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Abstract

Burial histories of the eastern, central and western parts of the Northern Caucasus basin are reconstructed on the basis of well
data and seismic sections. Subsidence began in the Early Triassic after the Late Carboniferous—Permian orogeny. Triassic
sediments were mainly removed during Late Triassic—Early Jurassic uplift and erosion. Platform cover began to form in the
Middle Jurassic and Albian sediments covered the whole territory of the basin. Thermal modelling shows that Jurassic—Eocene
subsidence was mainly controlled by Late Triassic—Early Jurassic intrusive warming. This heating event induced thermal uplift
of the whole territory followed by exponentially decelerating subsidence due to cooling of the lithosphere. In the southern areas
adjacent to Great Caucasus, subsidence was also affected by Caucasian extensional and compressional events. In the
Oligocene—Early Miocene, the eastern and the central basins underwent rapid long wavelength subsidence (Maikopian
subsidence). The geodynamic cause of this subsidence is probably associated with the mantle flow appearance after cessation of
the Tethyan subduction, due to reequilibration of subducted slab. While in the Late Miocene —Quaternary times, the eastern and
the western basins underwent foreland-type asymmetrical subsidence due to loading of the Great Caucasus orogen; the central
basin was uplifted. According to flexural modelling, the main component of orogen loading was the lithospheric root load;
delamination of the latter under the Central Caucasus caused rapid uplift of the orogen and adjacent basin.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Northern Caucasus basin (NCB) (also called
Fore-Caucasus or Ciscaucasus) has been studied during
more than 100 years since oil discovery times at the end
of the last century. Geological literature on NCB con-
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sists of several hundred works, mainly in Russian. In
English, tectonics and the geological history of the
region were described by Borsuk and Sholpo (1983),
Gambkrelidze (1986), Zonenshain and Le Pichon
(1986), Philip et al. (1989), Adamia et al. (1992), Ni-
kishin et al. (1998a,b), and Kopp and Scherba (1998).

In contrast with geological investigations, model-
ling studies were not numerous. Early models were
general and equally applicable to many basins in the
world. Regional numerical modelling, aimed at ex-
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plaining the details of stratigraphy and tectonics of the
specific basin, was not carried out until the 1980s.
Amongst the first works were those of Mikhailov
(1993), who carried out palaeotectonic analysis of
Terek-Caspian basin; Ruppel and McNutt (1990),
who modelled gravity anomalies and estimated effec-
tive elastic thickness of the lithosphere, and Bolotov
(1996), who presented an analysis of basin subsidence
history on the basis of 129 backstripped wells. Ershov
et al. (1998, 1999) and Mikhailov et al. (1999a)
published burial history restorations of NCB. There
were several geodynamic models proposed for the
Late Cainozoic collisional stage. The model of
Artyushkov (1993) supposes a basalt—eclogite phase
transition in the lower crust as the driving force of the
foreland basin subsidence and orogen uplift. Mikhai-
lov et al. (1999b) explained basin subsidence by a
viscous flow in the crust. Ershov et al. (1999) adopted
the flexural model of foreland basin and determined
the main types of orogen loading in the Caucasus
case.

Here, we complete these studies by thermal model
explaining the subsidence of the Jurassic—FEocene
stage, by the kinematic analysis of the collision and,
finally, present a synthesis of the subsidence models
throughout the basin evolution.

2. Structural settings
2.1. Recent tectonic environment

The Caucasus region is a part of the Alpine—
Himalayan orogenic belt, located between the Black
Sea and the Caspian Sea. Tectonically, it can be sub-
divided into the Great Caucasus (GC) orogen, the
western (Indol-Kuban) and the eastern (Terek-Caspian)
Northern Caucasus molasse basins (NCB) separated by
the basement uplift of the Stavropol High; and, finally,
the western (Rioni) and the eastern (Kura) Transcau-
casus molasse basins (Fig. 1a). These latter basins are
bounded by the arcuate Lesser Caucasus mountains
and opened respectively towards the Black Sea and the
South Caspian Sea. The GC orogen is a northwest
trending nearly linear structure. The linearity of the GC
is mainly explained by the right-lateral transpressional
environment of its formation (Nikishin et al., 2003).
Structurally, it is the deformed southern margin of the

Late Palaeozoic Scythian Platform which extends
along the southem margin of the Russian Platform.
The Scythian Platform is bounded on the north by the
Karpinsky Swell, which formerly was a part of the
Dnieper—Donets—Karpinsky rift system (Nikishin et
al.,, 1996), and now is the peripheral bulge of the
Northern Caucasus molasse basin. The deepest parts
of the NCB are the Terek-Caspian depression for the
east and the Indol-Kuban depression for the west.

A scheme of the recent tectonic environment of the
Caucasus region is presented in Fig. lb. It is mainly
determined by the indention of Arabia, induced lateral
expulsion of the rigid Anatolian and Iranian plates and
distributed deformation in the broad area situated
between the Arabian margins and the GC orogen.
The present-day Arabian velocity in Eurasia-fixed
reference frame is equal to 25+ 3 mm/year (N38)
according to NUVEL-1A model (De Mets et al.,
1990) in general coincidence with the 18 -20 mm/year
of recent geodetic observations (Smith et al., 1994;
Reilinger et al., 1997a; McClusky et al., 2000). GPS
observations show a minimum shortening of 10 + 2
mm/year in the area of the Great and Lesser Caucasus
(Reilinger et al., 1997b; McClusky et al., 2000).

2.2. Crustal structure

The main sources of information about the crustal
structure of the region are the deep seismic data ac-
quired more than 20 years ago. There are no new pub-
lished high-resolution deep seismic sounding (DSS)
sections in this region. Existing data have not enough
resolution to show details of the crustal structure under
the GC orogen and in the Transcaucasus areas.

Three synthetic sections representing crustal struc-
ture of the Caucasus and its molasse basins are
displayed in Fig. 2, their locations are shown by the
grey lines on Fig. la. The first section (line A) is
totally synthetic. It was constructed on the basis of
Moho map (Volvovsky et al., 1989), deep seismic
section of Robinson et al. (1996) in the Black Sea and
seismic section in the Western Fore-Caucasus basin (it
is presented in the next section of this paper; Fig. 6).
The two other sections are based on the DSS sections
Stepnoe—Bakuriani (line B) and Volgograd—Nakhi-
chevan (line C) crossing out the central and eastern
parts of the region. Geophysical processing of crustal
sections B and C was done by Krasnopevtseva (1984).
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Fig. 1. (a) Schematic map of the investigated arca showing positions of backstripped pseudo-wells (circles), seismic sections (black lines), and
crustal-scale synthetic sections (grey lines). (b) Present-day tectonic setting of the Caucasus region. The plate velocities (mm/year, in Eurasia
fixed framework) and shortening values are shown on the basis of geodetic observations (Reilinger et al., 1997a.b).
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Geological data resulting from field observations in
orogenic areas, and from seismic and well data in
basinal areas were used to construct the upper parts of
the sections.

Seismic data permit the recognition of four layers
in the Scythian Platform crust: (1) Jurassic—Quater-
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nary sediments; (2) Palaeozoic basement (Hercynian
with Triassic inclusions (Letavin, 1980)) (seismic
velocities 5.3—6.0 km/s); (3) Precambrian folded
rocks with seismic velocities 6.0—6.6 km/s; (4) lower
crust with seismic velocities 6.8—7.2 km/s. Sediments
are well investigated by numerous wells and explora-
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Fig. 2. Crustal scale synthetic sections through the Western Caucasus (A), Central Caucasus (B) and Eastern Caucasus (C) areas. Positions of the
synthetic sections are shown in Fig. 1 (grey lines). Section A is constructed from the section of Robinson et al. (1996) in the Black Sea, the
Moho map of Volvovsky et al. (1989) and seismic section in the Western Caucasus basin. The other two sections are drawn on the basis of deep
seismic sections Stepnoe-Bakuriani (B) Volgograd-Nakhichevan (C) (modified after Krasnopevtseva, 1984). The upper parts are constructed on
the basis of field geological data in the area of the orogen and from seismic and well data in basins. Stars mark the epicentres of large
earthquakes. Lower sketches present the results of equal area restorations of crustal thickness. Initial configurations are taken from the observed
sections, restored configurations are constructed giving them simplified form and equalizing the areas of initial and restored sections. As pre-
deformational crustal thickness of the Great Caucasus trough is unknown, three possible values (maximum—20 km, minimum—I0 km and
intermediate—15 km) were used. Restorations are utilized to constrain shortening.
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Fig. 2 (continued).

tion seismic sections. Palaeozoic rocks of the second
seismic layer are penetrated by wells in some areas
(Letavin, 1980). To the north, the bottom of this layer
is correlated with the bottom of Palaeozoic sediments
of the Russian Platform; towards the GC this layer is
thinned out (Krasnopevtseva, 1984). The third seis-
mic layer is traced on the DSS section Stepnoe—
Bakuriani (line B) to the surface, where Precambrian

crystalline metamorphic schists, gneisses and Hercy-
nian granitic intrusions are outcropping (Krasnopevt-
seva, 1984). The thickness of the Scythian platform
crust (without sediments) is around 40 km and
decreases to near 30 km below the Terek-Caspian
and Indol-Kuban basins. Low velocity zones are
located under the GC orogen and Karpinsky swell-
areas of recent uplift.
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Fig. 2 (continued).

In the Transcaucasus area, the basement has mainly
Proterozoic age; the second seismic layer is absent. In
the area of the southern slope of the GC, the upper
crust is layered and expressed by higher seismicity.
The crustal structure of the Kura basin is characterised
by numerous multidirectional reflectors, diffraction
points and seismic focuses, probably due to numerous
mantle intrusions in the upper part of the crust. A high
velocity zone is present under the Kura basin. Kura

basin is the western onshore part of the South Caspian
Basin (see Brunet et al., 2003).

2.3. Architecture of the orogen and the basins

The GC orogen is upthrusted mainly to the south
towards the Transcaucasus basins, with local retro-
thrusting to the north. It was formed by the deforma-
tion of the Scythian and the Transcaucasus plates and
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intermediate depression. The southern edge of the
Scythian plate is expressed by the main thrust (Fig.
2C). The northern boundary of the Transcaucasus
plate is overridden by the Scythian plate and folded
sediments of the southern slope of the GC. These
sediments initially were lying in an intermediate basin
(the Great Caucasus trough). The northern slope of the
GC is characterised by more simple tectonic styles:
monocline transition to the Scythian Platform (central
part, Fig. 2B), retro-thrusting to molasse basin (east-
ern part, Fig. 2C) or steep monocline transition to
molasse basin with local retrothrusting (western part,
Fig. 2A). The Northern Caucasus molasse basins have
an asymmetrical shape with deepening towards the
orogen and shallowing to the foreland. Along the
southern boundary of the Terek-Caspian depression,
the northern slope of GC orogen is overthrusted on the
basin along the retro-thrusts (Fig. 2C). The Trans-
caucasus basins have a similar shape with deepening
to the orogen, though they are faulted by numerous
south-vergent thrusts.

2.4. Shortening during the Late Cainozoic collision

Here we give some estimations of the Caucasus
shortening, which is one of the most disputed problems
in Caucasus geology. Estimations of shortening range
from a minimum value of 50—-90 km observed shifts
along thrust surfaces (Khain, 1982), to 900 km pro-
posed by Bazhenov and Burtman (1990) on the basis
of palaeomagnetic data. However, palacomagnetic
estimations should be considered with great care,
because they imply shortening in the area situated to
the north of the Great Caucasus (Westphal et al., 1986;
Bazhenov and Burtman, 1990) and not between the
Lesser Caucasus and the Great Caucasus, as field
geology testifies.

The upper limit of the shortening value is provided
by global plate kinematics. Fig. 3 represents the
trajectory of Arabia relative to Eurasia’s movement.
The total shortening, since the beginning of collision
(Oligocene to Quaternary), is about 400 km. Part of it
was accommodated by Anatolia’s lateral expulsion
and another part (at present time—about half, accord-
ing to geodetic data of Reilinger et al., 1997b and
McClusky et al., 2000) corresponds to a shortening in
the Caucasus area. In this way, the Caucasus’s short-
ening can be estimated to 100—-300 km.

Fig. 3. Cainozoic movements of Arabia relative to Eurasia (after
Savostin et al., 1986). Arrows show direction of the movement,
small digits show time in Ma, large digits-velocity in cm/year.

Another constraint can be derived from simple area-
balancing restoration of the crustal sections (Fig. 2). We
used the “equal area” method, i.e. equalise the layer
areas of observed crustal section and reconstructed
palaeosection. This method is valid in the absence of
important lateral displacement between the Scythian
and the Transcaucasus plates. Actually, such displace-
ment took place (Philip et al., 1989), but we disre-
garded it in a first approximation because we are not
able to estimate it. A deep water basin similar to the
Black Sea and South Caspian basins existed before the
collision to the south of the recent GC orogen (Zonen-
shain and Le Pichon, 1986; Nikishin et al., 1998b). The
crustal thickness of this basin is unknown. Crustal
thicknesses of the Black Sea and the South Caspian
Sea range between 5 and 20 km (Volvovsky et al,,
1989) with average values of about 10 km in the
Western Black Sea and in the South Caspian Sea, and
15 km in the Eastern Black Sea. The estimated thick-
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ness of sediments in the GC trough before the Late
Cainozoic collision was about 10 km (e.g. Borsuk and
Sholpo, 1983). A simple estimation in the framework
of the McKenzie rifting model (by the method of
Sclater et al., 1980, for instance), gives a stretching
factor f = 2.3-2.7 for 10 km of sediment-filled and
1-2 km of water-filled subsidence in 180 Ma and for
40 km of initial (isostatically and thermally equili-
brated) crust which is a typical value for the Scythian
Platform. Therefore, the initial thickness of the GC
trough crust is estimated at 15—17 km. Consequently,
the GC trough crust was not oceanic, but thinned
continental crust. This estimation is coherent with the
absence of oceanic crustal remnants in the area of
underthrusting and an absence of subduction-type
volcanism to the north of this area. If we consider these

initial crustal thickness values, the Caucasus shortening
can be estimated at 200—300 km (Fig. 2), which is in
accordance with plate kinematic results and with the
opinion of most of the researchers (Khain, 1982:
Zonenshain and Le Pichon, 1986; Scherba, 1993:
Nikishin et al., 1998b).

Our area-balancing estimations imply also that “full
blown” subduction was not manifested during the Late
Cainozoic Caucasus collision. Although this collision
led to underthrusting and stacking of lithospheric
material under the orogen, the slab penetrating into
the deep mantle was not developed. As no material
escaped into the deep mantle, it is possible to constrain
the size of the lithospheric root and, by such a way, to
check the capability of the lithospheric root to induce
basin subsidence as it was suggested by Ershov et al.
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Fig. 4. Sketch showing equal-area estimation of lithospheric thickening and size of lithospheric root. [nitial data are results of equal area crustal
restorations taking a crustal thickness of 20 km for the basin (Fig. 2). Thickness of lithosphere is estimated on the basis of its thermal age. To be

compared with Fig. 9 from Ershov et al. (1999).
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(1999) on the basis of gravity and subsidence model-
ling. The simple estimation is presented in Fig. 4.
Comparison with Fig. 9 from Ershov et al. (1999)
demonstrates that the size of the lithospheric root is
sufficient and, therefore, that the proposed model could
“work” indeed in the Caucasus.

3. Burial history of the NCB
3.1. Method

We have used the common backstripping tech-
nique (Steckler and Watts, 1978) extended in order to
be able to restore 2D seismic sections with compac-
tion correction based on the basin-specific depth-
porosity laws (for four basic lithotypes), as well as
the eroded parts of the section and to take into
account the palaecobathymetry. Details of the method
were described elsewhere (Ershov et al., 1998,
1999).

The restoration was made for three 2D geological
sections based on the seismic sections and nine wells
positioned along the restored sections. The sections
and wells were chosen to properly represent the burial
history of three major tectonic subdivisions of the
NCB: the western, the central and the eastern Fore-
Caucasus. The positions of the backstripped wells and
seismic sections are shown in Fig. la. The chrono-
stratigraphic chart shows the full stratigraphic thick-
ness of the eastern section, and the lithological com-
position of the sediments is presented by Nikishin et
al. (1998a, Fig. 3). The interpretation of the southern
lower part of the western section (Fig. 6) is difficult.
There are no wells penetrating Jurassic—Cretaceous
strata in the area of seismic section. This is the reason
why the thickness of Jurassic sediments on the south
of the western section was derived from regional-scale
interpolation, ie. interpolating the thickness of the
Jurassic layers outcropped in the Caucasus and pene-
trated by the relatively deep-seated wells (e.g. Borsuk
and Sholpo, 1983).

Subsidence curves for the wells are presented in
Fig. 5, the western seismic section with elements of
interpretation in Fig, 6, and the results of 2D resto-
rations in Fig. 7. These results, together with geolo-
gical data, are later discussed for each of the principal
phases of the basin evolution. The lithological com-

position and tectonic structure of sediments, as well as
subsidence patterns, testify to four major stages:
Triassic, Jurassic—Eocene, Oligocene—Early Miocene
and Middle Miocene—Quaternary.

3.2. Triassic history

The basement of the NCB is Hercynian in age
(Letavin, 1980). It was formed during the Carbon-
iferous—Permian orogeny. An important subsidence
event took place in Early—Middle Triassic. This epi-
sode is not well known, because most of the Triassic
sediments were later removed. Only some folded
remnants of Triassic sediments are preserved locally
in the former rifts (graben-like structures). The pre-
served thickness of Early—Middle Triassic sediments
is about 3000 m in the western basin and about 1500
m in the central and eastern basins (Letavin, 1988).
From the lithological composition of preserved
Early-Middle Triassic sediments, it was suggested
that the sediments cover the whole territory of the
NCB. The in-plane configuration of the Early—Middle
Triassic basin is not well established. There exist two
points of view (Nazarevich et al., 1983): the first,
putting forward that a unique basin covers the whole
territory of the Scythian plate, and the second, sug-
gesting two separate basins in the western and the
eastern parts subdivided by the central Fore-Caucasus
uplift (Stavropol High). The analysis of Early Triassic
volcanic rocks shows that the volcanism was related
with rifting in back-arc environment (Tikhomirov and
Nazarevich, 1999),

Upper Triassic complexes in the eastern basin un-
conformably overlying older sediments are mainly
represented by Late Norian—Rhaetian (Letavin,
1988). The sediments were deposited only in the
central part of the eastern basin, whereas the southern
and northern parts were folded, uplifted, and eroded.
The central and the western basin were also uplifted
since about Norian times. It appears that compressional
deformation, accompanied by erosion, took place in
Late Carnian—Early Norian and in latest Triassic—
earliest Jurassic times (Nazarevich et al., 1983). During
this time, most of the Triassic sediments were removed
in the investigated region. Late Triassic sediments
contain a large part of volcanogenic rocks providing
evidence that a major volcanic episode took place at
this time in the basin. The association of volcanic rocks
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is typical for Andean-type continental margins (Tikho-
mirov and Nazarevich, 1999).

3.3. Jurassic—Eocene history

Two components could be recognised in the Juras-
sic—Eocene basin subsidence: regional platform sub-
sidence and subsidence due to boundary influence.
The first one extended over large regions and not
directly connected with events on the platform boun-
dary. The second was controlled by tectonic events in
the surrounding regions, mainly in the southern areas.
Geographical sectioning of these two subsidence
types determined two major zonations of the basin:

Geological time (Ma)
250 290 150 190 50 0
T | 1 | k| [N
PW |: North of WFC
5 -
g e e —
—_ PW 2: Centre of WFC
g
g
o 54
3
0+----
PW 3: South of WFC
5_.
10

Rate of tectonic subsidence (m/My)

AV Ershov et al. / Sedimentary Geology 156 (2003) 95-118

longitudinal of regional subsidence and latitudinal of
boundary subsidence.

Three main parts with different regional subsidence
history could be determined: eastern, central, and
western. Regional subsidence began in the eastern
area in Late Aalenian, the eastern NCB was covered
by sediments first of all—in Bathonian. With time,
subsidence and sedimentation gradually extended
from east to west and overwhelmed at first the western
basin and afterwards; during the Albian, sediments
covered the whole territory of the NCB (Fig. 7). The
central area was uplifted during whole Jurassic and
Early Cretaceous, the sedimentation began only in
Late Albian times. During the remaining Cretaceous
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Fig. 5. Late Cainozoic burial histories (1—basement subsidence, 2—air loaded tectonic subsidence, 3—ecustatic sea level, 4—palacobathymetric
curve, 5—rate of tectonic subsidence) for nine pseudo-wells (PW) extracted from the modelled seismic sections (Fig. 7) in the Eastern (EFC),
Central (CFC) and Western (WFC) Fore-Caucasus. Locations of wells are shown in Fig. 1. Time scale is after Odin (1994).
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Fig. 5 (continued).

until Eocene (135—34 Ma), the subsidence regime in
the NCB was quiet and characterised by a decreasing
subsidence rate (Fig. 5). The basin was filled by
shallow-water carbonates and marls. Subsidence rate
was relatively higher in the western and central areas at
this time (Fig. 5).

Another subsidence component is associated with
the boundary influence of the GC trough. Starting
from Early Jurassic (Sinemurian) until Eocene times,
the region was a shelf margin of a back-arc basin
which was situated on the place of recent GC orogen.
The GC basin was formed in the Early Jurassic
(Zonenshain et al., 1990; Nikishin et al., 1998a), in
a back-arc environment to the north of the Tethyan
subduction zone (now situated in the Transcaucasus
area). Its northern flank was underthrusted and folded
in Middle Jurassic (Bajocian—Bathonian) (Panov and
Stafeev, 2000) and in earliest Cretaceous (middle
Berriasian) (Mileev et al., 1997, 1998). Each of these
minor orogenic events was followed by a renewed
stretching. Stress events in the GC influenced the

NCB. Proximity to the GC trough determined latitu-
dinal (south—north) sectioning of the basin: proximal
areas underwent synrift, postrift and foreland subsi-
dence, whereas distal areas were more or less inde-
pendent on this influence. The western NCB was also
influenced by stress events in the Black Sea area.
Early Jurassic opening of the GC trough was
accompanied by a subsidence in the southernmost
areas of the NCB (Letavin, 1988). A net of narrow
and shallow (several hundred metres) graben-like
structures was formed in the eastern NCB during the
Sinemurian—Early Aalenian times (Panov and Stafeev,
2000). In the Middle Jurassic (Bajocian—Bathonian), a
foreland basin with asymmetrical shape deepening to
the GC was formed in the southern areas (Panov and
Stafeev, 2000). The thickness of Bajocian—Bathonian
sediments in the deepest (southernmost) part is more
than 2000 m, whereas in the northern areas of the
eastern NCB, which underwent only regional subsi-
dence, it is about 500 m. This foreland stage was
followed by short uplift and erosion in latest Batho-
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Fig. 5 (continued).

nian. The boundary subsidence continued in the Cal-
lovian following the renewed stretching of the GC
trough. The formation of a reef barrier along the
southern margin of NCB led to the isolation of the
basin and deposition of thick evaporitic sequences in
the Late Jurassic.

The next uplift and minor folding event occurred in
the earliest Cretaceous (Berriasian), mainly in the
western NCB (Figs. 6 and 7). Late Cretaceous and
Late Palacogene episodes of inversion took place also
in the western areas (Fig. 6) and were not so pro-
nounced as the Early Cretaceous one.

A rifting episode took place in the central and
western areas in Albian times (Fig. 7C). This event is
contemporaneous with the opening of the Black Sea,

as suggested by Nikishin et al. (2003). Probably at this
time, a deep-water non-compensated basin was
formed in the southernmost areas (Fig. 7C) of the
western NCB as indicated by seismo-stratigraphical
analysis of the seismic section (Fig. 6).

3.4. Oligocene—Quaternary history

The Eocene/Oligocene boundary is marked by a
rapid broad subsidence of the area and, it also appears,
the beginning of a collisional stage continuing until
the Present. The lithology of the sediments and the
subsidence patterns indicate two main sub-stages:
Oligocene—Early Miocene (34— 16 Ma) (pre-foreland)
and Late Miocene—Quaternary (16—0 Ma) (foreland).
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The subsidence history of the NCB during the colli-
sional stage was very complex. It is described in detail
by Ershov et al. (1999).

During the first stage a broad deep-water basin was
formed in the central-eastern areas. The beginning of
the stage is fixed by the change of Upper Eocene
shallow water limestones to Oligocene deep water
clays. Later, the basin was filled by clinoforms, pro-
grading from the northeast and northwest (Fig. 7A.B).
Water palacodepths, given by our palacobathymetric
estimations and based on the geometrical shape of the
clinoforms, are around 500—800 m in the central part
and as much as 1200 m in its southern part (Ershov et
al., 1998). In general, the subsidence was homogene-
ous along the basin with a slight tilting to the southeast.
Once the basin was filled by the clinoforms, sedimen-
tation continued in shallow-water conditions. The over-
all thickness of the Maikopian sediments was near 1.7
km in the northern parts, increasing to the southeast
(Fig. 7B.C).

The western NCB did not undergo significant
tectonic subsidence at the pre-foreland stage. Sedi-
ments filled a deep water depression in the southern
part of the area (Fig. 7A). Although the subsidence on
the shelf was not large, it increased to the south and
can be associated with the flexural response of the
lithosphere to the loading of sediments, deposited in
the deep-water southern part. The overall thickness of
the Maikopian sediments in the northern “shelf” part
of the section is near 200 m and more than 2000 m in
the southern “deep-water™ part (Fig. 7A).

The beginning of the next “foreland” stage of the
basin evolution is fixed by lithological changes and a
subsidence event in the southern areas in the middle
Miocene (about 16 Ma). This event marks the begin-
ning of the main collisional phase of the Great
Caucasus. This led to the uplift of the western and
the eastern segments of the GC orogen (the central
segment of the orogen was uplifted already since Late
Eocene) above the sea level in the Late Miocene (11
Ma) and also to significant changes of along strike
basin configuration at this time. The central area of
NCB began to uplift (Fig. 7B) and separated the
western and the eastern basins. Subsidence in both
basins was asymmetrical with deepening towards the
orogen (Fig. 7B,C), typical for foreland basins. The
subsidence/sedimentation patterns in the eastern basin
were more complex and heterogeneous in comparison

with the western one. In particular, amplitude of total
uplift of the eastern peripheral bulge was more than 1
km (Fig. 7C), whereas the western bulge was not even
elevated above sea level (Fig. 7A) (it occurs only as
an area with decreasing thickness of sediments).

4, Thermal evolution of the NCB

Jurassic—Eocene regional subsidence of the basin
was not large in amplitude, decelerating with time.
Subsidence pattern is smooth, subsidence was not
fault-controlled. Slow decreasing of subsidence rate
with time allows us to suggest a thermal origin of the
Jurassic—Eocene regional subsidence. To justify this
hypothesis, we have carried out thermal modelling of
the basin. The basic principles of the adopted thermal
model are described in Appendix A.

In general, thermal subsidence results from rock
contraction during cooling of the lithosphere after a
thermal event. Four basic reasons can induce a thermal
event, i.e. heating of the lithosphere: rifting, heating
due to increase of mantle or lateral heat flow, intrusive
heating and orogeny followed by gravitational spread-
ing of an orogen. The major problems to solve by
thermal modelling are: (1) to test the ability of thermal
mechanisms to produce observed subsidence pattern,
(2) to discriminate between different thermal events
and (3) to determine the timing of major thermal
events. These problems were examined by comparing
theoretically calculated (in the framework of thermal
model) tectonic subsidence with backstripped tectonic
subsidence.

Tectonic context allows us to put some constraints
on the timing of possible thermal events: the major
rifting episode in the NCB took place in Early Tri-
assic, the minor rifting—in Early and Late Jurassic
(Sinemurian—Aalenian and Callovian) in the eastern
area and in Cretaceous (Albian) in the central-western
area; a major orogenic event in the NCB took place in
Late Triassic, a major magmatic episode also took
place in Late Triassic.

Tectonic subsidence derived from a thermal model
was compared with averaged tectonic subsidence
computed by Bolotov (1996). The results are repre-
sented in Fig. 8, parameters of the presented models
are displayed in Table 1. Fig. 8a and b demonstrates
the net effect of Early Triassic and Early Jurassic
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Fig. 6 (continued).
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Fig. 8. Results of thermal modelling. Solid line is average tectonic subsidence of the NCB (after Bolotov, 1996), based on 129 backstripped
wells. Dashed line is modelled tectonic subsidence. (a) Net effect of Early Triassic rifting. (b) Net effect of Middle—Late Jurassic rifting. (c)
Early Triassic rifting and Late Triassic—Early Jurassic heating event. (d) Best-fit model; includes Early Triassic rifting, Late Triassic—Early

Jurassic heating event and minor Middle—Late Jurassic rifting.

rifting. Apparently rifting cannot explain Late Trias-
sic—Early Jurassic regional uplift. This uplift can be
explained by Late Triassic volcanic episode, which
induces heating of the lithosphere and thermal dom-
ing. The effect of Early Triassic rifting followed by
Late Triassic—Early Jurassic heating event is shown in
Fig. 8c. However, cooling rate in this case is not
sufficient to produce observed subsidence rate in Late

Table 1
Parameters of the thermal models presented

Figure Rifting events Magmatic events
Time of Thinning Time of  Melt Bottom
rifting (Ma) factor () intrusions amount heat flux
(Ma) (%) increase
(mW/m®)
8a 253-244 1.5 - - -
8b 194—187 1.1 - - -
B¢ 253-244 1.5 210-190 19 50
8d 253244 1.5 210-190 19 50
194—187 1.1

Jurassic—FEocene. Fig. 8d demonstrates the best-fit
model. It includes Early Triassic rifting, Late Trias-
sic—Early Jurassic magmatic heating and Middle—
Late Jurassic rifting. The thinning factor of the Juras-
sic rifting in the best-fit model is only 1.05.

We conclude that a thermal mechanism is capable
of'explaining the general trend of the Triassic—Eocene
basin subsidence and that the two most probable
subsidence-controlling thermal events are an Early
Triassic rifting followed by a Late Triassic magmatic
heating of the lithosphere. This induced Late Trias-
sic—Early Jurassic thermal uplift and erosion and
subsequently long wavelength thermal subsidence of
the whole basin. Minor Mid—Late Jurassic rifting is
also necessary to explain observed subsidence rate.

5. Conclusion: synthesis of basin subsidence models

Subsidence of the Northern Caucasus basin cannot
be explained by a single model but was controlled by
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different mechanisms replacing each other during the
basin evolution. Here we present a synthesis of the
basin subsidence models in a regional tectonic context
(Fig. 9), which was mainly determined by the Tethyan
subduction and induced opening and closure of back-
arc basins. The correlation of events in the Northern
Caucasus basin, in the Great Caucasus and in the area
of Tethyan subduction is displayed in Table 2.

Subsidence of the basin started in Early Triassic
times due to gravitational spreading of the Late
Palaeozoic Scythian orogen. Sediments were depos-
ited, at the beginning in grabens, and later, covered
the whole territory of the former orogen. Thickness of
sedimentary cover was about 2—3 km. In the Late
Triassic, due to collision of the Transcaucasus terrane
with the Scythian Platform, the sedimentary cover
was folded and mostly eroded. It was the time of the
Eocimmerian collision, when Gondwana terranes col-
lided with Eurasian plate. The lithosphere of the basin
was heated by numerous intrusions. This heating led
to thermal uplift of the whole area and erosion of
Triassic sediments. Later on, the lithosphere began to
cool and subside and this thermal contraction of the
lithosphere controlled the basin subsidence (during
Jurassic to Eocene times), according to the thermal
modelling presented in this paper.

In Early Jurassic times (in Sinemurian), the Great
Caucasus back-arc basin opened further to the south.
This led to subsidence in the southernmost areas of the
Northern Caucasus basin adjacent to the Great Cauca-
sus trough and induced minor rifting in the northern
areas, superimposed on regional uplift background. In
Middle Jurassic (Bajocian—Bathonian), the northern
slope of the Great Caucasus trough was underthrusted
and this minor “orogeny” induced foreland subsidence
on the south of the NCB during Bajocian—Bathonian
times. At the end of this “orogenic” stage, the basin
was unflexed and partly eroded. The Great Caucasus
basin continued to spread during Callovian times.
Starting from this time until the Miocene, the Northern
Caucasus basin was geographically a shelf part of the
Great Caucasus deep-water trough. The major subsi-
dence-driving mechanism was thermal cooling of the
lithosphere. Second-order stress events in the Great
Caucasus trough determined the second-order subsi-
dence rate variations in the NCB. Minor orogeny in the
Western Caucasus at Jurassic/Cretaceous boundary
induced thrusting, differential uplift and partial erosion

in the Western Caucasus basin at this time. A conse-
quent Aptian—Albian extensional event in the west,
followed by the opening of the Black Sea, induced
minor rifting in the central and western NCB and
deepening of the southernmost parts of the western
NCB. This area remained underfilled by sediment until
the end of Palaeogene.

The next stage began in latest Eocene when Arabia
collided with Eurasia. The GC trough began to close, at
the same time that the eastern and central areas of the
NCB (as well as Central Caspian and Turkmenian
basins, which we did not considered here) underwent
an episode of rapid long wavelength subsidence. The
mechanism of this subsidence is unclear. However, the
characteristic wavelength of the subsidence points out
that its cause should lie amongst large-scale processes,
such as mantle convection. The analysis of Late
Eocene—Early Oligocene collisional settings allows
this subsidence to be associated with the termination
of subduction in the southern areas. If so, its cause may
be the mantle flow induced by reequilibration of the
subducted slab after cessation of subduction. This sub-
sidence is, therefore, “dynamically supported” and it
should lead to uplift upon its cessation. However, in the
eastern area, the implied uplift stage appears to have
been masked by the foreland subsidence of the next
stage of basin development.

The Caucasus orogeny came to its major phase in
middle Miocene (this is the time of final closure of the
Great Caucasus trough). Since this time the Northern
Caucasus basin has undergone asymmetrical foreland-
type subsidence. According to flexural modelling
(Ershov et al., 1999), the major subsidence-controlling
factors were crustal and lithospheric thickening and
removal of lithospheric root (Fig. 10). Observed 3D-
subsidence pattern results from superposition of these
factors. Loading due to the presence of lithospheric
root has induced subsidence of the basin and, in
particular, deep subsidence at the tips of the orogen.
The estimation of the lithospheric root size presented
in Fig. 4 being compared with the flexural modelling
results (Ershov et al., 1999, Fig. 9) demonstrates that
the amount of this loading is sufficient. Removal of the
lithospheric root, in combination with crustal thicken-
ing, explains the uplift of the central Northern Cauca-
sus area. This point is supported by seismotomographic
data (Brunet et al., 2000). Highly elevated topography
appears in the Central Caucasus orogen only at the
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Table 2
Correlation of the events in the region. Absolute age after Harland et al. (1989) and Odin (1994)
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Geological Age

Northern Caucasus Basin (NCT]]
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tand, | Soo3'
1989
) 7 . Beginning of
Quaternary 1.64 | 1.75 Rapid uplift unflexing
.2 |Piacenzian | Akchagylian| 3.4 | 3.4 Foreland-type Uplift and Foreland-type
& 3|Zancleian | Kimmerian | 5.2 5.3 Collisional Major orogenic subsidence erosion subsidcpcc! large
— - °l.l“"°':m phase, propagation erosion of
Messinian | Pontian 6.7 7.1 chimax of orogeny from peripheral bulge
Meotian the center to the
Tortonian |93 east and to the west
D) Sarmatian | 10.4 11
§z 2 |Serravalian 121 Foreland-type subsidence
B Konkian 142 | 147
2| 2 S
= Langhian arﬂ-gnm-an
'E Chokrakian | 163 | 158 | Collision of Beginning of
g . Tarkhanian Arabia with orogeny in the
@ [.;'"d'g“' 17 Eurasia central area — .
o lian 215 | 203 Filling of pre- )
e : - existing basins | Rapid long wavelength subsidence
Aquitanian Maikopian 23.3 23 by sediments
5o %[ Chattinn 293 | 28
= E|Rupelian 354 | 33.7
£| . [Priabonian 386 | 37 g hine in th
&| £ [Bartonian 421 | 40 Tethyan ek T Post-rift
= I - g Eastern Black ”
g g Lutetian 30 46 subduction Sea subsidence.,
= ¥ presian 56.5 53 formation of’
£ Z|Thanetian 60.5 | 59 chfgﬂcs aceretion . : d‘;:f;};’f;‘;;{“;‘" oy
3 i 5 and orogeny in “ompressive cnsate oS-
D 3 geny P L ,
£ 2 amian 65 6 Turkey. Initiation | phase (?) in the basin in the subsidence
Maastrichtian 74 1 72 lofnew subduction west south, slow
Campanian 83 83 in Zagros plfntozm )
£ [Santonian 366 | 87 subsidence in
%! e the north
Coniacian 88.5 88 Opening of the _
3 Turonian 9204 | 92 penielg o the Slow mgmpa!
z Cenomanian 97 9 Black Sea thermally-driven
% Albian 112 108 rifling, volcanism subsidence
S Aptian 1245 113
= |Barremian 1318 ] 117 Slow regional
= [Hauterivian 135 123 subsidence
“ [Valanginian 140.7 | 131 o
T —— Tﬁh};“." Compressional Folding, uplift,
Citanm 133 subayction event erosion
g | lithonian 152.1 | 141 . :
E |Kimmeridgian 154.7 | 146 Renewed Slow regional Regional uplift
.g = [Oxfordian 157.1 | 154 stretching of the subsidence
] " GC trough
g Callovian 161.3 | 160 short uplift short uplift
z. = B 3 ; = ]
:Z; Ef; Bathonian 166.1 | 164 pqr%ﬁ%giu;vc Foreland Foreland
; 2 iujactan of the GC suBSIdenctft:]m subsndcnc;‘m the
= 1735 170 trough e sou sou
Aalenian 178 | 178 Opening of the GC
Toarcian 187 | 184 Initiation of trough along Regional thermal uplift, subsidence in the
2 | Plienshachian 194.5 | 191 | new subduction volcanic arc southernmost areas, minor rifting
= [Sinemurian 2035 200 Volcanic arc
g;“&‘:‘lziaﬂ 2:::;8_ 203 EOIESion‘OF Orogeny to the
o actian S| - yondwanian : . north and to the
% [Norian 223.4| 220 | terranes with Orogeny HphiL¥olcunizn south, subsidence
2 Carnian 235 | 230 Eurasia in the center
Z| = |Ladinian 239.5) 233 Opening of the S subsi
=1 Z [Anisian 2311 240 Svancti;lrough post-rifi subsidence
T |Olenckian = | Palaco-Tethyan in back-arc Gravitational collapse of the orogen, back-arc rifting,
& [Indusian 245 | 250 subduction environment ritt-related volcanism
Permian AT;‘;‘;E{PC Orogeny, denudation, narrow basins filled by molasse




AV, Ershov et al. / Sedimentary Geology 156 (2003) 95-118 [15

g RSOy ‘52.‘,// o

o

«-/‘)‘
o

Fig. 10. Sketch showing the main subsidence-driving mechanisms for the foreland stage of basin evolution in different areas of the Caucasus.

final stages of evolution, following removal of litho-
spheric root.
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Appendix A. Thermal model

We solved the inverse thermal problem by the
“trial-and-error” method, i.e. repeatedly solving the
forward problem with changing inputs until reaching
the best-fit with observations (until the best-fit
between calculated subsidence in the framework of
the thermal model and backstripped subsidence).

As a general rule, the basic principles of the used
thermal model are similar to those of the model
presented by Monzer et al. (1998). The model is

based on the implicit finite-ditference solution of 1D
heat transfer equation

d(pCpT) d oT
s Vil Sl ey (Bl
at dz oz i

with adaptive mesh size and time step. Designations
and values of material parameters are displayed in
Table 3. The numerical scheme was tested on known
analytical solutions.

The calculation area extends up to 200 km down-
ward. Initial thickness of the crustal layers was
derived from the observed one multiplying by the
total thinning factor.

A constant surface temperature of 20 °C was used
as an upper boundary condition. The second boun-
dary condition was heat flow on the lower boundary
of calculation area. Time-dependent value of heat
flow was varied in the ranges constrained by the
tectonic context to obtain the best-fit. Steady-state
temperature distribution was used as an initial boun-
dary condition.

Rifting was simulated by means of McKenzie-type
algorithm: at each time step during the rifting period,
the size of each cell was decreased by the value
derived from the thinning factor. The thinning factor
of each rifting period was varied to obtain the best-fit.
Timing and duration of rifting stages were determined
from geological data. Isostatic reequilibration after
decreasing of cell sizes leads to isostatic subsidence,
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Table 3
Parameters used in the thermal modelling
Parameter Designation Upper Lower Mantle Measurement
crust crust unit
Depth z 0-20 20-40 40-200 km
Density p 2.8 29 3.3 gm™?
Thermal conductivity k 257 3.0 3.5 Wm™'K!
Specific heat capacity PGy 2.8 3.0 35 10°Im™° K
Heat production Ag 2.0 2.0 0 10°*Wm™?
A=Ay exp(—z/h) he 10 10 - km
Thermal o 2 2 2 - K™
expansion
coefficient

which was calculated supposing equality of weights of
lithospheric columns before and after stretching. Ther-
mal expansion and contraction were computed at each
time step for each cell as

8(Az) = aAT

where AT is the temperature change and 6(Az) is the
change of cell size. Total thermal subsidence is equal
to the sum of cell sizes changes. Basin subsidence was
taken as a sum of subsidence due to stretching and due
to thermal contraction. To simplify calculations, we
did not take into account sedimentation and, by such a
way, air-loaded tectonic subsidence was calculated.
The composition and structure of the sedimentary
cover influence temperatures mainly in sediments.
Thermal subsidence depends mainly on crustal and
mantle temperatures and, therefore, the thermal influ-
ence of the sedimentary cover is not significant for our
purposes and can be neglected.

Intrusive heating of the lithosphere was modelled
by uniform adding of certain amount of the melt at
1300 °C to the lithospheric column. This increases
temperature and size of each cell. The amount of the
intruded melt determined the amount of added heat
through melt heat capacity whose value was taken as
3.10° J m ™ K. The amount of intruded melt was
varied to reach the best fit with observation.

The adopted model is one-dimensional and pos-
sesses some limitations. In particular, the temperature
changes due to lateral heat flux were not taken into
account. This factor is important for the subsidence of
the boundary areas of the NCB adjacent to GC
trough. However, for regional subsidence (i.e. sub-

sidence of large area), which we model, this influence
is negligible.
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