anticlines – beneath the interdome depres-
sions. The amplitude of folding may reach a few hundred 
meters (at a width coinciding with a diapir wavelength) 
and attenuates down the section in the depth range up to 
1–2 km beneath the instable layer. Degree of manifestation,  

Layer 
number

Age of the top  
of the layer, Ma

Layer thickness,  
m

Stratigraphic  
nomenclature of the layer

1 359 0 D

2 323 790 C2t-v-s

3 315 140 C2 b

4 299 50 C2 m+C3

5 284 100 P1s-a 

6 280 700 P1k 

7 278 500 P1k

8 273 800 P1k+P2(?)

9 201 2700 P3+T 

10 174 –1000 J1 

11 145 300 J2-3

12 66 300 K

13 10 1100 KZ

14 5 –1000 KZ

15 0 300 KZ
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Table 2. Density change dependency

Note. The first column is the number of layer (from bottom to top), the second column is the initial thickness (zero value for the first layer, as well as 
in Table 1, means the absence of underlying boundaries in the model), the next columns are deposit densities at specified depths for calculating the 
consolidation of sediments as they get buried.

Layer 
number

Layer thickness, 
m Depth H=0 H=1000 m H=2500 m H=7000 m H=9000 m

1 0 2700 2700 2700 2700 2700

2 790 2700 2700 2700 2700 2700

3 140 2600 2600 2600 2600 2600

4 50 2500 2500 2500 2500 2500

5 100 2500 2500 2500 2500 2500

6 700 2450 2450 2450 2450 2450

7 500 2200 2200 2200 2200 2200

8 800 2450 2450 2450 2450 2450

9 2700 1900 2250 2350 2500 2520

10 –1000 1900 2250 2350 2500 2520

11 300 1900 2250 2350 2500 2520

12 300 1900 2250 2350 2500 2520

13 1100 1900 2250 2350 2500 2520

14 –1000 1900 2250 2350 2500 2520

15 300 1900 2250 2350 2500 2520

amplitude and rate of attenuation of inverse folding be-
neath the instable layer depend on the maturity of diapirs 
and density of the layers in which it develops.

Judging by the amplitude of diapirs in the study area, 
there will be expected a distinct development of the de-
formations described. However, based on the drilling and 
seismic data, the base of the evaporite formation demon-
strates relatively small deviations from the sub-horizontal 
bedding; there was no evidence found for its upward in-
volvement in diapirs. If the base of the evaporites is the base 
of an instable, halite-saturated floating layer, then such a 
situation (a small amount of its deformation) is only pos-
sible at very high density of the underlying layers. However, 
in accordance with the available data [Volozh, Parasyna, 
2008], the evaporite-underlying rock density does not ex-
ceed 2700 kg per m3.

We have therefore assumed that the base of the instable  
layer is located upward, and the lower part of the evap-
orite formation, as well as the upper, is represented by 
relatively high-dense carbonate or anhydrite-containing 
rocks. This assumption also has real grounds – in the lower 
parts of the formation there are sulfate-carbonate or sul-
fate-terrigenous layers (see Fig. 2 in particular). It is diffi-
cult to judge the initial thickness of this basal layer of the 
evaporite formation due to its significant deformations 
during the process of halokinesis. In the model proposed, 
its thickness – 700 m – is chosen so that it could consider 
the other parameters, due to which the final vertical defor-
mations of its base (corresponding to the base of the entire 
evaporite formation) would remain insignificant, in accor-
dance with the available geological and geophysical data  

(i.e., in such a way that this boundary was near the level  
separating the zones of folding, concordant with or inverse 
to the diapirs).

Thus, the initial structure of the evaporite formation 
is assigned as three-membered: with a 500-m salt-satu-
rated low-density instable layer underlain by 700-m and 
overlain by 800-m denser sulfate-carbonate or sulfate ter-
rigenous layers. Note that such structure of the formation 
is consistent with the general regularities in the process 
of evaporite accumulation [Pisarenko et al., 2011, 2017, 
2021a, 2021b].

At the end of the description of the initial model, we will  
focus on the way of assignment of initiating disturbances 
which determine the localization of rising diapirs and their- 
separating basin-like depressions. It is known that general 
parameters of the system such as viscosity and ratio be-
tween thicknesses and densities of the layers determine 
general characteristics of the Rayleigh – Taylor instability 
development – a wavelength and a rate of disturbance in-
crease. However, a certain localization of increasing distur-
bances (diapirs) is caused by casual coincidence of circum-
stances – irregular boundaries of the layers and/or lateral 
variations in layer densities. It is not possible to identify 
real initial disturbances which have caused the currently 
observed salt-dome structure. However, since the distur-
bance, which has started to increase, is developing very 
steadily due to the positive relationship between density 
distribution and deformation rate, it does not really matter 
for what reason this increase started – the important thing 
is that it started in this place. Therefore, in order to repro-
duce the observed structure, we just assigned the initial  
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disturbances as slight undulations of the top of the instable 
(salt-saturated) layer, coinciding in plan with the modern  
structure of the evaporite formation surface, in the way it 
is shown in the map of the top of the salt-bearing deposits 
(see Fig. 3).

Medium viscosity in the model is assigned by 2 . 5 
×1020 Pa·s.

Fig. 9 and 10 display the results of halokinetic model-
ing in the specified location.

In the final structure (see Fig. 9), a certain instable 
salt-saturated layer (№ 7 in Tables 1, 2) forms clearly de-
fined mushroom-shaped diapirs with an upward involve-
ment of the material of its underlying layer № 6 – the basal 
evaporite layer in the model, which corresponds to gen-
eral regularities of the Rayleigh – Taylor instability devel-
opment. As this takes place, the top of layer № 8, the upper  
layer of the evaporite formation in the model, envelopes 
these mushroom-shaped structures, masking the "caps" of 
the diapirs and giving them the form of large-amplitude fin-
gers. The base of the lower evaporite formation layer (layer 
№ 6) is slightly bent near one hypsometric level. There-
fore, in spite of the complex internal structure of diapirs, 
the calculated configuration of the boundaries of the evap-
orite formation as a whole (top and base) corresponds ap-
proximately to that in the structural map of the evaporite 
top and in the geological sections of the southwestern Pre-
Caspian drawn from the drilling and seismic data.

The calculated evolution of the structures (see Fig. 9) 
is characterized by the following. The first noticeable de-
formations with fold amplitude of a few hundred meters 
on top of the instable salt-saturated layer (№ 7) of the 
upper evaporite formation occur after the accumulation 
of dense layer of sediment (№ 8) on top of the formation 
and beginning of the Upper Permian sediment deposition. 
This is followed by slow increase of deformations giving 
rise to the formation of "pillows" during almost 100 mil-
lion years, to the end of the Lower Jurassic. The accumula-
tion of 2.7-km layer of the Permian-Triassic sediment with 
subsequent erosion of its upper 1000 m might have just 
resulted in a considerable consolidation of terrigenous de-
posits of that period and a corresponding increase in the 
total floating-layer density deficit which may have further 
contributed to acceleration of growth of the domes. In the 
following 30 million years, the pillows begin to grow rapid-
ly, with an amplitude reaching 2.5 km by the end of the 
Jurassic. In the Cretaceous, the domes grow up to a height 
of the free surface, and the instable layer (№ 7) begins to 
form mushroom-shaped diapirs whose amplitude reaches 
3 km. In the Cenozoic, there is a continuation of growth of 
the diapirs (to 4 km) and extension of their "caps" along 
the surface so that there sometimes occur negative folding 
angles and cornices even on top of the upper, dense evap-
orite layer (№ 8) which envelops clearly defined mush-
room-shaped structures of the internal instable layer (see 
Fig. 9, stage VIII; Fig. 10).

As seen in Fig. 9, from the very beginning of growth of 
the domes, there has been an increase in layer thickness in 
the inter-domes synclines and a decrease in that above the  

domes so that the thickness of some supra-salt deposits 
finally decreases to almost zero. This also relates to the up-
per, dense evaporite layer (№ 8) whose thickness at the last 
stages of the evolution increases especially on the flanks of 
the domes. This is partly due to the consedimentary char-
acter of the evolving structure but to a larger extent – to 
the redistribution of the material and its withdrawal from 
the tops of the domes into the inter-domes synclines. It is 
quite obvious from the models generated using "Diapir" 
program, immediately assigning an already drawn cross- 
section and calculating its deformations rather than model-
ing the sediment accumulation (see Fig. 5, 7).

The subsalt layer boundaries at the "pillow" stages of 
the evolution before the end of Jurassic (see Fig. 9, stages 
I–V) are bent in accordance with the supra-salt boundaries 
(at deformation attenuation with depth). The Cretaceous 
rapid growth of the salt structures and the rise of diapirs 
mark the start of development of inverse folding in the sub-
salt layers (in accordance with [Lunev, Lapkovsky, 2014]). 
It is clearly defined in this model only from the lower hori-
zons whereas the upper horizons, for example, the evapo-
rite base (base of layer № 6), first demonstrate the forma-
tion of the under-dome anticlines whose amplitude de-
creases to zero at the final stage. As this takes place, beneath 
the diapirs there occurs the thickening of the lower evapo-
rite layer whose top (which is also the base of the instable, 
salt-saturated layer) experiences the upward involvement 
in rising diapirs whereas the base is subsiding.

4. DISCUSSION OF THE MODEL RESULTS
As seen in Fig. 9 (stage VIII) and Fig. 10, the final struc-

ture of the area, obtained as a result of the modeled evolu-
tion, generally correlates with the actually observed (see 
Fig. 3). The coincidence of the structure configuration in 
plan is obviously due to the considered way of assignment 
of initially small disturbances. However, the ability of the 
model-generated structure to reproduce closely the real one 
confirms, first, the assumption that the real structure of the 
studied area was formed as a result of the Rayleigh – Taylor 
instability development and, second, that the selected mod-
el parameters more or less correspond to the reality. This is 
also confirmed by an approximate correspondence of the 
calculated and observed hypsometric marks of the evapo-
rite top on the tops of the domes and on the bottoms of 
the inter-domes synclines with general hypsometry of the 
evaporite formation base.

The main difference between the calculated and mapped  
(see Fig. 3) final structure of the evaporite top lies in steeper 
model-generated anticline flanks. This may be due to mod-
el inaccuracy, but it is also probable that more gentle flanks 
of the domes on the map are attributed to surface smooth-
ing in result of the data interpolation. Also noteworthy are 
some differences in surface differentiation and in some of 
its depth marks on the tops of the domes. This surely indi-
cates the model imperfection and the necessity of its fur-
ther refinement.

In the calculated evolution of the structure, there can 
be seen some inconsistency with the previous conclusions  
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Fig. 9. Stages of the calculated evolution along the west-to-east section in the middle of the area highlighted in Fig. 1.
The upper level of the evaporite sequence is shown in red-brown, the lower – in dark lilac. The instable salt-saturated layer is shown 
in red therebetween.
I. About 260 Ma ago – evaporites accumulated, the Upper Permian sedimentation began – the first noticeable deformations occurred.
II. The Upper Permian continues to accumulate, with consedimentary deformations occurred therein.
III. 201 Ma ago – the 2.7-km Permian-Triassic complex has accumulated.
IV. 174 Ma ago – the 1-km Lower Jurassic erosion has completed.
V. 145 Ma ago – the accumulation of the Jurassic has completed, the “pillow” stage of the development of domes ends, and their accel-
erated growth starts.
VI. 66 Ma ago – the accumulation of Cretaceous deposits was completed; at that time, there occurred the main growth of domes with 
the formation of mature diapirs.
VII. 10 Ma ago – there was deposited the 1.1-km Paleogene and, partially, Miocene sediment layer.
VIII. 5 Ma ago, the beginning of the Pliocene epoch – there was a cut-off of the 1-km previously accumulated Cenozoic sediment.
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Fig. 10. Top of evaporites according to the results of modeling.

about large-amplitude halokinetic deformations occurred 
at the early stages, as far back as the time of the upper 
evaporite formation accumulation [Antipov, Volozh, 2012]. 
Note that according to the modeling results, the amplitude 
of disturbances of the instable (middle) evaporite layer 
top reaches a few hundred meters by the end of the upper 
formation accumulation (see Fig. 9, stage I). This inconsis-
tency may be due to disadvantages of the model. For ex-
ample, due to the fact that it does not consider the proba-
bility of hurricane accumulation of the upper formation, 
instantly smoothing the free surface. As shown in [Poliakov 
et al., 1993], at an instant smoothing of the free surface, 
the halokinetic structures are formed much faster. On the 
other hand, the conclusion about large-amplitude haloki-
netic motions at the early stages of the process, during the 
upper evaporite formation accumulation, was based on 
large variations of its present-day thickness – until disap-
pearance on the tops of the domes – assuming that they 
are caused by consedimentary character of deformations. 
However, this is not necessarily so. As discussed above and 
shown by modeling (see Fig. 5, 7, 9), such variations in 
thickness may occur as a result of sediment redistribution 
of the initially invariable-thickness layer during post-sed-
imentary deformations. At any rate, this is the pattern of 
variation in the upper evaporite formation thickness pro-
vided by the model proposed.

However, the initial halokinetic stages – those of the 
formation of "pillows" – are usually characterized by very 
slow growth of disturbances [Jackson, Talbot, 1986]. Never-
theless, it makes sense for further modeling to consider 
the influence of high sedimentation rate as applied to the 
study area. Besides rapid growth of salt domes, such mod-
eling can yield their resulting pillar-like shapes irrespec-
tive of whether or not the high-density rocks of upper evap-
orite formation envelope its internal structure [Poliakov 
et al., 1993].

In general, an approximate consistency between the 
model and a real structure implies that we succeeded to  

reproduce the principal features of halokinetic develop-
ment in the southwestern Pre-Caspian and to identify the 
causes of their occurrence. The modeling showed a direct 
relationship between the lithological-stratigraphic struc-
ture of the evaporite formation on one hand and halokine-
sis and the character of halokinetically caused structures 
on the other.

The modeling allowed explaining the observed zonal 
location of halokinetic structures, having obviously related 
it to the total initial sediment thickness of the halogen 
formation in the Pre-Caspian salt basin. It is shown that 
depending on the instable layer thickness and its relation-
ship with the total thickness of the overlying layers, the 
instability development occurs at a different rate forming 
different types of structures, just what are really observed: 
pseudo-stamp folding along with the increase in a relative 
instable-layer thickness, pillows, mushroom-like diapirs, 
and salt massifs. It is particular significant that this result 
makes it unnecessary to assume the existence of any ex-
ternal effects.

An assumption about the initially three-membered li-
thological-stratigraphic structure of the evaporite forma-
tion, with carbonate- or sulfate-filled normal (non-inverse) 
density layers in its base and top and the instable salt-filled 
low (inverse) density layer in its middle part, allowed ex-
plaining a specific character of the Pre-Caspian domes – 
large amplitude finger-like diapirs on the top of ervapo-
rites whose almost smooth base is not involved high up 
into the diapirs. It is shown that classic mushroom-shaped 
diapirs, formed by the middle, instable layer, are envel-
oped with a higher-density material of the upper evaporite 
formation, which is spreading out over the domes and ac-
cumulating on the flanks so that the entire evaporite dome 
takes the form of a finger. As this takes place, high-density 
material of the lower formation causes thickening beneath 
the diapirs and undergoes deformations typical of the up-
per subsalt layers [Lunev, Lapkovsky, 2014], with its top 
(which is also the base of the salt-bearing, instable layer)  
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involved high up into the diapirs and its base (coinciding 
with the formation base as a whole) subsiding thereunder 
approximately to the initial level.

It should be said that the model thicknesses of the 
evaporite formation parts (700, 500 and 800 m from bot-
tom to top) are selected more or less arbitrarily as well as 
their assigned densities. Identification of the actual initial 
lithological-stratigraphic structure of the evaporite sedi-
ment is hampered by the strongest deformations under-
gone during halokinesis: the upper layer on the tops of the 
domes is thinning until disappearance whereas the low-
er layer, involved in the diapirs, has subvertical bedding 
therein and is complexly dislocated, together with the ma-
terial of the middle, instable layer. In this connection, the 
lithological-stratigraphic divisions based on the diapir well 
logging data seem questionable. This is indicated by both 
large-diapir well logging and seismic data showing the 
inability to identify the primary stratigraphic sequence 
within the domes because of complex rock dislocation 
[Pisarenko et al., 2011, 2021a, 2021b]. To solve this prob-
lem (or at least to come close to solving), it would be good 
to make stratigraphic division on the basis of cores ob-
tained from a borehole drilled in the center of a large in-
ter-domes synclines.

5. CONCLUSION
The model proposed herein is of a preliminary, esti-

mative nature. Its generation was aimed at identifying 
the principal halokinetic features of the Pre-Caspian. As 
a result of modeling, there were determined the relation-
ships between the features of the lithological-stratigraphic 
structure of the evaporite formation and the character of 
halokinesis, and some important questions were raised 
regarding its initial structure and the character of related 
structures.

In terms of focusing the exploration on hydrocarbons, 
the most interesting results of modeling are probably the  
unusually steep flanks of the domes in the supra-salt for  
mation, development of inverse folding in the evaporite- 
underlying layers, and a general history of the basin de-
formations. The flanks of the domes and, especially, the 
overhangs formed by the top of evaporites can be related 
to small (but easily accessible) deposit areas in the upper, 
supra-salt part of the basin; the study of inverse folding be-
neath evaporites is of extreme interest in the context of the 
search for giant fields. The exploration in subsalt layers 
is related to expensive deep drilling, so that preliminary 
and accompanying geological-geophysical studies have to 
be especially thorough and involve all the methods avail-
able. In particular, because of the lack of direct informa-
tion on the subsalt objects, use can be made of the sub-
salt structure prediction based on geodynamic modeling 
whose results can be refined by testing the method on the 
detailed-drilling site.
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