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Abstract

Thirteen time interval maps were constructed, which depict the Triassic to Neogene plate tectonic configuration,
paleogeography and general lithofacies of the southern margin of Eurasia. The aim of this paper is to provide an outline of the
geodynamic evolution and position of the major tectonic elements of the area within a global framework. The Hercynian
Orogeny was completed by the collision of Gondwana and Laurussia, whereas the Tethys Ocean formed the embayment
between the Eurasian and Gondwanian branches of Pangea. During Late Triassic—Early Jurassic times, several microplates
were sutured to the Eurasian margin, closing the Paleotethys Ocean. A Jurassic—Cretaceous north-dipping subduction boundary
was developed along this new continental margin south of the Pontides, Transcaucasus and Iranian plates. The subduction zone
trench-pulling effect caused rifting, creating the back-arc basin of the Greater Caucasus—proto South Caspian Sea, which
achieved its maximum width during the Late Cretaceous. In the western Tethys, separation of Eurasia from Gondwana resulted
in the formation of the Ligurian—Penninic—Pieniny—Magura Ocean (Alpine Tethys) as an extension of Middle Atlantic system
and a part of the Pangean breakup tectonic system. During Late Jurassic—Early Cretaceous times, the Outer Carpathian rift
developed. The opening of the western Black Sea occurred by rifting and drifting of the western—central Pontides away from
the Moesian and Scythian platforms of Eurasia during the Early Cretaceous—Cenomanian. The latest Cretaceous—Paleogene
was the time of the closure of the Ligurian—Pieniny Ocean. Adria—Alcapa terranes continued their northward movement during
Eocene—Early Miocene times. Their oblique collision with the North European plate led to the development of the accretionary
wedge of the Outer Carpathians and its foreland basin. The formation of the West Carpathian thrusts was completed by the
Miocene. The thrust front was still propagating eastwards in the eastern Carpathians.

During the Late Cretaceous, the Lesser Caucasus, Sanandaj—Sirjan and Makran plates were sutured to the Iranian—
Afghanistan plates in the Caucasus—Caspian Sea area. A north-dipping subduction zone jumped during Paleogene to the
Scythian—Turan Platform. The Shatski terrane moved northward, closing the Greater Caucasus Basin and opening the eastern
Black Sea. The South Caspian underwent reorganization during Oligocene—Neogene times. The southwestern part of the South
Caspian Basin was reopened, while the northwestern part was gradually reduced in size. The collision of India and the Lut plate
with Eurasia caused the deformation of Central Asia and created a system of NW—SE wrench faults. The remnants of Jurassic—
Cretaceous back-arc systems, oceanic and attenuated crust, as well as Tertiary oceanic and attenuated crust were locked between
adjacent continental plates and orogenic systems.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Thirteen time interval maps depicting the Early
Triassic through the Neogene plate tectonic configu-
ration, paleogeography and lithofacies of the southern
margin of Eurasia between Spain and China have been
constructed. The aim of this paper is to provide an
outline of the plate tectonic evolution and position of
the major crustal elements of the area within a global
framework and to show the relationship between the
geodynamic evolution of the area and development of
the components of basin systems. Therefore, the author
has restricted the number of plates and terranes mod-
eled, trying to utilize the existing information and
degree of certainty. The author has tried to apply
geometric and kinematic principles, using computer
technology, to model interrelations between tectonic
components along the Eurasian margin and in the
surrounding areas. The attached black and white fig-
ures (Figs. 6—18) illustrate the plate tectonic evolution
of the area. The selected color maps were included into
a montage (Fig. 1), which depicts the various environ-
ments and lithofacies. The full set of color maps were
included into a montage (Fig. 1), which depicts the
various environments and lithofacies. The full set of
color maps (Figs. 6b—18b) can be viewed in the on-
line version of this paper in ScienceDirect.

2. Mapping methodology

The time interval maps were constructed according
to the following four steps:

1. Construction of base maps using a plate tectonic
model. These maps depict plate boundaries (su-
tures), passive margins, transforms, ridges, plate
position at the specific times and outlines of
present day coastlines.

2. Review of existing global and regional paleogeo-
graphic maps.

3. Posting of generalized facies and paleoenviron-
ment database information on base maps.

4. Interpretation and final assembly of computer map
files.

They were constructed using a plate tectonic model
that incorporates the relative motions between approx-
imately 300 plates and terranes. This model was
constructed using PLATES and PALEOMAP software
(see Golonka et al., 1994, 2000; Golonka and Ford,
2000), which integrate computer graphics and data
management technology with a highly structured and
quantitative description of tectonic relationships. The
heart of this program is the rotation file, which is
constantly updated, as new paleomagnetic data be-
come available. Hot-spot volcanics serve as reference
points for the calculation of paleolongitudes (Golonka
and Bocharova, 2000). Ophiolites and deep-water
sediments mark paleo-oceans, which were subducted
and included into foldbelts. Magnetic data have been
used to define paleolatitudinal positions of continents
and rotation of major plates (see, e.g., Westphal et al.,
1984; Van der Voo, 1993; Besse and Courtillot, 1991;
Bazhenov et al., 1991; Besse et al., 1996; Channell,
1996). An attempt has also been made to utilize the
paleomagnetic date from minor plates and allochto-
nous terranes (see, e.g., Patrascu et al., 1992, 1993;
Pechersky and Safronov, 1993; Thomas et al., 1993,
1994; Beck and Schermer, 1994; Channell et al.,
1992, 1996; Mauritsch et al., 1995, 1996; Feinberg
et al., 1996; Krs et al., 1996; Morris, 1996; Kondo-
polou et al., 1996; Piper et al., 1996; Marton and
Martin, 1996; Marton et al., 1999, 2000; Haubold et
al., 1999; Muttoni et al., 2000a,b; Grabowski, 2000).
The nature of rotation indicated by paleomagnetism
measured in sedimentary rocks in allochtonous ter-
ranes remains somewhat, sometimes highly, uncertain.
It could be caused by the rotation of crustal (base-
ment) elements, rotation of blocks separated by dex-
tral faults (e.g., in Carpathians, Marton et al., 2000) or
rotation of thrust sheets (e.g., in Italian Apennines,
Muttoni et al., 2000b). Measurement in flysch depos-
its could also indicate the arrangement of magnetized
grains (domains) by turbiditic currents. For example,
the magnetic declination of Podhale Flysch in Poland
is perhaps an depiction of the sedimentological ar-
rangement of grains (see, e.g., Ksiazkiewicz, 1962)
changed by the crustal rotation of the Inner Carpathian
plate to the present position. The crustal rotation in a

Fig. 1. Paleoenvironment and lithofacies of the southern margin of Eurasia, between Spain and Central Asia Montage of maps for Late Triassic,
latest Jurassic—earliest Cretaceous, latest Cretaceous—earliest Paleogene and Middle Miocene. Abbreviations see Fig. 6.
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Fig. 2. Plate tectonic profiles. Indian Ocean—Afghanistan— Amu Daria—Kazakhstan.
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Fig. 3. Plate tectonic profiles. Indian Ocean—Afghanistan— Amu Daria—Kazakhstan.
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range of 20—30° agrees with the general geodynamic
evolution of the area (Golonka et al., 2000).
Information from several general and regional
paleogeographic papers was assessed and utilized
(e.g., Ronov et al., 1984, 1989; Vakhrameev, 1987;
Vinogradov, 1968a,b; Alekseev et al., 1991; Institute
of Tectonics of Lithospheric Plates, 1997; Dercourt et
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al., 1986, 1993, 2000; Davouzadeh and Schmidt,
1984; Ziegler, 1988, 1989; Robertson, 1998; Nikishin
et al., 1996, 1998a,b, 2001; Sengdr and Natalin, 1996;
Stampfli, 2001; Stampfli et al., 1991, 1998, 2001;
Kovac et al., 1998; Zonenshain et al., 1990; Popov et
al., 1993; Plasienka, 1999; Neugebauer et al., 2001;
Golonka, 2000a,b; Golonka and Ford, 2000; Golonka
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Fig. 4. Plate tectonic profiles. Africa—Eastern Mediterranean—Eastern Black Sea—Eurasia. Abbreviations: GCS—proto-Black Sea—Greater

Caucasus—proto South Caspian Sea, EBS—Eastern Black Sea.
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et al., 2000; Brunet et al., 2003). The author also used
unpublished maps and databases from the PALEO-
MAP group (University of Texas at Arlington),
PLATES group (University of Texas at Austin), Uni-
versity of Chicago, Institute of Tectonics of Litho-
spheric Plates in Moscow, Robertson Research in
Llandudno, Wales and the Cambridge Arctic Shelf
Programme. The plate and terrane separation was
based on the PALEOMAP system (see Scotese and
Lanford, 1995), with modifications in the Tethys area
(Golonka and Gahagan, 1997; Golonka et al., 2000).
The calculated paleolatitudes and paleolongitudes
were used to generate computer maps in the Micro-
station design format using the equal area Molweide
projection.

3. Paleogeographic maps: description and
discussion

3.1. Permian—Triassic

Many of the continental collisions that occurred in
the study area began in the Carboniferous and culmi-
nated in the Early Permian. A major part of Pangea
was assembled, and a new supercontinent, ringed by
subduction zones, moved steadily northwards. The
formation of Laurasia reached its main phase during
the suturing of Kazakhstan and Siberia with Laurussia
(Nikishin et al., 1996; Zonenshain et al., 1990; Zie-
gler, 1989). The Paleotethys Ocean (Sengdr and

Natalin, 1996) was situated between the Laurussian
(North America, Baltica and Siberia) and Gondwanian
(Africa, Arabia, Lut and other Iranian terranes)
branches of Pangea (Figs. 2—4). The collision be-
tween Gondwana and Laurussia developed the central
Pangean mountain range, which extended from Mex-
ico to Poland. Southwards, the mountain system
extended to Morocco (Pique, 1989). The Ouachita
and Appalachian mountains in North America, Maur-
etanides in Africa, and Hercynian mountains in
Europe and northern Africa (Ziegler, 1989; Golonka,
2000b) form part of this Pangean mountain range.
Late Carboniferous events were also marked in the
Alps, Carpathians (Vozarova and Vozar, 1992; Dall-
meyer et al., 1996; Gaweda et al., 1998; Rakus et al.,
1998; Sandulescu and Visarion, 2000; Kovacs et al.,
2000; Stampfli, 2001), Italy (Lustrino, 2000) and
Rhodopes (Yanev, 1992). The Pontides terranes had
also likely been sutured to Eurasia before the Permian
(Ustadmer and Robertson, 1997). According to Okay
et al. (1996), the western Pontides Paleozoic sequence
was folded and possibly thrust-faulted during Late
Carboniferous—Permian times. Mountains formed on
the northern margin of the Paleotethys, as a result of
these events, and were connected with the Hercynian
orogen in Europe.

The Calcareous Alps and the Inner Carpathians
formed the marginal platform of Western and Central
Europe (Fig. 5), while the Scythian—Turan Platform
formed the margin of Eastern Europe and Central Asia
(Fig. 6). The Scythian—Turan Platform is a name used

Fig. 6. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during Late Triassic; plates’ positions at 225 Ma.
Abbreviations of oceans and plates names for this Figs. 6—18: Ab—Alboran, Ad—Adria (Apulia), Ag—Aghdarband (southern Kopet Dagh),
Al—Alborz, Ba—Balearic, Ca—Calabria—Campania, Di—Dinarides, EA—Eastern Alps, EM—Eastern Mediterranean, EP—Eastern Pontides,
Fa—Farah, GC—Greater Caucasus, Gr—Greece, He—Herat, Hm—Helmand, Ib—Iberia, IC—Inner Carpathians, Kb—Kabylids, KD—Kopet
Dagh, Ki—Kirsehir, La—Ladakh, LC—Lesser Caucasus, Lh—Lhasa, Li—Ligurian (Piemont) Ocean, Ma—Makran, Me—Meliata, Mo—
Moesia, NC—North China, NP—North Pamir, OC—Outer Carpathians, PB—Pieniny Klippen Belt Ocean, Pe—Pelagonian plate, Pi—Pindos
Ocean, Qa—Qantang, Rh—Rhodopes, Sa—Sakarya, SC—Scythian, SCM—South Caspian microcontinent, Sh—Shatski Rise, SI—Sicily,
SM—Serbo—Macedonian, SP—South Pamir, SS—Sanandaj— Sirjan, SWC—South Western/Kura Caspian Basin, Ta—Taurus terrane, Ti—Tisa,
Tl—Talysh, Tm—Tarim, Tr—Transcaucasus, Tu—Turan, UM—Umbria—Marche, WP—Western Pontides, Wt—West Turkmen/Caspian
Basin. (b) Paleoenvironment and lithofacies of the southern margin of Eurasia, between Spain and Central Asia during Late Triassic; plates
position at 225 Ma. Abbreviations of oceans and plates names for (b) and 6 Figs. 7—18: Ab—Alboran, Ad—Adria (Apulia), Ag—Aghdarband
(southern Kopet Dagh), Al—Alborz, Ba—Balearic, Ca—Calabria—Campania, Di—Dinarides, EA—Eastern Alps, EM—Eastern Mediterra-
nean, EP—Eastern Pontides, Fa—Farah, GC—Greater Caucasus, Gr—Greece, He—Herat, Hm—Helmand, Ib—Iberia, IC—Inner Carpathians,
Kb—Kabylids, KD—Kopet Dagh, Ki—Kirsehir, La—Ladakh, LC—Lesser Caucasus, Lh—Lhasa, Li—Ligurian (Piemont) Ocean, Ma—
Makran, Me—Meliata, Mo—Moesia, NC—North China, NP—North Pamir, OC—Outer Carpathians, PB—Pieniny Klippen Belt Ocean, Pe—
Pelagonian plate, Pi—Pindos Ocean, Qa—Qantang, Rh—Rhodopes, Sa—Sakarya, SC—Scythian, SCM—South Caspian microcontinent, Sh—
Shatski Rise, SI—Sicily, SM—Serbo—Macedonian, SP—South Pamir, SS—Sanandaj—Sirjan, SWC—South Western/Kura Caspian Basin,
Ta—Taurus terrane, Ti—Tisa, Tl—Talysh, Tm—Tarim, Tr—Transcaucasus, Tu—Turan, UM—Umbria—Marche, WP—Western Pontides,
Wt—West Turkmen/Caspian Basin.
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by CIS geoscientists to describe the margin of Eurasia
between Romania and Afghanistan thought to be
formed as result of Late Paleozoic Hercynian and
Uralian Orogenies. The North Caspian (Peri—Cas-
pian) Basin constitutes a boundary between the Scyth-
ian and Turan parts of the platform (e.g., Zonenshain
et al., 1990).

A north-dipping subduction system developed
along the Paleotethys margin (Fig. 6). This subduction
system played a major role in driving the Late
Paleozoic and Early Mesozoic movement of plates
in this area. It caused Triassic back-arc rifting in the
proto-Black Sea area and along the margins of Scyth-
ian—Turan Platform (Zonenshain et al., 1990; Kaz-
min, 1990, 1991; Nikishin et al., 1998a,b). The Tauric
Basin was formed between the Pontides and the
Dobrogea—Crimea segment of the Scythian Platform.
The Meliata Ocean (Figs. 5 and 6), between the
Eurasian margin and the Hungarian Tisa block
(Kazmer and Kovacs, 1989; Kozur, 1991; Plasienka
and Kovac, 1999; Stampfli, 1996, 2001), was geo-
dynamically related to this event. Rifting and frag-
mentation of separated blocks continued to progress
(Ricou, 1996; Golonka and Gahagan, 1997; Golonka
et al., 2000). At the same time, the passive margin was
formed along the Gondwanian arm of Pangea. The
Neotethys Ocean (Fig. 3) originated during the Perm-
ian as a result of the Carboniferous—earliest Permian
rifting of the Cimmerian plates (see Dercourt et al.,
1993; Golonka et al., 1994; Sengér and Natalin,
1996). This ocean had Arabia, Greater India and
Australia on one side, and Lut—Farah—South
Pamir—Qiantang—Southeast Asia on the other. The
spreading was driven by trench-pulling forces, related
to the north-dipping subduction, as well as the ridge-
pushing forces, related to mantle upwelling, expressed
by hot spot activity (Golonka and Bocharova, 2000).
The continued northward drift of the Cimmerian
continent and the opening of the Neotethys Ocean
corresponded with the closing and progressive con-
sumption of Paleotethys oceanic crust.

Rifting and formation of an oceanic type of basin
could also have occurred in the Mediterranean, as
indicated by the deep water sediments of Sicily
(Catalano et al., 1991; Kozur, 1991) Lago Negro
(Marsella et al., 1993) and Crete (Kozur and Krahl,
1987), as well as by the Mamonia ophiolites complex
in Cyprus (Robertson and Woodcock, 1979; Morris,

1996; Robertson, 1998). The oceanic system was
established in Southern and Central Europe during
Permian—Triassic times. A narrow branch of the
Neotethys separated the Apulia—Taurus Platform
from the African continent. This branch also included
the proto-eastern Mediterranean area. The Apulia
Platform was connected with European marginal plat-
forms. Its northernmost part was possibly separated
from the Umbria—Marche region by a rift. The
incipient Pindos Ocean separated the Pelagonian,
Sakariya and Kirsehir block from the Ionian—Taurus
Platform (Robertson et al., 1991, 1996; Stampfli et al.,
1991). The Vardar—Transilvanian Ocean separated the
Tisa (Bihor—Apuseni) block from the Moesian—East-
ern European Platform (Sandulescu, 1988; Sandu-
lescu and Visarion, 2000). There is a possibility of
the existence of an embayment of the Vardar—Tran-
silvanian oceanic zone between the Inner Carpathians
and the European Platform (Golonka et al., 2000).
The exotic material of the Triassic pelagic spotty
limestones, which occur as pebbles within Creta-
ceous—Paleogene gravelstones in the Pieniny Klip-
pen Belt (from the enigmatic so-called Exotic
Andrusov Ridge—Birkenmajer, 1988; Birkenmajer
et al., 1990) and Magura Unit (Sotak, 1986) could
have originated in this embayment. The embayment
position and its relation to the other parts of the
Tethys, Vardar Ocean, Meliata—Halstatt Ocean,
Dobrogea rift and Polish—Danish Aulacogen remain
quite speculative. According to Rakus et al. (1998),
two oceanic units were located south of the Inner
Carpathian plate. One was open during the Triassic
and closed during the Late Triassic as a result of
Early Cimmerian collision. Another, represented by
sequences at the classic profile of Meliata in southern
Slovakia, opened during the Early—Middle Jurassic
as a back-arc basin and closed during the Late
Jurassic. The position of the Meliata Ocean, the time
of closing and the role of the Tisa unit in the
Mesozoic collisional events is still the subject of
considerable debate (see Kozur, 1991; Kozur and
Mock, 1997; Stampfli, 1996, 2001; Mello, 1996;
Rakus et al., 1998; Plasienka, 1999; Hovorka and
Spisiak, 1998; Golonka et al., 2000; Wortmann et al.,
2001). In the author’s opinion, the Meliata—Halstatt
Ocean (Kozur, 1991; Kiessling et al., 1999; Golonka
et al., 2000) separated the Tisa—Bihor block and the
Eurasian margin. The northern Calcareous Alps and
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Inner Carpathians formed the marginal platform of
Europe (Plasienka and Kovac, 1999).

The most significant Triassic convergent event was
the Indosinian Orogeny causing the consolidation of
Chinese blocks. According to Yin and Nie (1996), the
Late Triassic (220—208 Ma) was the time of collision
of South Chinese and North Chinese plates and a
generation of sutures and mountain belts in this area.
Also, Indochina and Indonesia were sutured to South
China and the Qiantang block approached the Eur-
asian margin (Fig. 7).

In the western Tethys area, Late Triassic collisional
events followed an Early—Middle Triassic period of
development of basins of back-arc type. Several
blocks of the Cimmerian provenance (Sengér, 1984;
Seng6r and Natalin, 1996) collided with the Eurasian
margin in the so-called Early Cimmerian Orogeny.
Alborz and the South Caspian Microcontinent collid-
ed with the Scythian Platform (Nikishin et al.,
1998a,b) at an earlier time (Carnian), while the
Serbo—Macedonian block collided with the Moe-
sia—Rhodopes (Tari et al., 1997). The Lut, Farah
and South Pamir blocks collided with the Turan
Platform during a later phase (Zonenshain et al.,
1990; Kazmin, 1990, 1997). The collision of these
microplates with the southern margin of Eastern
Europe and Central Asia resulted in compressional
events which are recorded by major deformations of
Permian—Triassic deposits, the formation of the Man-
gyshlak and Badkhyz—Karabil fold zones (Zonen-
shain et al., 1990; Gaetani et al., 1998), and the
general uplift of the Fore—Caucasus, Caucasus, and
Middle Asia regions (Nikishin et al., 1998a,b; Der-
court et al., 2000). The compressional events were
recorded in the Southern Kopet Dagh (Aghdarband)
area in northwestern Iran (Baud and Stampfli, 1991;
Lyberis and Manby, 1999), in the Herat area in
Afghanistan and in the Pamir Mountains (Zonenshain
et al., 1990) between the CIS, Afghanistan and
western China (Tarim). In the northern Carpathians,
the Late Triassic—Early Jurassic events are marked by
an uplift of the Inner Carpathian plate. In the Late
Triassic, shallowing of the basin took place (Kotafiski,
1961; Mabhel et al., 1968) accompanied by deposition
of neritic and lagoonal sediments of co-called Carpa-
thian Keuper. Hiatuses were also common in this area,
for example in the Czerwone Wierchy facies. Upper
Triassic and Lower Jurassic deposits are absent. The

Middle Jurassic Bajocian or Bathonian deposits trans-
gressed Middle Triassic limestones (Mahel et al.,
1968). In the Javorinska Siroka facies, the Upper
Dogger beds transgressed the Keuper or the Middle
Triassic.

After the collision of the Chinese plates, as well as
the Transcaucasus, Alborz and Lut plates in the
central Tethyan area, a new northward-dipping sub-
duction zone developed along the northern margin of
the Neotethys, south of the accreted continent. Exten-
sive volcanism occurred along this zone.

3.2. Early—Middle Jurassic

The Paleotethys Ocean was closed in the western
part of the Tethyan realm in the Early Jurassic (Fig. 7).
Subduction developed along the newly formed margin
of Neotethys. The north-dipping subduction pulling
force led to rifting of a new set of terranes from the
passive Gondwanian margin (Golonka, 2000b). At
this time, the Lhasa plate (Yin and Nie, 1996; Ricou,
1996; Sengor, 1984; Sengdr and Natalin, 1996; Der-
court et al., 1993; Metcalfe, 1994) drifted away from
Gondwana. The Neotethys Ocean was divided into
northern and southern branches between Tibet and
India.

In the western Tethyan realm the Neotethys was
subducting under the western part of the Scythian—
Turan Platform. The Pindos Ocean to the south
(Robertson et al., 1991, 1996) was named after the
Pindos Mountains in Greece. It was spreading be-
tween the Gondwanian margin and a series of micro-
plates (Figs. 4, 7 and 8). The Pelagonian plate,
Kirsehir and Sakarya (Robertson et al., 1991, 1996),
and perhaps the Lesser—Caucasus—Sanandaj—Sirjan
plates (Adamia, 1991; Golonka et al., 2000) were
drifting northeastward. The plates’ positions and their
relation to the Apulia—Taurus Platform (Dercourt et
al., 1993, 2000) remain uncertain.

The Ligurian Ocean, as well as the central Atlantic
and Penninic Ocean (Dercourt et al., 1986, 1993;
Channell, 1996), were opening during the Early—
Middle Jurassic (Figs. 5 and 8). The oldest oceanic
crust in the Ligurian—Piedmont Ocean was dated as
young as Middle Jurassic in the southern Apennines
and in the western Alps by Ricou (1996). Bill et al.
(2001) dated the onset of oceanic spreading of the
Alpine Tethys by isotopic methods as Bajocian.
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Fig. 7. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during Early Jurassic; plates’ positions at 195 Ma.
Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the southern margin of Eurasia, between Spain and Central Asia
during Early Jurassic; plates position at 195 Ma. Legend and abbreviations—see Fig. 6b.
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Fig. 8. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during Middle Jurassic; plates’ positions at 166
Ma. Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the southern margin of Eurasia, between Spain and Central
Asia during Middle Jurassic; plates position at 166 Ma. Legend and abbreviations—see Fig. 6b.

According to Winkler and Slaczka (1994), the Pieniny
data fit well with the supposed opening of the Lig-
urian—Penninic Ocean. The Central Atlantic was in an
advanced drifting stage during the Middle—Late Ju-
rassic (Withjack et al., 1998). Rifting continued in the
North Sea and in the northern Proto— Atlantic between
Norway and Greenland (Ziegler, 1988; Doré, 1991).
The progressive breakup of Pangea resulted in a
system of spreading axes, transform faults, and rifts,
which connected the ocean floor spreading in the
Central Atlantic and Ligurian Sea, to rifting which

continued through to the Polish—Danish graben, Mid-
Norway and to the Barents Sea (Golonka, 2000b).
Tethys was connected with the Polish—Danish graben
(Zytko, 1984, 1985) by a transform fault and rift
system which preceded the opening of the Outer
Carpathian basins.

The Alpine Tethys, that is Ligurian, Penninic and
Pieniny Klippen Belt/Magura Oceans, constitute the
extension of the central Atlantic system. Stampfli
(2001) recently postulated a single Penninic Ocean
separating Apulia (Adria) and eastern Alps blocks
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from Eurasia. The author proposed a similar model for
the Pieniny Klippen Belt Basin in the Carpathians.
The orientation of the Pieniny—Magura Ocean was
SW-NE (see discussion in Golonka and Krobicki,
2001; Aubrecht and Tunyi, 2001). The Pieniny Ocean
was divided into the northwestern and southeastern
basins by the Czorsztyn Ridge. The deepest parts of
both basins are recorded by deep water, extremely
condensed, Jurassic—Early Cretaceous pelagic lime-
stones and radiolarites. The shallowest ridge sequen-
ces are known as the Czorsztyn succession. In this
succession, the Early Jurassic Posidonia marls are
followed by Middle Jurassic—earliest Cretaceous crin-
oidal and nodular limestones and Late Cretaceous
Ammonitico Rosso and marly facies. The transitional
slope sequences between the deepest basinal units and
ridge units consist of mixed cherty, limestone and
marly facies. Detailed study of the basinal facies
(Golonka and Sikora, 1981) revealed an enormous
condensation of Nannoconus limestones and radio-
larites. The Upper Jurassic—Lower Cretaceous pro-
files do not exceed more than a dozen or so meters. In
extreme cases only two meters were deposited during
a time span of 50 myr. Similar conditions could be
expected in the other areas of the Tethyan realm, for
example in the Caucasus, and, especially in the proto-
South Caspian Basin. Profiles of this kind could be
easily overlooked in the complicated tectonic setting
of the klippen belt. This Jurassic ocean was connected
with an older, Triassic embayment of the Vardar—
Transilvanian Ocean. A junction of the Tethyan and
Atlantic—Ligurian—Penninic—Pieniny Klippen Belt—
Magura Ocean existed perhaps in the eastern Slova-
kian—Ukrainian Carpathians and is represented by the
Inacovce—Krichevo unit (Sotak et al., 2000).

After a phase of Late Triassic—Early Jurassic
compression, a rifting regime was re-established with-
in the Scythian—Turan Platform between the eastern
Black Sea and western Turkmenia and continued
through to Middle Jurassic times. Most of the former
rift systems that had developed during the Late
Permian—Triassic were reactivated and new rift sys-
tems originated. In the western and central part of the
platform, Early—Middle Jurassic rifting was primarily
concentrated in the Greater Caucasus Basin. Rifting
influenced the Indol-Kuban Basin somewhat and the
Terek—Caspian trough developed as a subsidiary rift
of the Greater Caucasus rift system (Adamia, 1991;

Sobornov, 1994). In the eastern part of the Scythian—
Turan Platform, the Early—Middle Jurassic rifting
influenced the Amu-Dar’ya and Afghan—Tadjik
regions (Clarke, 1994).

In the Middle Jurassic, the Pontides plates (north
Turkey) collided with the southern margin of Eurasia,
closing the Triassic rift and back-arc system of basins
and causing deformations in Crimea and adjacent
areas (Zonenshain et al., 1990; Yilmaz et al., 1997).
A compressional phase has also been postulated for
the Greater Caucasus area at the Aalenian—Bajocian
boundary and during the Bathonian (Panov and
Guschin, 1987; Koronovsky et al., 1987; Nikishin et
al., 1998b). It is not quite clear, whether the Middle
Jurassic Caucasus deformations are a result of a
collisional event or are related to rifting shoulder
uplift. This problem requires further investigation.
Compression also took place in Bulgaria (Sengor
and Natalin, 1996; Banks and Robinson, 1997). In
the Carpathian and eastern Alpine areas, the Meliata—
Halstatt Ocean began to narrow (Fig. 5). Subduction
polarity is a matter of controversy like many other
Meliata issues (see discussion above). Golonka et al.
(2000) postulated a northwestward direction of sub-
duction of Meliata oceanic crust under the Inner
Carpathian and eastern Alpine plates, related to the
southwestward movement of the Carpathian—Alpine
plates during the well documented opening of the
Alpine Tethys. The movement was accompanied by
the Inner Carpathian uplift mentioned above. The
postulated Meliata subduction direction also agrees
with the general northward subduction under the
Eurasian plate in the eastern part of Tethys (e.g.,
Ricou, 1996; Sengdr and Natalin, 1996; Dercourt et
al., 2000; Neugebauer et al., 2001). The southward
subduction was postulated by Kozur (1991) and
followers (e.g., Kozur and Mock, 1997; Hovorka
and Spisiak, 1998; Plasienka and Kovac, 1999; Wort-
mann et al., 2001). This was based on the uplift along
the southern margin of Meliata recognized from facies
observations. Subduction occurring on the both sides
of the Meliata Ocean cannot be excluded.

The central Atlantic was in an advanced drifting
stage during the Middle Jurassic (Withjack et al.,
1998). The Ligurian Ocean was opening simulta-
neously with the central Atlantic, the Penninic Ocean
and the Pieniny Klippen Belt Ocean (Dercourt et al.,
1993; Channell, 1996; Golonka et al., 2000). The
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Inner Carpathian block and the eastern Alps were
moving away from Europe and, at the same time,
Apulia was moving together with Africa (Channell,
1996). A major Jurassic seaway was opened (Ricou,
1996), connecting the Gulf of Mexico and central
American area with Southern Europe and the Tethyan
branch of the Pacific Ocean. Advanced seafloor
spreading occurred between the Gondwanian margin
and the Helmand and Lhasa blocks (Golonka, 2000b).
Spreading continued between the Arabian—Tauric
margin and the Pelagonian, Kirsehir, Sakariya and
Sanandaj—Sirjan blocks (Robertson et al., 1991, 1996;
Adamia, 1991; Golonka et al., 2000).

3.3. Late Jurassic—Early Cretaceous

During the Late Jurassic (Fig. 9), the Lhasa block
converged with Asia (Ricou, 1996). According to
Metcalfe (1994), the collision of Lhasa and Qiantang
took place along the Banggong suture, approximately
at the Jurassic—Cretaceous boundary. The collision of
the Helmand block (Afghanistan) with the Turan
Platform and Farah—South Pamir plates took place
at about the same time (Otto et al., 1997; Golonka,
2000b). According to Kazmin (1989, 1991), the
Helmand block was attached to Eurasia along the
Varash suture. The northern branch of the Neotethys
between Iran and South China—or Mesotethys of
Kazmin (1989)—was closed. In the Alpine—Carpa-
thian area in Europe, the subduction of the Meliata—
Halstatt Ocean and the collision of the Tisa block with
the Inner Carpathian terranes was completed at this
time (Froitzheim et al., 1996; Dallmeyer et al., 1996;
Plasienka, 1999). The Ligurian—Pieniny reached its
maximum width in the latest Jurassic and then
stopped spreading (Golonka et al., 1996, 2000).
Subduction jumped to the northern margin of the
Inner Carpathian terranes and began to consume the
Pieniny Klippen Belt Ocean (Birkenmajer, 1986;
Golonka et al., 2000). In the western Alpine area in
Europe, the movement of the Briangonnais terrane
during the Early Cretaceous initiated the closure of the
Ligurian Ocean (Stampfli, 1993, 1996), which then
entered into its compressional phase (Marchant and
Stampfli, 1997).

The Tethyan plate reorganization resulted in ex-
tensive fault movement. Several tectonic horsts and
grabens were formed, rejuvenating some older, Eo-

and Meso-Cimmerian faults. Initial stages of subduc-
tion of the oceanic crust of the Pieniny Klippen Belt,
under the northern, active margin of the Inner Carpa-
thian plate, may have been related to these move-
ments (Birkenmajer, 1986; Krobicki, 1996). Latest
Jurassic blueschists found as pebbles (exotics) in the
Albian flysch in the Pieniny—Magura Basin indicate
existence of a south-dipping subduction below the
northern margin of the Inner Carpathian plate
(Fayrad, 1997). Detailed explanations of this problem
have been described by Golonka and Krobicki
(2001).

The southern part of the North European Platform,
north from the Pieniny/Magura realm, began to be
rifted. The Outer Carpathian rift (Silesian Basin) had
developed with the onset of calcareous flysch sedi-
mentation. The earliest phase of the teschenites ex-
tensional volcanism connected with the rifting may
have occurred at this time (Ksiazkiewicz, 1977a,b;
Nargbski, 1990). The rifted fragment of the European
Platform separated the Silesian Basin and Pieniny
Klippen Belt—Magura Ocean. This fragment is known
as the Silesian Ridge (Cordillera). It is known in the
Polish Outer Carpathians from exotic rocks only
(Ksiazkiewicz, 1962; Burtan et al., 1984), represent-
ing Cadomian—Hercynian crystalline basement and
Late Paleozoic, Mesozoic and Paleogene sedimentary
rocks, mainly carbonates. The western Carpathian
Silesian Basin probably extended into the eastern
Carpathian Sinaia or “black flysch” Basin and to
the southern Carpathian Severin zone (Sandulescu,
1988; Kréutner, 1996; Kriutner and Krsti¢, 2001).
The Jurassic separation of the Bucovino—Getic micro-
plate from the European plate is perhaps related to this
extension. Rifting developed in the Balkan area (Bul-
garia), between Moesia and Rhodopes (Tchoumatch-
enko and Sapunov, 1994). Jurassic extension in the
Vardar—Balcanic area preceded flysch sedimentation,
during the Tithonian and Early Cretaceous (Bokov
and Ognyanov, 1991).

In the area south of the Rhodopes in southeastern
Europe, subduction was characterized by northward
polarity (Shanov et al., 1992). A northward-dipping
subduction system also existed along the southern
margin of Eurasia (Fig. 10), between Bulgaria and
Lhasa (Ricou, 1996; Kazmin, 1991; Sengdr and
Natalin, 1996). There is also a possibility that this
subduction system continued into the eastern Carpa-
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Fig. 9. (a) Paleoenvironment and lithofacies of the southern margin of Eurasia, between Spain and Central Asia during Late Jurassic; plates’
positions at 152 Ma. Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the southern margin of Eurasia, between
Spain and Central Asia during Late Jurassic; plates position at 152 Ma. Legend and abbreviations—see Fig. 6b.
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Fig. 10. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during latest Late Jurassic—earliest Lower
Cretaceous; plates’ positions at 140 Ma. Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the southern margin of
Eurasia, between Spain and Central Asia during latest Late Jurassic—earliest Lower Cretaceous; plates position at 140 Ma. Legend and

abbreviations—see Fig. 6b.

thian Area, as indicated by volcanic activity (Lashke-
vitsch et al., 1995).

The Turan Platform underwent a general uplift in
Kimmeridgian—Tithonian times, related to the colli-
sion of the south-central Afghanistan (Helmand) and
Qantang microcontinents with the southern edge of
Eurasia (Fig. 3). This uplift is well recorded by facies
changes (Vinogradov, 1968a; Kazmin, 1989; Institute
of Tectonics of Lithospheric Plates, 1997; Clarke,
1994). Regression of the Jurassic sea during the

Kimmeridgian—Tithonian times was manifested by
evaporite sedimentation over the uplifted (no deposi-
tion) southern margin of the Scythian—Turan Plat-
form. The Gaurdak evaporite formation within the
Murghab and Afghan—Tadjik basins reaches a thick-
ness of more than 1000 m. South of this marginal
basin in the Afghanistan Farah area Barremian carbo-
nates and Aptian—Albian red beds overlapped with
strong angular unconformity a Late Jurassic—Neo-
comian volcano-sedimentary sequence (Kazmin,
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1991). The subduction trench pulling effect, along the
southern margin of East Pontides, Transcaucasus,
Talysh and Alborz plates formed the Greater Cauca-
sus—Proto Caspian back-arc basin (Fig. 4), underlain
by oceanic crust (Rezanov and Chamo, 1969; Zonen-
shain and Le Pichon, 1986; Zonenshain et al., 1990;
Bazhenov et al., 1991; Nadirov et al., 1997).

During Tithonian—Berriasian times, rifting com-
menced along the northern and eastern margins of the
Lut block (Fig. 3). This rifting was followed by sea-

floor spreading during the Barremian—Hauterivian as
well as formation, by the Albian, of the Sistan Ocean.
This ocean is known from ophiolites in northern Iran
(Ricou, 1996; Sengér and Natalin, 1996). Perhaps all
the intra-Iranian basins were opened at this time
(Dercourt et al., 1986).

In the Alpine—Carpathian area, the Rhenodanubian
and Outer Carpathian troughs were opened on oceanic
and attenuated continental crust during the Early
Cretaceous (Figs. 5 and 11) (Winkler and Sl@czka,
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Fig. 11. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia area during latest Upper Aptian—Middle
Cenomanian; plates’ positions at 112 Ma. Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the circum-Caspian
area during latest Upper Aptian—Middle Cenomanian; plates position at 112 Ma. Legend and abbreviations—see Fig. 6b.
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1994; glaczka, 1996; Golonka et al., 2000). To the
west, these troughs extended into the Valais ocean, in
which a seafloor spreading phase began (Marchant
and Stampfli, 1997; Froitzheim et al., 1996), as well
as further into the area between Spain and France and
to the Biscay Bay (Stampfli, 1993, 1996). To the east,
the trough system was connected with the subsiding
Balkan area. The opening of the Outer Carpathian
basins is related to the closing of the Pieniny—Magura
(North and South Penninic) Basin. Traditionally, the
Magura Unit is included into the Outer Carpathian
realm. However, during Jurassic—Early Cretaceous
times the Magura Basin belonged to the Penninic—
Pieniny Klippen Belt (Golonka et al., 2000). These
two basins show quite different styles of development
during the Early Cretaceous: the Pieniny—Magura
Basin was closing while Outer Carpathian Basin
was opening.

Spreading in the Silesian Basin was accompanied
by the main phase of intrusion of teschenites, which
occurred during the Hauterivian—Barremian (Lucin-
ska-Anczkiewicz et al., 2000). These intrusions dis-
play the features of oceanic islands and were perhaps
generated by hot spot activity. It appears as though
there were two hot spots in the Carpathian region.
The first one, in the western Carpathians, was
connected with the Jurassic Zegocina andesites and
Early Cretaceous teschenites. Today, western Turkey
and northern Aegean volcanics are located at the
same latitude and longitude. The second hot spot, in
the eastern Carpathians, was connected with the
Jurassic andesitic tuffites and Early Cretaceous dia-
base-melaphyre. Today, the Levantine (e.g., Dead
Sea) hot spot volcanics are located at the same
latitude and longitude (Burke and Wilson, 1976;
Vogt, 1981; Stefanic and Jurdy, 1984; Matyska,
1989; Zonenshain et al., 1991). Golonka and
Bocharova (2000) argue for hot spot stability since
the end of the Paleozoic. The issue nevertheless
remains quite controversial and requires further in-
vestigation. The Outer Carpathian Basin reached its
greatest width during the Hauterivian—Aptian. With
the widening of the basin, several subbasins
(troughs) began to show their distinctive features.
These subbasins, such as the Silesian, Sub-Silesian,
Skole, Dukla and Tarcau, were separated by local
uplifts such as the Andrychow zone (Ksiazkiewicz,
1960). The connection of Silesian Basin with Sinaia

and the southern Carpathian Severin areas (Sandu-
lescu, 1988) suggests a NW—SE orientation for the
basinal axis.

During the Aptian—Albian (Fig. 11), complex
tectonics began to take place in the area of the future
Alpine belt zone, between Southern Europe and North
Africa/Arabia. The Ligurian—Penninic Ocean already
entered into its compressional phase during the Hau-
terivian (Marchant and Stampfli, 1997; Stampfli et al.,
1998). South-dipping subduction was active on the
southern margin of the Penninic—Pieniny Basin (Bir-
kenmajer, 1986; Golonka et al., 2000). This closure
was marked by collisional deformation in the Alps
(Froitzheim et al., 1996), the formation of eclogites in
Austroalpine units and the earliest Alpine nappes.
Thrusting and shortening also occurred in the Inner
Carpathians (Plasienka, 1999). Consumption of the
Penninic—Pieniny led to the development of an ac-
cretionary prism in front of the moving northward and
northwestward eastern Alpine and Inner Carpathian
plates. In the Albian, synorogenic flysch developed in
the Pieniny—Magura Basin (Golonka and Sikora,
1981). The Rhenodanubian flysch could also be
related to the formation of the Cretaceous accretionary
prism. In the eastern Carpathians the compressional
movement started during the Aptian and Albian and
the inner part of the Carpathians was folded and
thrusted. In front of moving nappes, coarse-grained
sediments and olistostromes developed (Sandulescu,
1988).

3.4. Late Cretaceous

The opening of the South Atlantic Ocean occurred
in tandem with the drift and counterclockwise rotation
of Africa. The Arabian margin of the African—Arabi-
an plate moved northeastwards during the Cretaceous
and the western Neotethys narrowed (Fig. 12). The
northeastward movement of India led to the narrowing
of the eastern Neotethys (Golonka et al., 1994). This
reversed the geotectonic process. After reaching the
maximum dispersion phase, the continents began to
slowly assemble in a new configuration.

The tectonic regime between the Arabian margin
and the Sanandaj—Sirjan plate changed from passive
to convergent (Ricou, 1996; Sengér and Natalin,
1996; Guiraud and Bellion, 1996). A north-dipping
subduction zone under the Sanandaj—Sirjan plate is
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Fig. 12. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during Late Cenomanian—Middle Campanian;
plates’ positions at 90 Ma. Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the southern margin of Eurasia,
between Spain and Central Asia during Late Cenomanian—Middle Campanian; plates position at 90 Ma. Legend and abbreviations—see Fig. 6b.

marked on the Cenomanian—Middle Campanian map
(Fig. 12). It is also possible it had been active since
the Jurassic time. The small Kohistan plate collided
with Eurasia (Sengor and Natalin, 1996). The rotation
of Africa and renewed spreading in the eastern Med-
iterranean caused the Apulian plate to converge with
Europe. The tectonic evolution of the eastern Medi-
terranean area is a subject of longstanding debate,
summarized by Robertson (1998) whose views the
author shares. Robertson depicts two phases of oce-

anic spreading in this area, each marked by a separate
ophiolitic complex in Cyprus (Robertson and Wood-
cock, 1979; Morris, 1996; Robertson, 1998; Garzanti
et al., 2000). The first of these, of Permo—Triassic
age, was mentioned above. The second, Cretaceous,
phase (Dercourt et al., 1984, 1986, 1993) is recorded
by Troodos ophiolites and is related to the develop-
ment of a carbonate platform and volcanism on the
Levantine margin (Neev et al., 1976; Cohen et al.,
1990; Hirsch et al., 1995; Keeley, 1994). Since
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continuous spreading from the Triassic (or even
Permian) is not very likely (Robertson, 1998), rifting
has been indicated on Late Jurassic and Early Creta-
ceous maps (Figs. 9 and 10) followed by subsequent
spreading on the Albian—Cenomanian and Late Cre-
taceous maps (Fig. 11).

Spreading continued in the Greater Caucasus—
proto-Caspian Ocean (Zonenshain and Le Pichon,
1986, Golonka, 2000a) at the beginning of the Late
Cretaceous (Fig. 4). According to Nikishin et al.
(2001), basaltic intrusives of possibly Albian to Turo-
nian age and Cenomanian olivine basalts are typical
for the western part of the Great Caucasus basin.
Alkaline basaltic volcanism of Turonian to Santonian
age developed along the southern margin of the basin
in Georgia (cf. Lomize, 1969; Lordkipanidze, 1980;
Chaitsky and Shelkoplyas, 1986; Milanovsky, 1991;
Koronovsky et al., 1997). Presumably extensional
tectonics in the Great Caucasus lasted until at least
the Middle Santonian, as evidenced by its volcanic
activity (Nikishin et al., 2001). The Jurassic Greater
Caucasus—Proto Caspian and Cretaceous western
Black Sea oceanic basins were located south of the
Scythian—Turan Platform. Subduction-related volca-
nic arcs separated these basins from the Neotethys.
Opening was related to the continued northward
subduction of the Neotethys. The Greater Cauca-
sus—Proto-Caspian Ocean was connected with the
Sistan Ocean (Golonka, 2000a,b), which separated
Lut from Afghanistan and the Kopet-Dagh area (Fig.
3). While the presence of Jurassic deposits in the
South Caspian Basin is speculative, Cretaceous sedi-
ments are clearly present in the eastern part of the
basin and could be extrapolated towards the central
part (Brunet et al., 2003). They have also been
recognized in mud volcanoes. Moreover, Caspian oils
contain elements indicating an origin from Cretaceous
source rocks (Abrams and Narimanov, 1997; Guliyev
et al., 2001). Indeed, Seng6r (1990) proposed the Late
Cretaceous as the time of the pull apart opening of the
South Caspian Basin.

Africa was moving northwards, closing the gap
between its northern margin and the Taurus plate,
leading to the Campanian cessation of spreading in
the East Mediterranean (Ricou, 1996; Sengdr and
Natalin, 1996). During Late Cretaceous—Paleocene
times (Fig. 13), the Kirsehir and Sakarya plates col-
lided with the Pontides (Yilmaz et al., 1997). This

collision closed the northern branch of the Neotethys.
The Lesser Caucasus approached the Transcaucasus
and Talysh areas. At the end of the Cretaceous or in the
Paleogene, the Lesser Caucasus and perhaps Sanan-
daj—Sirjan and Makran plates were sutured to Trans-
caucasus—Talysh—Southern Caspian—Lut system
(Knipper and Sokolov, 1974; Adamia, 1991; Golonka,
2000a). According to Brunet et al. (2002), the subduc-
tion zone below the Lesser Caucasus was locked by
the end of the Cretaceous, after the Coniacian obduc-
tion of ophiolites in the Sevan—Akera zone (Knipper et
al., 2001). Subduction jumped to the Scythian—Turan
margin. During the Late Cretaceous, obduction oc-
curred on the northeastern margins of the Arabian
plate. This obduction was caused by the convergence
of the Sanandaj—Sirjan with the Arabian plate (Ricou,
1996; Guiraud and Bellion, 1996; Robertson and
Searle, 1990). The exotic rocks of the Oman ophiolitic
nappes reflect different stages of evolution of the
Tethyan Ocean and its branches from the Permian
until the Cretaceous (Pillevuit et al., 1997). Ophiolites
were also obducted in Turkey and emplaced on the
Taurus block (Sengdr and Natalin, 1996). Oceanic
basins between Taurus and Kirsehir remained open.

A compressional event in the Inner Carpathians,
which began during the Albian, ended in the Late
Turonian. A complicated nappe structure formed as a
consequence (Rakus et al., 1998; Plasienka, 1999).
Along with the development of the Inner Carpathian
nappes, a fore-arc basin was formed between the
uplifted part of the Inner Carpathian terrane and the
subduction zone. The flysch successions of the Pie-
niny Klippen Belt were formed in this area. Behind
the ridge another flysch succession was deposited
within the back-arc basin.

3.5. Paleocene—Eocene

The Adria (Apulia) plate, together with the eastern
Alpine (Austroalpine) and Inner Carpathian blocks,
was moving continuously northwards during the Pa-
leogene (Fig. 14). Collision with the European plate
began in the Alps at about 47 Ma (Decker and
Peresson, 1996). The latest Cretaceous—earliest Paleo-
cene was the time of the closure of the Pieniny Klippen
Belt Ocean and the collision of the Inner Carpathians
terranes with the Czorsztyn Ridge in the Carpathians
(Golonka and Sikora, 1981; Birkenmajer, 1986; Win-
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Fig. 13. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during Late Campanian—Early Paleocene;
plates’ positions at 65 Ma. Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the southern margin of Eurasia,
between Spain and Central Asia during Late Campanian—Early Paleocene; plates position at 65 Ma. Legend and abbreviations—see Fig. 6b.

kler and Slaczka, 1992; Golonka et al., 2000). Primary
shortening events in the Balkans occurred in Bulgaria
(Sinclair et al., 1997). The Vardar Ocean was closed
during Paleocene time (Fig. 5) (Seng6r and Natalin,
1996). The Valais Ocean in the Alps finally closed
(Froitzheim et al., 1996; Stampfli, 1996). According to
Plasienka and Kovac (1999), the Alcapa block was
formed at this time by the welding together of the
eastern Alps, Inner Carpathian and Tisa as well as
smaller terranes, such as the Biikk, Transdanubian or

Getic. The main phase of compression and formation
of the thrust belt of the Balkanides in Bulgaria oc-
curred during the Eocene (Tari et al., 1997; Sinclair et
al., 1997). Closure of the Pieniny Klippen Belt Ocean
in the Carpathians also concluded and the Pieniny
domain accreted to the Magura Basin (Birkenmajer,
1986; Winkler and Slaczka, 1994). The folding of the
Rheno—Danubian zone occurred in the Late Eocene.
Perhaps prior to the Paleocene, the Lesser Caucasus
and Sanandaj—Sirjan and Makran plates were sutured
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Fig. 14. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during Lutetian— Bartonian; plates’ positions at
45 Ma. Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the southern margin of Eurasia, between Spain and
Central Asia during Lutetian—Bartonian; plates position at 45 Ma. Legend and abbreviations—see Fig. 6b.

to the Transcaucasus—Talysh system (Fig. 14). The
closure of the Mesozoic Great Caucasus—South Cas-
pian Basin began at this time. The author (see
Golonka, 2000a,b; Golonka et al., 2000) attributes this
closure to the influence of large plates—Arabian and
Lut plates—as well as the development of a subduc-
tion zone along the northern margin of the basin. The
western segment of this subduction was located along
the northern margin of the eastern Black Sea, on the
Greater Caucasus area and south off of the Apsheron

Peninsula and ridge. A major transform fault system in
the western Turkmenistan Basin area separated the
eastern and western segments of the subduction com-
plex. This fault system is buried deeply below Neo-
gene sediments of the West Turkmen Basin. The
eastern segment of the subduction complex was locat-
ed along the South Kopet Dagh margin, approximately
200—-300 km south of the Apsheron ridge (Fig. 3).
The opening of new Paleogene basins proceeded
at the expense of oceanic basins of Mesozoic age.
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Some authors (e.g., Robinson et al., 1996; Okay et
al., 1996) have suggested that the opening of the East
Black Sea Basin was connected with the simulta-
neous closure of the Great Caucasus Basin. Kazmin
(1997) shows on his Maastrichtian map the north-
ward movement of the Shatski rise during the open-
ing of the East Black Sea Basin. The timing of the
events is somewhat speculative. Perhaps the Juras-
sic—Cretaceous oceanic crust of the Greater Caucasus
Basin was subducted under the overriding Scythian
plate between the latest Cretaceous and the Late
Eocene at the same time as the opening of East
Black Sea Basin (Fig. 3). The East Black Sea Basin
continues eastward to the Ajaro-Trialet and the
Talysh basins (Adamia et al., 1974; Shcherba, 1994;
Kazmin, 1997; Banks et al., 1997). In the Talysh
Basin in southern Azerbaijan, a thick volcanoclastic
series with basalts, trachy-basalts, trachy-andesites
and andesites is succeeded by flysch with olistos-
tromes. Altogether Paleogene sediments reach a
thickness of 10 km (Ali-Zade et al., 1996; Gasanov,
1992, 1996; Brunet et al., 2003). Vincent et al. (2002)
link Talysh extension with major extension and ocean
spreading within the adjacent South Caspian Basin.
Kazmin (1991, 1997) also proposed the Eocene,
while Berberian and Berberian (1981), Abrams and
Narimanov (1997), and Boulin (1991) proposed the
Paleogene as the time of the opening of the South
Caspian Basin.

The author has marked a subduction zone on all
Paleogene and Neogene maps (Figs. 14—18). The
timing of subduction, the role of the trench pulling
force, as well as of movement initiation and move-
ment velocity is speculative and is different for
different plates. This difference led to the develop-
ment of several major SW—NE trending strike slip
faults, which cut both continental and Jurassic—Cre-
taceous oceanic crust (Jackson, 1992; Kopp, 1997;
Golonka, 2000a). The most important ones are the
Araks fault, which separates the Lesser Caucasus
block and Transcaucasus block from the Talysh plate,
and the Lahijan fault within the Alborz Maintains.
The extension of the Lahijan fault, which separated
the South Caspian Microcontinent from the Southwest
Caspian Basin, is buried deeply below Neogene sedi-
ments of the South Caspian Basin, but can be recog-
nized on the deep seismic lines (12 s TWT) as well as
on gravity maps.

Beginning in the Eocene, the southeastern part of
Turan Plate and the adjacent Afghanistan area was
strongly affected by the India—Eurasia collision. The
onset of the collision of India with Asia occurred near
the Paleocene—Eocene boundary (Gaetani and Gar-
zanti, 1991). According to Searle (1996), this collision
may have been diachronous, occurring earlier in
northern Pakistan (60 Ma), then in Ladakh—southern
Tibet. Metamorphism and crustal thickening reached a
peak at about 40 Ma in northern Pakistan, later
propagating southwards (Searle, 1996). Oceanic sub-
duction ceased beneath the Indian—Eurasian collision
zone. To the south, the Arabian plate slowly con-
verged with Eurasia closing the remnants of the
Pindos Ocean along the Sanandaj—Sirjan margin
(Zagros suture).

The northward movement of the Transcaucasus
block caused the beginning of collision and formation
of the Greater Caucasus orogenic belt (Adamia,
1991). Nikishin et al. (2001) attribute the Caucasian
Orogeny to the continent—continent collision between
the Arabian promontory and the Scythian Platform.
This is certainly true for the central part of Great
Caucasus between the Black Sea and the Caspian Sea.
However, the Caucasus orogenic belt extends from
Crimea into the Caspian Sea (Zonenshain et al., 1990;
Milanovsky, 1991, 1996; Abrams and Narimanov,
1997; Nikishin et al., 2001). A south verging thrust-
belt extends along the margin of Black Sea as far west
as Crimea. It is impossible to explain its existence by
continent—continent collision between the Arabian
promontory and the Scythian plate. Subduction con-
suming Mesozoic oceanic crust of the Great Caucasus
Basin and collision of the Shatski terrane with the
Scythian plate seems to be the most logical explana-
tion of the kinematics underlying the formation of the
western part of the Caucasus thrustbelt. Philip et al.
(1989) also noted differences between the western and
eastern part of Great Caucasus. They stated that: “the
western Caucasus has followed a style of deformation
similar to that of the older subduction, the eastern
Caucasus is well engaged in a stage of continental
collision™.

3.6. Oligocene—Middle Miocene

Collision continued in the area between Africa
and Eurasia (Fig. 15). The cessation of compression
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Fig. 15. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during Priabonian; plates’ positions at 36 Ma.
Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the circum-Caspian area during Priabonian; plates position at 36

Ma. Legend and abbreviations—see Fig. 6b.

of the Bulgarian Balkanides occurred during the
Oligocene (Sinclair et al., 1997). The Pindos Ocean
was finally closed (Robertson et al., 1991). The
collision of Apulia as well as the Alpine—Carpathian
terranes with the European plate continued (Decker
and Peresson, 1996; Golonka et al., 2000). Meta-
morphism of the Penninic nappes in the Alps reached
peak thermal conditions at about 30 Ma (Kurz et al.,
1996). The Calabrian terranes in the western Medi-
terranean began to move eastwards (Van Dijk and
Okkes, 1991).

The Paratethys Sea was formed in Europe and
Central Asia, ahead of the northward moving orogenic
belts (Dercourt et al., 1993). The Paratethys Sea
included orogenic foredeeps as well as remnants of
older oceanic basins and epicontinental platforms of
the Peri-Tethyan area. There was a transition from
flysch to molasse type of sedimentation in the basins
in the Alpine—Carpathian (Golonka et al., 2000).

The collision of India and Eurasia continued.
Metamorphism and crustal thickening reached their
peak in the Zanskar area (Searle, 1996). The subduc-
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tion zone beneath the Scythian—Turan margin of
Eurasia (Sobornov, 1994; Granath et al., 2000; Jack-
son et al., 2002) produced a trench-pull force which,
together with continent—continent collision, influ-
enced the northward movement of the plates between
the Black Sea and Afghanistan, the closure of the
Greater Caucasus and Sistan oceans, and reorganiza-
tion of the South Caspian Sea (Golonka, 2000a,b).
The Sistan Ocean was closed in eastern Iran, between
the Helmand and Lut plates (Sengdér and Natalin,

1996). The development of the molasse basins con-
tinued in the Himalayan belt foreland (Burbank et al.,
1996). The collision and suturing of India to Asia
caused extensive strike-slip faulting in Asia (Kopp,
1997). Several blocks were deformed and thrust over
the Turan Platform in the Pamir, Afghan—Tadjik and
Gissar areas (Fig. 16).

The Sanandaj—Sirjan plate began to thrust over the
Arabian Platform, forming the Zagros Mountains
(Dercourt et al., 1993). The main cause of thrusting
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Fig. 16. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during Chattian— Aquitanian; plates’ positions at
22 Ma. Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the southern margin of Eurasia, between Spain and
Central Asia during Chattian—Aquitanian; plates position at 22 Ma. Legend and abbreviations—see Fig. 6b.
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in the Zagros Mountains, according to Sengér and
Natalin (1996), was the counterclockwise rotation of
the Arabian plate. The collision of the Lut block with
the Turan Platform in Central Asia caused the Kopet
Dagh foldbelt to form (Kopp, 1997). The Oligocene—
Lower Miocene Maikop Series in Kopet Dagh is
folded and thrust together with older Mesozoic and
Paleogene rocks.

The South Caspian part of the Greater Caucasus—
Sistan oceanic system underwent reorganization dur-
ing Oligocene—Middle Miocene times. The northward
movement of the South Caspian microcontinent
resulted in rifting between it and the Alborz plate.
This movement could have been linked with subduc-
tion. A recent subduction zone exists under the
Apsheron ridge (e.g., Priestley et al., 1994; Artemjev
and Kaban, 1994; Granath et al., 2000; Knapp et al.,
2000; Golonka, 2000a,b; Golonka et al., 2000; Jack-
son et al., 2002). Its age and origin remains specula-
tive. The Alborz trough in the South Caspian Sea
opened, perhaps during or after the Middle Miocene,
and extension propagated into the West Turkmen
Depression in Central Asia (Golonka, 2000a). The
Kopet Dagh folds are unconformably overlain by
Upper Miocene, Pliocene and Quaternary deposits
of West Turkmen Depression (e.g., Kopp, 1997).
The southwestern part of the South Caspian Basin
reopened during the Neogene, while its northwestern
part was gradually reduced in size. The South Caspian
microcontinent or Godin uplift (e.g., Nadirov et al.,
1997) separated the southern part of the South Cas-
pian Basin from the northern basin, probably contain-
ing remnants of older Mesozoic oceanic crust. The
nature of the South Caspian microcontinent is not
fully known. It has a different gravity signature than
surrounding basinal parts. It could contain elements of
continental crust related to the Alborz plate or oceanic
plateau basalts. The latter explanation would better fit
with observations made by Granath et al. (2000) and
Brunet et al. (2003). Seismic lines from offshore
Turkmenistan display Kopet Dagh thrusts under the
Caspian Sea approximately 50 km from the coast
(Tebaldi et al., 2002).

Collisions continued in the area between Africa
and Eurasia during the Miocene (Figs. 16 and 17).
Thrusting occurred in the Riff area in Africa and the
Betic area in the southern Spain, along with collision
of the Alboran Sea arc (Morley, 1993; Vissers et al.,

1995). Transpressive thrusting in the Balearic margin
was related to the displacement of the Alboran block
(Vegas, 1992). The Tethyan oceanic crust subducted
to the west and northwest and slab-roll back caused
back-arc rifting in the Ligurian Sea. Corsica and
Sardinia pushed the Umbria—Marche terrane towards
a collision with the Apulian block. The Apennine
thrust-and-foldbelt began to develop (Pialli and
Alvarez, 1997). The Calabrian terranes in the western
Mediterranean moved eastwards and southeastwards
(Dewey et al., 1989; Van Dijk and Okkes, 1991). The
movement of Corsica and Sardinia caused the plates
to later push eastwards, resulting in deformation of the
Alpine—Carpathian system. This deformation reached
as far as Romania (Golonka et al., 2000) and contin-
ued throughout the Neogene.

The Apulia and the Alpine—Carpathian terranes
were moving northwards, colliding with the European
plate, until 17 Ma (Decker and Peresson, 1996). This
collision caused the foreland to propagate north. The
north to NNW-vergent thrust system of the eastern
Alps was formed. Oblique collision between the
North European plate and the overriding western
Carpathian terranes led to the development of an outer
accretionary wedge, the build-up of many flysch
nappes and the formation of a foredeep (Kovac et
al., 1998; Slaczka, 1996). These nappes were de-
tached from their original basement and thrust over
the Paleozoic—Mesozoic deposits of the North Euro-
pean platform. This process was completed during the
Upper Tejas I slice in the area of the Vienna Basin and
then progressed northeastwards (Oszczypko, 1999;
Golonka et al., 2000).

The eastern Mediterranean Sea (Fig. 4) began to be
subducted beneath the newly formed Eurasian margin
(Vrielynck et al., 1997). The subduction active zone
was located north of the Ionian and Levantine basins.
The Alboran Sea extensional basin developed in the
western Mediterranean behind the arc located between
Iberia and northern Africa (Watts et al., 1993; Morley,
1993; Vissers et al., 1995). The first stage of rifting in
the Valencia Trough (Vegas, 1992) began. Crustal
extension of the internal zone of the Alps started in
the Early Miocene, co-eval the ongoing thrusting
(Decker and Peresson, 1996). Early to Middle Mio-
cene extension and back-arc type rifting resulted in
the formation of the intramontane Pannonian Basin
(Fig. 5) in Central Europe (Royden, 1988; Decker and
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Fig. 17. (a) Paleogeography of the southern margin of Eurasia, between Spain and Central Asia during Burdigalian— Serravallian; plates’
positions at 14 Ma. Legend and abbreviations—see Fig. 6. (b) Paleoenvironment and lithofacies of the southern margin of Eurasia, between
Spain and Central Asia during Burdigalian—Serravallian; plates position at 14 Ma. Legend and abbreviations—see Fig. 6b.

Peresson, 1996; Tari et al., 1997). A new period of
extension began in the Pontides—Sakariya continent
in Turkey (Yilmaz et al., 1997).

The collision of India and Eurasia influenced the
Central Asia area through the development of far-
reaching strike-slip faults. Several blocks were de-
formed and thrust over the Turan Platform in the
Pamir, Afghan—Tadjik and Gissar areas. The Miocene
phase of thrusting and folding of the Kopet-Dagh
Mountains in Central Asia, with a strong strike-slip
component, was a result of the final stage of collision

of the Lut plate with Eurasia. The Greater Caucasus
Ocean was closed as a result of the collision of the
Lesser Caucasus and Transcaucasus blocks with the
Scythian Platform, and the Caucasus Mountains be-
gan to form (Zonenshain et al., 1990; Kazmin, 1991;
Kopp, 1997).

3.7. Late Miocene—Quaternary

Continuation of thrusting occurred in the Riff area
in Africa as well as the Betic area in southern Spain
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(Fig. 18) due to the collision of the Alboran Sea arc
(Morley, 1993). This thrusting temporarily cut off the
Mediterranean Sea from the Atlantic, in the Gibraltar
Strait area, causing the Messinian salinity crisis.
Compressional thrusting continued in the Calabrian
Arc, with accompanying strike-slip faulting and
change of rotation to the southeast (Dewey et al.,
1989; Van Dijk and Okkes, 1991).

The Tyrrhenian Sea (Channell and Mareschal,
1989; Spadini et al., 1995), as well as the Valencia
Trough (Vegas, 1992; Torres et al., 1993), went

through their main phases of opening. Rifting in the
Pantelleria Trough, between Africa and Sicily oc-
curred in the Pliocene and Quaternary. A rift depicted
by Casero and Roure (1994) cut the Sicilian-North
African thrust front at a right angle. Mosar (personal
communication, 2002) explains this rift as a strike-slip
cut-off between two plates. A back-arc basin formed in
the Aegean area behind the subduction zone. Maxi-
mum subsidence took place in the South Caspian area.

The main folding and thrusting phase occurred in
northwestern Africa, along with the formation of
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Fig. 18. (a) Paleogeography of the circum-Caspian area during Messinian; plates’ positions at 6 Ma. Legend and abbreviations—see Fig. 6. (b)
Paleoenvironment and lithofacies of the circum-Caspian area during Messinian; plates position at 6 Ma. Legend and abbreviations—see Fig. 6b.
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nappes (Burollet, 1991). Carpathian thrusting pro-
gressed east and southeastwards, with a strong ele-
ment of translation (Golonka et al., 2000). Thrusting
was completed during the Pliocene—Quaternary in the
Vrancea Mountains in Romania. The eastward move-
ment of the orogen was related to the movement of
Corsica and Sardinia and the subsequent opening of
the Ligurian and Tyrrhenian Sea. The extrusion
caused by collision of the Apulia plate with Europe
could have played a role in the eastward movement of
the orogen (Decker and Peresson, 1996).

During Pliocene—Quaternary times, the collision
of the Indian continent and the Lut plate with Eurasia
led to deformation of the Central Asian region (Fig.
18). A system of NW-SE transform faults was
developed. These faults controlled the predominant
plate tectonic force in the Turan Platform, Kopet
Dagh area (Trifonov, 1978; Kopp, 1997; Lyberis and
Manby, 1999) and strongly influenced the South
Caspian region. Deformation linked with them is
observed in the Great Balkhan area, Apsheron ridge,
South Caspian area, Alborz Mountains, and the Kura
Basin. The N-S strike slip movement system was
probably still active, but dramatically reduced. The
subduction zone south of the Apsheron ridge became
passive perhaps at the end of the Miocene, because
of the SE-NW movement of the lithospheric plates.
Collision between the South Caspian microcontinent
and the Scythian—Turan plate was never concluded.
It appears, however, that the Apsheron subduction
zone is active again today (Priestley et al., 1994;
Artemjev and Kaban, 1994; Granath et al., 2000;
Knapp et al., 2000; Jackson et al., 2002). The
remnants of the Jurassic—Cretaceous back-arc sys-
tem, oceanic and attenuated crust in the Cheleken
and Southwest Caspian Basin and the Tertiary oce-
anic and attenuated crust in the Alborz Basin and
part of the Southwest Caspian Basin were locked
between adjacent continental plates and orogenic
systems.

4. Conclusions

1. The Hercynian Orogeny culminated with the
collision of Gondwana and Laurussia, whereas
the Tethys Ocean formed the embayment between
the Eurasian and Gondwanian branches of Pangea.

The Eurasian active margin and the Arabian
passive margin played a major role in the geo-
dynamic development of the Tethyan area during
the Mesozoic.

. During the Late Triassic—Early Jurassic, several

microplates were sutured to the Eurasian margin,
closing the Paleotethys Ocean. A Jurassic—Creta-
ceous north-dipping subduction was developed
along this new continental margin, south of the
Pontides, Transcaucasus and Iranian plates. This
trench-pulling effect of this subduction zone effect
led to rifting and creation of the Greater Caucasus—
proto-South Caspian Sea back-arc basin, which
achieved a maximum width during the Late
Cretaceous. Several plates drifted away from
Gondwana and docked to Eurasia, during Trias-
sic—Middle Jurassic times.

. In the western Tethys, separation of Eurasia from

Gondwana resulted in the formation of the
Ligurian—Penninic—Pieniny Ocean (Alpine Te-
thys) as a part of the Pangean breakup tectonic
system. This Alpine Tethys is an extension of the
Middle Atlantic. During Late Jurassic—Early Creta-
ceous times, the Outer Carpathian rift developed.
The opening of the western Black Sea occurred by
rifting and drifting of the western—central Pontides
away from the Moesian and Scythian platforms of
Eurasia, during the Early Cretaceous. The latest
Cretaceous—earliest Paleocene was the time of
closure of the Ligurian—Pieniny Ocean. The
Adria—Alcapa terranes continued their northward
movement during Eocene—Early Miocene times.
Their oblique collision with the North European
plate led to the development of the accretionary
wedge of the Outer Carpathians and a foreland
basin. The formation of the West Carpathian thrusts
was completed by the Miocene. The thrust front
was still propagating eastwards in the eastern
Carpathians.

. During the Late Cretaceous, the Lesser Caucasus,

Sanandaj—Sirjan, and Makran plates were sutured
to the Iranian—Afghanistan plates in the Cauca-
sus—Caspian Sea area. A north-dipping subduction
zone jumped to the southern margin of the
Scythian-Turan Platform, probably during the
Paleogene. The Shatski terrane moved northwards,
closing the Greater Caucasus Basin and opening
the eastern Black Sea.
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5. The South Caspian underwent reorganization
during Oligocene—Neogene times. The southwest-
ern part of the South Caspian Basin was reopened,
while the northwestern part was gradually reduced
in size.

6. The collision of the Indian and the Lut plates with
Eurasia caused the deformation of Central Asia and
created a system of NW-SE wrench faults. The
remnants of the Jurassic—Cretaceous back-arc
systems, oceanic and attenuated crust, as well as
Tertiary oceanic and attenuated crust were locked
between adjacent continental plates and orogenic
systems.
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