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Abstract

Based on remote sensing analyses of two panchromatic Spot scenes that cover the western and eastern parts of Crimes,
completed with the study of Landsat Thematic Mapper scenes and local aerial photographs, we determined the geometry
of major structures (folds and fractures). The strikes of large fractures are quite homogeneous in the studied area: three
important sets are common, N10, NE-SW and NW-SE. Two strikes are particularly developed in the western part of
Crimea: N25 and N105. Along important faults, we recognised the sense of motion, which often corresponds to the latest
or to the major stages of movement. We also determined stress tensors by inversion of microtectonic data sets collected
in the field. Combining remote sensing analysis with mechanical studies provides new views on the structural evolution
of Crimea. We thus characterised major tectonic events responsible for most of the deformation. In eastern Crimea, the
structural patterns fit well with two major tectonic events. (1) The latest one is a Plio—Quaternary faulting event (normal
slip along N10 faults and strike-slip motion along N10 and NW-SE faults) corresponding to a transtensional regime, with
o3 trending E-W. (2) Large fractures (NW-SE and NE-SW sets) and fold-and-thrust development reveal atranspressional
regime, with o; trending NNE-SSW during the Berriasian. In western Crimea, we characterised a more complex pattern
of four mgjor tectonic events. (1) The Plio—Quaternary tectonic phase induced left-lateral displacement along NW-SE
faults and normal slip along WSW—-ENE faults and this deformation is in agreement with the strike-slip regime that we
reconstructed with o3 trending NNE-SSW. (2) As for eastern Crimea, the Berriasian phase was well expressed, with
folds, thrusts and strike-slip faults, under a transpressiona regime with o, trending N-S to NNW-SSE. The two other
events well identified in western Crimea are: (3) a N—S-directed extension that developed large N105 faults, and (4) a
NW-SE-directed extension (involving NE-SW normal faults) that we relate to the development of peripheral troughs in
the Oligocene. Western Crimea suffered a more complicated structural evolution than eastern Crimea. From eastern to
western Crimea, we also noticed the systematic deviation in the trends of the principal stress axes of the recent stress field
and in the Berriasian stress field as well. These differences may be related to the presence of a major crustal discontinuity:
the transverse Alushta—Simferopol fault. [0 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

As an additional tool in geological mapping, re-
mote sensing techniques proved useful for a better
description and interpretation of the geometry of ma-
jor structures in mountain belts. On the other hand,
palaeostress analysis based on mechanical analysis
of brittle features allows accurate reconstruction of
tectonic regimes in terms of nature (strike-dlip, nor-
mal and reverse regimes) and orientations of stress
axes. Combining these different approaches has the
potential to yield better characterisation of major tec-
tonic events, for both the structural expression and
the overall mechanism.

However, it isnot obviousto correl ate pal acostress
reconstructions and devel opment of large-scal e struc-
tures. More explicitly, because the palacostress evo-
lution is mainly reconstructed from minor structures
and commonly polyphase, it is often difficult to de-
termine whether a given reconstructed pal aeostress
regime corresponds to a minor or major tectonic
episode. In terms of geodynamic evolution, the major
tectonic events deserve more consideration than the
minor ones. As a consequence, specific approaches
are needed to determine the regimes responsible for
the development and deformation of large unitsin a
mountain belt, among the numerous tectonic regimes
identified at various sites. We thus claim that remote
sensing studies and pal aeostress analyses should not
be carried out independently, but need to be combined
in order to reliably determine which mechanisms are
related to the major structures.

In this paper, we consider regional aspects of
the structural geology in Crimea (Ukraineg). We aim
at demonstrating that the reconstructed palagostress
regimes and some large structures do not solely re-
flect the late Cenozoic tectonic evolution. Instead, in
many cases, they revea earlier tectonics — Meso-
zoic or early Cenozoic. This confirms that despite
the importance of the neotectonic evolution, the
palaeostress analysis, combined with remote sensing
mapping, also has a strong potential to allow recon-
struction of the tectonic history for long geological
periods in a mountain belt.

2. Geological framework: Crimea

Crimea belongs to the southern deformed bound-
ary of the East European platform (Fig. 1a), located
between the Scythian Plate (which belongs to the
Eurasian continent) and the Black Sea area (Fig. 1a).
The Crimean belt is 50 km wide and 150 km long. It
isarch-shaped, with E-W structural trendsin the east
and NE-SW ones in the west. The southern zones of
the belt lie offshore, within the margin of the Eastern
Black Sea system (the Eastern Black Sea Basin s.str.
and the Andrusov or Mid Black Sea Ridge, Fig. 1a).
Major deformation within the belt occurred during
the ‘Cimmerian’ phases (from the Triassic—Jurassic
boundary to Berriasian times), in close relation with
the closure of the Palaeo-Tethys Ocean (Kazmin et
al., 1986a,b). However, consequent deformation was
also Alpine (during the Tertiary), related to Arabia—
Eurasia convergence and to the evolution of the Neo-
Tethys (Boccaletti et al., 1974; Adamiaet al., 1977,
Letouzey, 1977; Zonenshain and Le Pichon, 1986).

Three structural complexes have been defined in
Crimea by Mileyev et a. (1996, Fig. 1b). They cor-
respond to different steps in the sedimentary and
structural development (Muratov, 1960, 1969; Ko-
ronovsky and Mileyev, 1974; Byzova, 1980, 1981;
Khain, 1984; Mileyev et a., 1992, 1996), as follows.

The Lower Complex consists of Triassic—
Bathonian folded flysch series, olistostromes, calc-
akaline volcanites and molasses. It was highly de-
formed during the Cimmerian phases, with south-
vergent folding and thrusting processes (Koronovsky
and Mileyev, 1974; Khain, 1984).

The Middle Complex of Crimea is composed of
terranes ranging from Late Jurassic to Berriasian in
age (alochthonous terranes according to Mileyev et
al., 1996). Magjor episodes of folding and thrusting
occurred during Berriasian times, with south ver-
gence and southeast vergence (Mileyev et al., 1996,
1997).

The Upper Complex includes platform cover for-
mations which range in age from late Berriasian
to Eocene. Rifting occurred throughout the area in
Cretaceous times and is interpreted as a back-arc
process related to a major northward subduction of
the northern branch of the Neo-Tethys, prevailing to
the south at that time (Boccaletti et a ., 1974; Adamia
et al., 1977; Letouzey, 1977; Zonenshain and Le Pi-
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Fig. 1. (a) Structural scheme of the studied deformed belt and surrounding areas, modified from Tugolesov et a. (1985), Finetti et al.
(1988) and Shreider et a. (1997). (b) Structura map of Crimea compiled from Muratov (1960) and Arkhipov and Uspenskaya (1967),

modified.

chon, 1986). The middle Late Cretaceous period
corresponds to the development of the Western and
Eastern Black Sea Basins and to rifting in the north
Crimea region (Nikishin et a., 1998). According to
Robinson et a. (1996) and Shreider et a. (1997),
the rifting of the Eastern Black Sea Basin took place
during the Paleocene to early Middle Eocene.

Most of the tectonic deformation in Crimea is
concentrated in the two lower complexes, which

highlights the role of the Cimmerian phases. Fol-
lowing the development of these three complexes,
other major tectonic events took place during the
Cenozoic. Their succession can be summarised as
follows. Firgt, the Eocene—Oligocene boundary was
the time of an orogenic process occurring in Crimea
and the northwest Great Caucasus (Nikishin et al.,
1998). Second, in the Oligocene, a strong subsi-
dence affected most areas surrounding the Crimean
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chain (Fig. 1a), i.e. the Sorokin Basin, the Alma
Trough, the Indol—Kuban Basin and the Kertch—
Taman transverse trough (Meysner and Tugolesov,
1981; Tugolesov et al., 1985). Nikishin et al. (1998)
proposed that these troughs developed as the result
of a syn-compressional process involving flexura
response of the lithosphere. The surrounding deep
water basins apparently formed without significant
influence of extensional tectonism (Tugolesov et al.,
1985; Nikishin et al., 1998) and ho major extensional
fault was observed on seismic profiles at the bottom
of the Oligocene series (Kunin et al., 1989).

As for the more recent Cenozoic evolution, we
could recognise several successive unconformities
in the northern part of Crimea: (1) the unconfor-
mity of the Karaganian (Middle Miocene), (2) that
of the Sarmatian (end of Middle Miocene), and (3)
that of Kimmerian—Kuyalnician (Early Pliocene).
These unconformities could be the result of signif-
icant tectonic events. The latest Alpine deformation
induced south and SSE-vergent thrusting in the off-
shore part of the chain (observed by Terekhov and
Shimkus, 1989, on seismic profiles), as related to
incipient subduction of the East Black Sea Plate be-
neath the Crimea and with the collision of Crimea
with the Mid Black Sea Ridge (Andrusov Ridge)
following a NNW or NW displacement (McKen-
zie, 1972; Nowroozi, 1972; Seismotectonic Map of
Iran, Afghanistan and Pakistan, 1984). As observed
in seismic profiles, by Tugolesov et a. (1985) and
Finetti et al. (1988), all terranes up to the Quater-
nary formations are affected by this latest tectonism.
The selsmic activity reveals that this compressional
deformation is continuing.

Concerning the polyphase structural evolution of
Crimea, there is some controversy between authors
about the major structuration of Crimea, especialy
concerning the vergences of thrust sheets and the
ages of their development. Mileyev et a. (1997)
considered the thrust sheet development as Berri-
asian in age with a south and southeast vergence
(N160—N120 in azimuth). Popadyuk and Smirnov
(1991, 1996) assumed that the thrusting in Crimea
was generally north-vergent and had occurred during
the Austrian phase (middle Cretaceous). Galkin et a.
(1994) concluded that the allochthonous Late Juras-
sic rocks of the Chatyr Dag Massif overthrust ter-
ranes up to the Albian. According to Scherba (1978),

the allochthonous complex (Late Jurassic terranes)
was displaced to the south in Late Cretaceous—early
Palaeogene times, and the detachment surface was
reactivated during the Plio—Quaternary. Kazantsev
(1982) and Kazantsev et al. (1989) reported that the
structural complexes are involved in north-vergent
thrust sheets including rocks from the Palaeozoic to
Sarmatian.

In this paper, emphasis is put on the analysis
of brittle tectonics, because of the possibility to
accurately reconstruct successive tectonic mecha-
nisms. Concerning the major fracture patterns of the
Crimean chain, several main faults at depth were re-
vealed by geophysical studies. Most of them separate
the Crimean belt from adjacent geologica regions
(Morgunov et al., 1979; Byzova, 1980; Khain, 1984;
Koronovsky, 1984). The NW-SE deep fault from
Alushta to Simferopol (Fig. 1b) is a major structure
of Crimea with an eastward dip of the fault plane.
The occurrences of Middle Jurassic intrusives are
closely related to the presence of this deep fault
cutting across the belt (Khain, 1984). The transverse
deep fault, trending N—S and passing the east of Feo-
dosya, corresponds to the downwarping and eastern
termination of the Crimean Mountains beneath the
thick Maykop deposits (Oligocene-Early Miocene
in age) of the Kertch transverse trough. The northern
sope of the chain is bounded by a deep fault, trend-
ing NW-SE between Sebastopol and Simferopoal,
and E-W east of Simferopol. Note that NE-SW
directions of deep faults were recognised by Boc-
caletti et al. (1988), based on Landsat MSS imagery
observations. To the south, the offshore part of the
Crimean belt is separated from the East Black Sea
Basin by a deep fault trending nearly E-W. Con-
sidering the compressional or transpressional regime
which prevailed in the southern margin of Crimea
during belt development, this deep fault is inter-
preted as a mgjor thrust across which the Eastern
Black Sea Plate is beginning to subduct under the
Crimean belt (i.e. the Scythian Plate, Fig. 1a).

3. The structural pattern: insights from satellite
scenes and aerial photographs

We used two panchromatic scenes acquired by
the Spot satellite (Fig. 2). We also used two Land-
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Fig. 2. Location of studied panchromatic Spot scenes (square frames) corresponding to Figs. 3 and 7, of extracted views of Spot scenes
(hachured square frames) corresponding to Figs. 4, 8 and 10, and of aerial photographs (black stars) in Crimea

sat Thematic Mapper scenes in order to cover the
whole Crimean Mountains. Technical characteristics
of satellite scenes are plotted in Table 1. We worked
primarily with the Spot images (Fig. 2), because of
their higher ground resolution (Table 1). The Landsat
TM imagery was principally used as a complement

Table 1
Characterigtics of used satellite scenes

of Spot scenes in order to constitute stereoscopic
couples (the difference between incidence angles of
Landsat and the Spot scenes being 23° or larger). We
carried out mapping analysis and fault characterisa-
tion, and systematically attempted to reconstruct the
senses of displacements on faults (asin Chorowicz et

Panchromatic Spot scenes
KJ: 108/260, 109/259

Landsat Thematic Mapper scene
paths and rows; 177/29, 178/29

Wavebands, A (jum) 0.51-0.73
Nominal ground resolution 10m
Coverage 60 x 60 km

1st band: 0.45-0.52 (visible blue)

2nd band: 0.52-0.60 (visible green)

3rd band: 0.63-0.69 (visible red)

4th band: 0.76-0.90 (near infrared)

5th band: 1.55-1.75 (mid infrared)

6th band: 10.40-12.50 (thermal infrared)
7th band: 2.08-2.35 (mid infrared)

30m (bands1to 5 and 7)
120 m (band 6)

185 x 170 km




192 A. Saintot et al. / Tectonophysics 313 (1999) 187-218

al., 1994a, 1995). We recognised stratigraphic units
based on the correlations with available geological
maps (1/1,000,000 — Arkhipov and Uspenskaya,
1967 and 1/200,000 — Derenyuk et al., 1984) and
our field work. We identified some characteristic
‘signatures’ of lithology in images. We finally paid
specia attention to the structural relationships be-
tween the various lithostratigraphic units of Crimea.
In some areas, aerial photographs are available at
the 1/20,000 as well as 1/10,000 scales. Because of
their far better resolution than for the satellite im-
ages, such aeria photographs are of extreme interest
in the structural analysis. Fig. 2 presents the areas
covered by aerial photographs. the Karabi, Dolgo-
ruki and Demerdji Plateaus, the Chatyr Dag Massif,
and the southwestern part of the Crimean chain (Late
Jurassic terranes of the Babugan Plateau, the Yalta
Plateau and Ai Petri Plateau). The analyses of these

aerial photographs alowed us to complete and bet-
ter constrain the general structures that we extracted
from satelliteimagery.

3.1. Analysis of the satellite images of eastern
Crimea (Sudak, Belogorsk, Saryi Krym)

Fig. 3 shows both the original Spot panchromatic
scene (Fig. 3a) and the extracted structural interpre-
tation (Fig. 3b).

We could observe the E-W-directed scarps of
several cuestas in the northern dope of the chain.
The northernmost scarp is composed of Sarmatian
limestones which dip a few degrees to the north
and unconformably overlie the Eocene limestones
(Bakhchisaraian—Simferopolian horizons). This un-
conformity is clearly observable northwest of Belo-
gorsk (Fig. 3). The Paleocene formations dip 10° to

ol

Fig. 3. Interpretation of satellite images in eastern Crimea. (a) Origina Spot panchromatic scene.

S
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the north and form an important scarp well seen be-
tween Belogorsk and Staryi Krym (Fig. 3). Beneath
these Cenozoic formations, the Mesozoic terranes
(Fig. 3b) generally dip to the north, as indicated by
the traces of bedding surfaces or by the presence
of characteristic flat iron features. The accuracy of
the Spot imagery is not sufficient to allow identifi-
cation of unconformities in the Cretaceous terranes,
because of the poorer contrasts and smoother mor-
phologic expressions.

In the region north of Sudak, within the highly de-
formed Lower and Middle Complexes, we identified
synform and antiform structures that we interpreted
as synclines and anticlines with E-W-directed axes,
suggesting a N-S direction of shortening. Further-
more, we could identify the traces of nearly E-
W south-vergent thrust fronts which affect both the
Lower Complex and the Middle Complex of Crimea.
This area corresponds to the Sudak—Karadag thrust
system (Fig. 1b). The Cretaceous terranes in the
northern slope of the chain are not affected by such
intense folding. This observation confirms that the
major deformation with a N-S trend of shortening
strictly belongs to the late Cimmerian phase (during
Berriasian times).

As for the fracture patterns, we observed 317
traces of fracturesin the Spot scene shown in Fig. 3,
with alarger density of fracture traces in the forma-
tions belonging to the Lower and Middle Complexes
of Crimea. This spatial distribution is in agreement
with the tectonic evolution of Crimea mentioned
before and indirectly supports the mgjor role of Cim-
merian tectonics.

The analyses of these 317 fracture lines in terms
of strike (rose diagram in Fig. 3b) revealed that the
predominant trend is N10. An important group aso
trends N50, and a minor one trends N140. We aso
noticed that the strikes of fractures are in agreement
with the strike of deep faults bordering the belt:
the N10 direction corresponds to the strike of the
Feodosya fault, whereas the N140 direction fits the
strike of the Alushta—Simferopol fault.

It is more difficult to characterise the offsets
along faults. Because of the structural interest of
such reconstruction, we addressed this problem in
a systematic way. NNE-SSW- to NE—-SW-striking
large faults cross the belt and its foreland, affect-
ing the Mio—Pliocene units. The drainage network

(formed by the Kuchuk Karassu, the Biyuk Karassu,
the Mokryi Indol river valeys, Fig. 3b) is run-
ning along NNE-SSW and NE-SW parallel struc-
tural lines which correspond to northern prolonga-
tion of the faults that we characterised inside the
mountain belt. The offsets of the Palaeogene cues
tas enabled us to determine an apparent left-lateral
strike slip movement along these NNE-SSW to NE—
SW faults. South of Belogorsk, across the Chom-
bay Mountain, such N-S-striking faults, steeply dip-
ping to the east, apparently offset a crest formed
by Jurassic limestones in a left-lateral sense. Verti-
cal components were also identified, at the eastern
dope of the Agarmysh Mountain, where a NNE—
SSW-trending fault occurs with a downfaulted west-
ern part. Douschevsky and Lysenko (1978) deter-
mined vertical offsets of 15-35 m along these sets
of faults. Inside the allochthonous Late Jurassic for-
mations which compose the Agarmysh Mountain,
such NNE-SSW fractures were identified. NW—-SE
faults were aso identified crossing both the belt
structures and the Mio—Pliocene formations of the
foreland. The recent displacement along these NW—
SE faultsisright-lateral, as unambiguously indicated
by offsets of crest line (Fig. 4). This fault pattern cor-
responds to the latest stage of deformation affecting
the Crimean Peninsula during the Late Cenozoic.

This example illustrates both the structural inter-
est and the limits of the remote sensing analyses. The
main structural trends are identified; more accuracy
is however needed in terms of structure geometry
and related mechanisms.

3.2. Central Crimea: aerial coverage

Our Spot scenes (Fig. 2) do not cover the central
part of the Crimean chain. However, we used aerial
photographs (located in Fig. 2), which allowed us
not only to obtain full coverage but also to carry
out much more accurate structural analyses in the
alochthonous terranes composed of Late Jurassic
formations.

Part of the Dolgoruki Plateau is covered by
1/10,000 aeria photographs (Fig. 2). Analysis of the
internal structure of this allochthonous complex al-
lowed us to better observe the vergence of the thrust
sheet development, as well as the later deformations.
We easily characterised normal faulting, as shown by
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the systematic offsets of clearly observablebedsalong
the Tithonian scarp. NW—-SE-trending normal faults
thus congtitute a conjugate system indicating a NE—
SW extension (Fig. 5). In more detail, we observed
that the joints are highlighted by strong dissolution.
We also noticed the development of reverse faults,
that we interpreted as compensation faults accompa-
nying normal slip on convex faults (Fig. 5).

As for the compressional deformation revealed in
these aerial photographs, and related to the thrust
sheet devel opment, accurate observations were also
made. In the lower part of the Dolgoruki Plateau
scarp, we recognised a level of highly deformed
rocks. We observed successive asymmetrical an-
tiforms and synforms, with E-W axes (Fig. 6).
According to Mileyev et a. (1996), it is a level
of deformed early to middle Tithonian overthrust by
undeformed formations of the same age. A criterion
of relative chronology is given by the analyses of
these aerial photographs. We noticed that the recum-
bent folds at the bottom of the scarp are strongly
affected by the normal faulting that we characterised
at the top of the scarp (Fig. 5).

Using a coverage of aerial photographs at a
1/10,000 scale, the internal structure of the Late
Jurassic allochthonous complex was thus recon-
structed. Especially, an important development of
normal faults post-dated that of thrust sheets and
folds.

3.3. Satellite coverage combined with local aerial
coverage: structural analysisin western Crimea
(Sebastopol, Bakhchisaray)

Fig. 7 shows both the Spot scene in western
Crimea (Fig. 7a) and the extracted structural inter-
pretation (Fig. 7b), with rose diagrams of observ-
able fracture strikes. In this section, we consider
together the analyses of satellite images and aerid
photographs, which proved to be efficient combined
tools to describe the deformation.

We noticed the spectacular NE-SW scarp of the
Danian on the northwestern flank of the Crimean
belt. Farther north, Sarmatian limestones compose
the northernmost cuesta which unconformably over-
lies older terranes.

In southwestern Crimea, we recognised the well
known ENE-WSW-trending syncline of southwest-

ern Crimea, composed by Jurassic formations and
unconformably overlain by Early Cretaceous (Hau-
terivian) terranes which dip to the north and show no
evidence of intense folding.

As for brittle structures, 396 fracture traces could
be identified in the Spot image of west Crimea. In the
rose diagrams (Fig. 7b) the azimuthal distribution re-
veals higher dispersion than for eastern Crimea. We
identified five groups of directions. N15, N25, N45,
N105 and N135. To better constrain the distribution
of fracture traces, we took the length of traces into
account. The groups trending N15, N25, N45 corre-
spond to 270 fractures with lengths less than 3 km,
whereas the groups striking N110, N135 include 126
fractures with lengths more than 3 km. Significantly,
the strikes of these fractures are in agreement with
those of deep faults bordering the belt: the N15 strike
fits that of the Feodosya while the N135 fits that of
the Alushta—Simferopol fault.

The drainage network in this region is consistent
with the fault pattern. In the Spot scene, we noticed
drainage anomalies. The Alma, Kacha and Belbek
river valleys are directed SE-NW in the core of
the mountains (upstream drainage), and ENE-WSW
in Pliocene terranes in the northwestern back of
the Sarmatian cuesta (downstream drainage). In the
Pliocene formations, the ancient drainage network
formed by these rivers can be identified. It followed
the NW-SE (N135)-directed linear structures men-
tioned above. This pattern reveals a phenomenon
of drainage network capture, because of northward
block tilting, along ENE-WSW large faults. We
confirm that vertical offsets recently occurred in
Pliocene terranes aong this ENE-WSW trend, as
well observed in the Lower Belbek river valley by
the difference in elevation between the northern and
the southern blocks.

In the core of the chain, the drainage network
follows NW-SE-trending faults along which there
are large left-lateral displacements, as indicated by
the observation of releasing bend basinsin the Alma,
Bodrak and Belbek valleys and as suggested by the
offsets of the cuestas (Fig. 8). We observed apparent
horizontal offsets of nearly 2 km affecting the Da-
nian cuesta and the Cretaceous formations along the
NW-SE fault of the Belbek river valley (Fig. 8). The
ENE-WSW fault of the lower Belbek river appar-
ently offsets a NW—SE fault in a right-lateral sense.
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Fig. 4. Spot analysis: NW of Sudak. (a) Spot view.

This structural pattern suggests that these faults form
a system of conjugate strike-dip faults, in agreement
with a stress regime with E-W-trending compression
and N—S-trending extension.

The high plateau of Ai Petri formed by the
structural surface of Late Jurassic limestones is cut
by nearly E-W plurikilometric faults (N105 set)
with downthrown blocks to the south. Such normal
faults are common in the whole of the southwest-
ern Crimean chain. The available coverage of aerial
photographs (1/20,000) in this area allowed us to
confirm the main fault displacements recognised in
satellite scenes. We especialy identified a major
scarp in the Ai Petri Plateau which corresponds to an
E-W-striking normal fault affecting the southwest-
ern syncline of Crimea. Along the steep southern
scarp of the Babugan Plateau (aerial photograph at

1/10,000 scale, Fig. 9a), a WNW-ESE array of
highly fractured Late Jurassic limestones was ob-
served (Fig. 9b) and analyses of brittle tectonic
features near this faulted zone revealed a normal
faulting similar to that suspected in satellite images.

The structural pattern of the Lower Structural
Complex is well observed in the Bodrak, Alma,
Kossa, Kacha, Marta and Belbek river basins. The
usual bedding dip direction in the terranes of the
Lower Complex is north and north-northwest, as
indicated by numerous flat irons but we observed
numerous antiforms and synforms which complicate
the structural pattern of the Lower Complex. We
observed important anomalies in the shape of the
drainage network of the Alma, Kossa and Bodrak
upstream valleys. These anomalies are interpreted as
traces of south-vergent thrusts (Fig. 7b). Both these
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Fig. 4 (continued). (b) Locd interpretation of the Spot view, NW of Sudak. Note that crest lines are offsets along NW-SE faults and that

fault dips are oblique, normal and right-lateral.

observations are compatible with folding related to
a N-S direction of compression. The allochthonous
position of the Middle Complex, relativeto theinten-
sively deformed Lower Complex, is well identified
in the vicinity of the Chatyr Dag Massif and Ai Petri
Plateau (Fig. 7b). The difference of amplitude in
terms of deformation between these two complexes
is clearly observed and fits well the occurrence of an
early phase of deformation which affected the Lower
Complex, before the sheet development of the Mid-
dle Complex above the Lower Complex. This early

phase may correspond to an early Cimmerian phase
during Callovian times.

We aso observed anomalies in the drainage
network of the upstream basin of the Alma river
(Fig. 10). The pattern is clearly centrifugal and this
kind of drainage anomaly is generated by circular
features (Deffontaines and Chorowicz, 1991). Obert
et al. (1992) observed such circular drainage anoma-
lies in the eastern Paris Basin, which correspond
to a Palaeozoic volcano buried beneath 1000 m of
deposits, as indicated by a seismic cross-section.
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Fig. 5. Southern scarp of Dolgoruki Plateau, upper part (Tithonian deposits). (a) Aerial photograph. (b) Corresponding structural map.

Note the presence of normal fault system.

We inferred that the circular anomalies in Crimea
may aso correspond to magmatic cores located be-
neath the terranes of the Lower Complex, similar to
outcropping Middle Jurassic intrusives known else-
where in Crimea.

3.4. Comparison between the structural schemes of
western and eastern Crimea

Three common directions of fracturation, N10—
N15, N50 and N135-N140, occurred both in eastern
and western Crimea. These strikes are in agreement
with the strikes of the largest deep faults revealed
by geophysical data. In western Crimea, two sets of
faults, N25 and N105, exist in addition.

It isimportant to point out that the deformation in
the Lower Complex cropping out in eastern and in
western Crimea is compatible with a N—S-directed
compression.

Concerning the latest stage of deformation that we
identified by analyses of featuresin Pliocene terranes
of the foreland, there is an obvious counterclockwise
deviation of the deformation from eastern to western
Crimea. The trends of latest faulting are NNE-

SSW (N10), NE-SW (N50) and NW-SE (N140)
in the eastern foreland whereas they are WNW-
ESE (N105), NW-SE (N135) and ENE-WSW in
the western foreland. Normal and strike-dlip faulting
occurred across these faults with a counterclockwise
deviation of the direction of associated compression
and extension.

4. Major structuresin relation to palaeostress
regimes

Several palaeostress regimes have been recon-
structed throughout Crimea by means of brittle tec-
tonic analysis and fault slip data inversion (Angelier
et a., 1994; Saintot et al., 1995, 1996a,b). This re-
gional analysis was based on consideration of 970
minor fault slip data and other brittle features (e.g.,
290 veins, 215 stylolitic pressure-solution fractures)
at 52 sites. The aim of the present paper is not to
describe the regional palaeostress history (Saintot
et al., 1998). We rather aim at demonstrating that
the results can be correlated with the development
and deformation of the large-scale structures dis-
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Fig. 6. Southern scarp of Dolgoruki Plateau, lower part (Tithonian deposits). (a) Aerial photograph. (b) Corresponding structural map.
Note the presence of an internal thrust in the allochthonous complex and folds in the overthrust unit.

cussed above. As a conseguence, we simply selected Table 2), at places where analyses of satelliteimages

and summarised the palaeostress data and results and aerial photographs yielded significant structural
corresponding to these major events (in detail, in information.
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Fig. 7. Interpretation of satellite images in western Crimea. (a) Original Spot panchromatic scene.

4.1. Reconstructing local stresstensors

The inverse method used provides access to the
orientation of the three principal stress axes oy,
o, and o3, with o1 > 0, > o3 (pressure positive),
and to the value of the ratio @ defined as @ =
(02—03)/(01—03), (0 < @ < 1), related to the shape
of the stress dlipsoid (oblate for @ > 0.5, prolate
for @ < 0.5). Using the inverse method allows
calculation of the reduced stress tensor (‘R4DT’
method, Angelier, 1984; ‘INVD’ method, Angdlier,
1984, 1990).

Most studied sites were affected by a polyphase
tectonic history, so that the measured faults have
been created or reactivated under several successive
palaeostress regimes. It was thus necessary to split
sets of data into two or more mechanically homoge-

neous subsets (e.g., Fig. 11a, simple example with
two subsets). Reactivation of fault planes with suc-
cessive dlip indicated by various striae are common
(e.g., Fig. 11b). We could often establish the chronol-
ogy of stress tensors by considering the tilting of
layers related to a known folding event, considering
that one of the three principal stress axes was nearly
vertical when faulting occurred, as observed in un-
tilted sites (e.g., Fig. 11c). We thus distinguished
pre-tilt, syn-tilt and post-tilt stress regimes.

4.2. Tectonic behaviour of large structures

Anaysis of remote sensing data allowed us to
identify the largest structures in Crimea, and their
tectonic behaviour was constrained by inversion of
fault dlip data. This approach resembles that already
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Fig. 7 (continued). (b) Corresponding structural map from analyses of Spot panchromatic—Landsat TM couples of western Crimea. Trend
distribution of traces added in rose diagram (complete set on the left, subsets with a length boundary of 3 km on the right). Ba. PI. =
Babugan Plateau; Ch. Dag = Chatyr Dag Massif.

involved in earlier studies of other regions (Chorow- in trends and mechanisms. These differences are
icz et a., 1994b). In this sub-section, we discuss highlighted by contrasting strikes of faults that we
the largest structures of western Crimea and east- observed in the field (rose diagrams, Fig. 12).

ern Crimea successively, because of the differences Large extensional features play an important role
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Fig. 8. Local interpretation of Spot image: northwestern slope of the Crimean chain. (a) Spot image.
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in Crimea. The WSW-ENE (N70) large faults of the
downstream Alma, Kacha and Belbek river valeys
show vertical offsets of terranes with block tilting
towards the north in agreement with an extensional
regime that we identified by inversion of fault dip
data sets (Fig. 13). Contrarily, the senses of dis-
placement along numerous N15, N25, N45 striking
faults in western Crimea were not well constrained
by remote sensing analyses. Stress tensor determina-
tion suggests that these N15- to N70-directed faults
underwent a NW-SE extensiona regime (Fig. 13).

Fig. 9. Scarp of Babugan Plateau. (a) Aeria photograph.

Numerous tension gashes and isolated normal faults
(Fig. 13) belong to this extensional event. This ex-
tension fits well with the Oligocene development
of the Alma and Sorokin troughs which bordered
the Crimea chain (Fig. 13). In this case, the normal
faulting in the downstream Alma, Kacha and Belbek
river valleys, which affected Pliocene terranes with
block-tilting towards the north, represents an event
which recently reactivated these WSW—-ENE discon-
tinuities (for more explanation, see Section 4.3).

As shown by rose diagrams of strikes of micro-
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Fig. 9 (continued). (b) Corresponding structural map. Note the presence of normal fault system.

tectonic data that we collected in western Crimea
(Fig. 12), the WNW-ESE trend strongly prevails,
it is aso that of an important population that we
detected in the Spot scene (rose diagram in Fig. 7b).
The normal displacement along the set of N105—
N110 large faults identified in the Spot scene in
the southwestern Crimean chain fits well the stress
tensors reconstructed in this area (Fig. 14). A good
agreement is observed in the vicinity of Foros, be-
tween fault strike (rose diagram in Fig. 14) and
normal faulting behaviour at microtectonic and the
Spot scene scales.

Analysis of satellite imagery fails to show reacti-
vation of these normal faults, which is revealed by

field studies of fault dlip data (Figs. 13 and 14). How-
ever, these normal faults were reactivated in a strike-
slip regime with oy trending NW-SE (Fig. 14), and
in sites 8, 32 and 45, in a strike-dlip regime with o7
trending ENE-WSW (Figs. 13 and 14). Moreover,
the numerous stress tensors determined in west-
ern Crimea, particularly near Bakhchisaray, suggest
that right-lateral displacement occurred along these
N105-N110 trends (Fig. 15). The rose diagram (in
Fig. 15) of microtectonic data near Bakhchisaray
illustrates the two strikes of faulting related to the
strike-dlip regime which involved WNW-ESE right-
lateral strike-glip faults and conjugate N150 minor
faults.
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Fig. 10. Local interpretation of Spot image: upstream Alma river basin. (a) Spot image.

Such reactivation of large preexisting normal faults
also occurred during the latest Plio—Quaternary tec-
tonic events. In the Bakhchisaray region, we observed
in the Spot scene a recent |eft-lateral offset along
the sets of N135-trending large faults (see Fig. 16,
Section 4.3); according to field observation, the N45-
trending large faults are the corresponding right-lat-
eral faultsin a conjugate pattern.

As for the Mesozoic events, large N135-trending
faults underwent right-lateral displacement during an
old strike-dlip regimewith o, trending NNW-SSE, in
agreement with stress tensors that we determined in
terranesof the L ower and Middle Complexes(Fig. 17,
Section 4.3). Inthisstressfield, the N15 faults (which
are well identified in Spot scenes, see rose diagram
in Fig. 7b) could be defined as the conjugate | eft-lat-
era strike-dlip faults of the N135 fault set (Fig. 17).
This direction of compression is in agreement with

Y
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the folding and thrusting observed in the Lower Com-
plex inthe upstream Almariver valley and withthere-
verse stresstensorsthat wereconstructedinthe Lower
and Middle Complexes (Fig. 17). These deformations
seem to berelated to atranspressional regime with o
trending NNW-SSE to N-S.

The structure of eastern Crimeais simpler. Along
the set of N10-striking faults, we observed verti-
cal displacement which fits the E-W extensiona
regime that we reconstructed based on microtectonic
data inversion (Fig. 16, Section 4.3). In addition,
we identified left-lateral displacement along this set
of N10 faults and right-lateral displacement along
associated N140 faults. This system is in agreement
with a strike-slip regime that we reconstructed by
tensor calculations (Fig. 16, Section 4.3). In site
79, we could observe the reactivation of the N50
and N140 strike-dlip faults in the E-W extensional
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Fig. 10 (continued). (b) Drainage network map. Note the presence of circular drainage anomalies (surrounded by thick dashed lines)

revealing probable circular structures at depth.

regime mentioned above; in site 66, the N140 faults
suffered reactivation in this extensional regime.
Across the important set of NE-SW (N50) faults
that we plotted in the Spot scene of eastern Crimea,
we did not observe apparent displacements. Never-
theless, numerous stress tensors alowed us to as-
sume that left-lateral displacement occurred in these
fault surfacesin a strike-dlip regime with o, trending
NNE-SSE (Fig. 17, Section 4.3). This regime seems
to be older than the tilting of layers as shown in
sites 76 and 81 where the back-tilting tensor was
calculated (see diagram in Fig. 17, Section 4.3). It
is reasonabl e to associate with this strike-dip regime

an old reverse regime with o trending NNE-SSW
identified in nearby sites (Fig. 17, Section 4.3). Such
a transpressional regime is consistent with the de-
velopment of the thrusts and folds that we could
observe in the Lower and Middle Complexes.

These studies show that the palaeostress analy-
sisallowsto constrain the tectonic behaviour of large
structures, and that, in turn, the identification of these
major structures allows to determine the amplitude
of the tectonic regimes. Combining these approaches
enables one to identify the tectonic events responsi-
ble for the major deformations of the belt. We thus
recognised several major regimes in western Crimea:
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Table 2
Examples of paleostress results at sites studied in Crimea
Localities Latitude/Longitude Age of No. Stress N o1 o2 03 Method @ o RUP
(degrees) formation regime trend plunge trend plunge trend plunge (%)
Bakhchisaray 44.77/33.99 Middledur. 1 S 9 180 26 312 54 078 23 INVD 0.1 13 38
* S 003 02 269 60 094 30 INVD 0.1 13 36
Bakhchisaray 44.77/33.99 Middledur. 1 R 14 194 06 103 01 002 84 INVD 05 12 22
Bakhchisaray 44.72/33.85 Paacogene 2 S 7 100 08 288 82 190 01 INVD 0.6 04 17
Bakhchisaray 44.72/33.85 Paacogene 2 S 15 129 01 031 84 220 06 INVD 04 11 37
Bakhchisaray 44.77/33.87 Paacogene 3 S 25 131 04 294 86 041 01 INVD 0.5 09 29
Bakhchisaray 44.75/33.85 LaeEoc. 25 S 18 318 08 059 52 222 37 INVD 0.1 12 38
Bakhchisaray 44.75/33.85 LaeEoc. 25 N 8 127 77 222 01 313 13 INVD 03 04 11
Bakhchisaray 44.75/33.85 LaeEoc. 25 N 9 109 75 286 15 016 01 INVD 04 09 24
Bakhchisaray 44.80/34.00 Middledur. 41 R 19 190 09 100 01 006 81 INVD 06 11 22
Bakhchisaray 44.80/34.00 Middledur. 41 S 14 171 20 345 70 080 02 INVD 04 11 25
Bakhchisaray 44.80/34.00 Middledur. 41 S 8 112 10 224 65 018 22 INVD 05 14 35
Bakhchisaray 44.80/34.00 Middledur. 41 S 6 340 46 131 40 234 15 INVD 0.7 09 28
Simferopol  44.95/34.17 Middledur. 32 N 18 317 79 217 02 127 11 INVD 05 10 24
Simferopol  44.95/34.17 Middledur. 32 S 17 074 01 339 77 164 13 INVD 04 12 34
Simferopol  44.95/34.17 Middledur. 32 S 9 178 21 311 60 080 20 INVD 0.6 05 26
Belogorsk 45.07/34.67 MiddleEoc. 30 N 18 297 82 177 04 087 07 INVD 0.3 10 27
Belogorsk 44.97/34.63 Tithonian 63 S 14 164 01 066 80 254 10 INVD 04 16 34
Belogorsk 44.97/34.63 Tithonian 63 S 17 008 14 142 70 274 13 INVD 04 13 28
Belogorsk 45.05/34.60 Eocene 84 S 5 327 46 141 44 234 03 RADT 0.8 01
Staryi Krym  44.97/34.98 Tithonian 76 S 12 208 50 048 39 310 10 INVD 0.3 11 37
* S 12 027 06 125 51 292 38 INVD 0.2 12 40
Staryi Krym  44.97/34.98 Tithonian 76 S 21 359 13 258 41 103 47 INVD 0.3 08 22
Staryi Krym  45.00/35.07 Tithonian 79 N 14 309 72 195 08 103 16 INVD 05 09 34
Staryi Krym  45.00/35.07 Tithonian 79 S 15 338 17 212 63 075 21 INVD 04 12 34
Staryi Krym  45.00/35.07 Tithonian 79 S 18 014 07 258 74 106 15 INVD 0.5 10 26
Foros 44.41/33.70 Late Jur. 8 N 43 175 77 270 01 360 13 INVD 04 12 29
Foros 44.41/33.70 Late Jur. 8 S 6 247 21 103 65 343 13 INVD 0.5 08 36
Foros 44.37/33.68 Oxfordian 9 S 13 142 42 322 48 052 00 INVD 06 11 36
Foros 44.37/33.68 Oxfordian 47 S 30 304 15 178 66 039 19 RADT 0.2 12
Foros 44.48/33.88 Oxfordian 48 N 7 130 83 270 05 001 04 INVD 0.3 12 33
Yalta 44.40/34.07 Oxfordian 45 R 20 336 01 245 60 066 30 R4DT 0.1 13
Yalta 44.40/34.07 Oxfordian 45 N 9 283 80 044 05 134 09 INVD 0.3 07 17
Yalta 44.40/34.07 Oxfordian 45 N 18 340 81 090 03 180 08 INVD 0.5 09 26
Yalta 44.40/34.07 Oxfordian 45 S 15 252 15 064 75 161 02 INVD 06 19 35
Yalta 44.57/34.07 Taurian 50 N 9 023 78 215 12 124 02 INVD 0.5 06 24
Yalta 44.52/34.22 Taurian 52 S 8 112 02 005 83 203 06 INVD 0.6 13 39
Yalta 44.52/33.98 Oxfordian 59 S 6 348 09 148 80 257 03 INVD 0.6 06 15
Alushta 44.62/34.32 Middledur. 53 S 8 180 15 000 75 090 00 INVD 04 08 21
Sudak 44.80/34.94 Oxfordian 5 R 8 182 21 273 04 015 69 INVD 0.2 12 30
Sudak 44.86/35.07 Oxfordian 11 R 13 218 04 128 04 351 84 INVD 0.6 10 25
Sudak 44.87/34.63 Neocomian 61 S 8 347 32 171 58 078 02 INVD 0.7 04 13
Sudak 44.85/35.08 Late Jur. 64 S 14 172 18 047 61 270 22 INVD 05 15 34
Sudak 44.85/35.08 Late Jur. 64 N 7 129 70 006 12 273 17 INVD 04 08 25
Sudak 44.84/35.08 Late Jur. 65 S 6 330 64 152 26 062 01 INVD 0.7 07 25
Sudak 44.86/35.08 Late Jur. 66 N 21 293 84 151 05 061 03 INVD 0.1 18 57
Sudak 44.90/35.13 Late Jur. 67 N 4 201 74 028 16 297 02 INVD 0.6 07 22
Feodosya 44.93/35.18 Middledur. 68 R 20 213 06 303 01 039 &4 INVD 05 14 34
Feodosya 44.95/35.27 Late Jur. 8l S 21 018 22 156 61 281 17 INVD 0.6 09 28
* S 21 017 01 111 75 287 15 INVD 0.6 09 28
Kertch 45.32/36.34 Neogene 12 R 19 124 08 033 02 290 82 INVD 05 11 39
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Table 2 (continued)
Localities Latitude/Longitude Age of No. Stress N o1 o2 03 Method @ o RUP
(degrees) formation regime trend plunge trend plunge trend plunge (%)
Kertch 45.32/36.34 Neogene 12 R 16 160 11 251 05 004 78 INVD 05 08 30
Kertch 45.32/35.67 Late Mioc. 70 N 4 028 58 181 29 278 12 INVD 0.7 10 26
Kertch 45.40/35.73 Late Mioc. 71 N 21 214 83 001 06 091 04 INVD 03 10 30
Kertch 45.15/36.42 Late Mioc. 128 R 17 319 02 049 01 182 88 INVD 06 04 11
Kertch 45.42/36.55 Mid. Mioc. 130 R 36 132 08 042 01 304 82 INVD 04 10 31

No., reference number of the site. Stress regimes: S, strike-dlip faulting; R, reverse faulting; N, normal faulting. N, number of fault
dip data. Trends and plunges of stress axes in degrees (with * for backtilted stress tensors). Methods (INVD and R4DT) referred to
in Angelier (1990). @, ratio of stress magnitude differences, @ = (02 — 03)/(01 — 03). @, average angle between observed dip and
computed shear, in degrees (acceptable with o < 22.5%). RUP, criterion of qudlity for the ‘INVD’ method, ranging from 0% (calculated
shear stress paralel to actua striae with the same sense and maximum shear stress) to 200% (calculated shear stress maximum, parallel
to actual striae but opposite in sense), acceptable results with RUP <75%.

(1) atranspressional regime with oy trending N-S
to NNW-SSE probably responsible for the develop-
ment of strike-dlip faults (striking N15 and N135),
reverse faults and large folds and thrustsin the L ower
and Middle Complexes, and that we assigned to the
late Cimmerian phase; (2) a N—S extension which
affected the Eocene rocks (site 25); (3) a NW-
SE extension that we interpreted to be related to
the development of peripheral troughs in Oligocene
times and which developed normal faulting along
N15, N25, N50, N70 strikes; (4) the latest strike-slip
regime with o3 trending NNE-SSW which reacti-
vated the N135 faults in a well observed |eft-lateral
displacement. Other regimes (strike-slip regime with
oy trending NW-SE and strike-dlip regime with oy
trending NE-SW) were also identified in the field but
do not correspond to major features observablein the
images. In eastern Crimea, we identified two mgjor
regimes of deformation which fit well with the two
palacostress fields that we determined: (1) an old
NNE-SSW transpressional event which developed
strike-dlip faults, folds and thrusts affecting Lower
and Middle Complexes, and (2) a recent transten-
sional regime with o3 trending E-W, responsible
of the well observed latest strike-slip and normal
faulting. Both are related to major structures.

4.3. Remote sensing, palaeostress analysis and
recent tectonism

Fig. 16 illustrates the neotectonics scheme of
Crimea including the latest deformation and as-

sociated stress field. We attempt to explain the
fan-shaped distribution of the latest active faults
which strike NNE-SSW, NE-SW, NW-SE in east-
ern Crimea and WNW-ESE, NW-SE, ENE-WSW
in western Crimea. We have to take into account
the associated faulting modes (normal and strike-
dlip). We noticed the good fit between NNE-SSW
microtectonic data sets that we collected near Belo-
gorsk (rose diagram in Fig. 16) and the attitude of
the largest discontinuities of eastern Crimea. In the
vicinity of Partenit, the strikes of microtectonic data
sets are WSW-ESE and NW-SE (rose diagram in
Fig. 16) like those of the largest structures devel oped
in western Crimea. The latest deformation fits well
with both the fan-shaped recent stress field recog-
nised through field analyses (Saintot et al., 1998) and
the inversion of foca mechanisms (Goushtchenko
et a., 1993). The maximum principal stress axis o
trends NNW-SSE in eastern Crimea and WNW-—
ESE in western Crimea (Fig. 16). One may think that
the arcuate shape of the Crimean belt results from
the oblique collision of the East Black Sea Plate
following a NNW direction of convergence, the East
Black Sea Plate acting as an indenter. In eastern
Crimea, the reverse regime with o, trending NNW-—
SSE prevailed offshore and in the Kertch Peninsula.
Numerous folds and reverse faults were observed in
the Kertch Peninsula, in agreement with the NNW-—
SSE direction of compression (Fig. 16). In this con-
text, the Crimean Mountains underwent an uplift, so
that the stress regime changed to a strike-dlip regime.
This stressfield is in agreement with the NNE-SSW
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a, Sorting out of collected data in site 30

Set of normal faults

Set of right-lateﬁl"

strike-slip faults

b, Reactivation in site 8

Fig. 11. Examples of polyphase tectonism. (a) Fault population collected in site 30, near Belogorsk. The whole set is divided into two
subsets, consistent with different stress regimes. Stereoplot: Schmidt's projection, lower hemisphere. Bedding planes as broken lines,
fault planes as thin lines, striae as small arrows (inward directed = reverse, outward directed = normal, couple of thin arrows =
strike-dip). Computed stress axes as 5-, 4- and 3- branch stars (o1, 02 and o3, respectively). Direction of compression: inward-directed
arrows, direction of extension: outward-directed arrows. (b) Normal fault reactivated in a strike-slip regime, as shown by superposed sets
of striag; site 8 near Foros. (¢) Backtilted stress tensor, site 76, near Staryi-Krym.

left-lateral strike-dlip faults and the NW-SE right-
lateral strike-dlip faults in eastern Crimea, and with
the NW-SE left-lateral strike-dlip faults and the NE—
SW right-lateral strike-slip faultsin western Crimea.
The northern flank of Crimea is characterised by
extensional deformation along nearly WSW-ENE
faults in the western Crimean foreland and nearly
N-S faults in the eastern Crimean foreland. In the
frame of our conception of the geodynamic con-

text, the Cenozoic terranes of the foreland suffered
stretching, with atrend of extension perpendicular to
the trend of compression. Tension gashes measured
in Mio—Pliocene terranes of the western foreland
(Fig. 16) are in good agreement with a probable
extensional regime which recently prevailed in this
region. In the Eocene formations of the foreland of
eastern Crimea as well as in the northwestern part
of the Kertch Peninsula, we observed that the N10
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Fig. 12. Rose diagrams of strikes, minor faults data collected in the field in eastern and western Crimea. Compare with rose diagrams in

Fig. 3b and Fig. 7b, respectively.

striking sets of large faults underwent nearly E-W
extension in agreement with the brittle microtectonic
data and reconstructed stress tensors (Fig. 16). We
noticed in the core of the eastern Crimean chain
local E-W extension related to the more general
strike-dlip regime, with o3 trending E-W; we explain
this pattern by local permutations of the o; and o,
principal stress axes.

To summarise our model for Plio—Quaternary
times, onshore Crimea underwent deformations in
a strike-dlip regime in the core of the chain (clear
transtensional regime in eastern Crimea) and in an
extensional regime in the foreland, with an obvi-
ous fan-shaped distribution of tectonic stresses and
faults.

4.4. How far can old events be reconstructed?

Combined mechanical and geometric analysesin
the Lower and Middle Complexes alowed us to
determine ancient tectonic events. We identified a
characteristic structural pattern in the older terranes
of Crimea (the Lower Complex) which corresponds
to a N-S south-vergent compression. The structure
of the allochthonous Middle Complex is complicated
by interna thrusting (as for the two units in tec-
tonic contact seen at the bottom of the Dolgoruki
Plateau), in agreement with a NNE-SSW compres-
sion. This nearly N-S compressional event is not
recorded in the Upper Complex of Crimea. The de-

termination of tectonic stress tensors which affected
the Lower and Middle Complexesin western Crimea
indicates that the trend of compression was N-S and
NNW-SSE whereas it was NNE-SSW in eastern
Crimea (Fig. 17). The reconstructed stress tensors
are compressional or strike-dlip as well, indicating
that Crimea underwent a transpressional regime dur-
ing the latest Cimmerian phase. This early stress
field was not consistent throughout the belt: a devia-
tion existed in the trend of compression, from NNE—
SSW in eastern Crimea to N-S and NNW-SSE in
western Crimea.

In aregion where polyphase tectonism occurs, the
reactivation of structures may overprint the record of
old tectonism. This study has shown that it is how-
ever possible to obtain information on the mecha-
nisms of the early structural development of Crimea,
because the old events left strong marks in terms
of deformation, which were not all overprinted by
recent reactivation.

5. Conclusions

The remote sensing analysis provides a general
account of the geometry of large structures. Partic-
ular attention was paid to the orientations of me-
chanical discontinuities because of their potential for
reactivation under later stress regimes. The approach
in terms of conjugate fault patterns is efficient as
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>

Fig. 13. Structural pattern and local palaeostress tensors related to NW-SE extensional event in western Crimea. Large faults involved in
this regime as thick lines; explanation of stereoplots as for Fig. 11a; sites located in map as grey stars with reference number.
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Fig. 14. Structural pattern and local palaeostress tensors related to N—S extensional event in western Crimea. Explanation as for Fig. 13.

far as newly formed brittle structures are concerned.
Mechanical analysis of brittle tectonics in the field
is compulsory, because it enables one to reconstruct
and interpret reactivation of discontinuities under
successive palaeostresses, which results in oblique
dlips that can hardly be detected in the images.

However, we note that, close to the major faults,
the minor fault-fracture patterns often correspond to
simple conjugate systems which are mechanically
consistent with the reactivation of the main fault.

We thus identified major tectonic events that have
affected Crimea since Berriasian times:
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Fig. 15. Structural pattern and local palaeostress tensors related to strike-dip regime in western Crimea, with o7 trending NW-SE.
Explanation as for Fig. 13.
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Fig. 17. Summary of structural features in Spot scenes and palagostress local tensor related to thrusting and folding of the compressional

event of the late Cimmerian phase. Explanation as for Fig. 13.

(1) A transpressiona regime, with o7 trending
N-S to NNW-SSE in western Crimea and NNE—-
SSW in eastern Crimea, which characterised the late
Cimmerian phase.

(2) A N-S extension and a NW-SE extension
restricted to western Crimea, and related to the de-
velopment of peripheral troughs in Oligocene times,
because of the general perpendicularity between ex-
tension and trough trends, deviatoric stresses related
to deep trough devel opment may have played amajor
role.

(3) The latest regime is transtensional onshore,
with o3 trending NNE-SSW in western Crimea. The
NW-SE faults were reactivated as left-lateral, with
o3 trending E-W in eastern Crimea, responsible of
the widespread strike-slip and normal faulting that
occurred latest.

We finally point out that the tectonics in Crimea
were heterogeneous, a phenomenon that may be ex-
plained by the presence of the major deep NW-SE
Alushta—Simferopol fault, as an important disconti-
nuity controlling the difference of behaviour of the
eastern and western parts of the Crimean Mountains.
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