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Abstract—We collected materials on geological indicators of paleostresses at the western pericline of the
Greater Caucasus mega-anticlinorium and within the large transverse flexure-fault zone (Anapa and
Dzhiginka zones) limiting this mega-anticlinorium. Based on the data, we reconstructed local stress states in
different tectonic zones. The reconstructed local stresses showed a considerable variation of the orientations
axes of principal stress near the two zones. In a site adjacent to the flexure-fault zone and located near the
western pericline of the Greater Caucasus mega-anticlinorium, the detachment systems of northeastern
(NE—SW) strike are determined. Additionally, field structural studies proved elongation in the northwestern
(NW-SE) direction. This was also verified by the reconstruction of orientations of minimum compression
stress axes (maximum deviatory tension) implemented by cataclastic analysis of structural—kinematic infor-
mation on the movements of the fault planes (tectonic cracks and minor ruptures). We found a well-expressed
multistage regime of the northwestern (NW—SE) tension within the limits of the Semisam anticline. Tension
deformations (along the axis of the main folded structure) are manifested in structures of different scales; the
values of relative elongation are defined for some of them. At the western pericline of the Greater Caucasus
mega-anticlinorium, in the Miocene deposits, a north—south (NNW) compression regime with steep incli-
nations of axes of maximum compression stresses was identified. In the boundary zone between the North-
western Caucasus and transverse Kerch—Taman trough, an alteration of the orientations of main axes of nor-
mal stresses was found. These changes led to the replacement of horizontal-compression and horizontal-
shear (with a NE-oriented compression) settings, which are predominant in the Caucasus, with settings of

horizontal tension (with steep NNW-oriented compression axes).
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INTRODUCTION

When studying folded deformations in the Greater
Caucasus, the main focus is usually placed on the orien-
tation of shortening across the folded structure (i.e., in
the direction where the major part of the easily detect-
able horizontal shortening is located). In the Western
Caucasus, different researchers (A.L. Kozlov [6],
M.V. Muratov [13], Ch.B. Borukaev [2], V.E. Khain
[12, 27], E.E. Milanovskii [12], A.N. Shardanov [28],
L.M. Rastsvetaev [19, 21, 22], TV. Giorgobiani [4],
EL. Yakovlev [31, 32], A.M. Nikishin [15], and others)
have established a considerable influence of, or a lead-
ing role played by, horizontal shortening in the south-
west—northeastern direction, in forming the tectonic
structure of the region. Despite the long-term period of
these studies, there have been different approaches to
the causes and parameters of this shortening. In the
authors’ opinion, the problem regarding the source of
driving forces for horizontal shortening, and that
regarding the relationship between and directions of
relative horizontal and vertical displacements, can be
solved by methods of field tectonophysics. In the
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Greater Caucasus, which is traditionally a test area for
Russian tectonic researchers, many studies have been
implemented by various methods. The western part of
the Caucasus has been studied in many works (for
example, [3,4, 7,9, 11, 14, 16, 19, 21, 22, 34, 35] and
others) by using different structural tectonophysical
methods.

On the basis of study of the faults in the region,
L.M. Rastsvetaev has formulated ideas on the folded
structure of Northwestern Caucasus: he suggests this
region is a transpressive right-lateral strike-slip fault
zone [19]. The state of the lithosphere within the limits
of Mountain Crimea (Gornyi Crimea) and Northern
Cis-Black-Sea Region during the Alpine tectonic
epoch was characterized by an submeridional shorten-
ing (stresses of maximum deviatory compression) and
a reactive elongation (stresses of maximum deviatory
tension) in the sublatitudinal or subvertical directions.
The mobilization of NW- and NE-oriented inhomo-
geneities, both those newly formed and already exist-
ing by the beginning of the Alpine cycle, has deter-
mined a broad distribution of deformations related to



412

strike-slips, predominantly NW-oriented right-lateral
strike-slips [19].

The character of the lineament network and mac-
rocracking in the Western Cis-Caucasus Region has
been considered by V.A. Viginskii [3]. The data on
cracking in the northern part of the Taman Peninsula
from this work agree with the observed lineament net-
work in that territory. Based on the analysis of struc-
tural parageneses, the cited author has established the
NNW (340°—350°) orientation of the axis of maxi-
mum compression stresses and the NE (70°—80°)
orientation of the intermediate axes of principal
stresses.

Characterizing the field of tectonic stresses in the
area of the Inguri Hydroelectric Power Plant,
P.N. Nikolaev focused [16] on the change in the
main characteristics of the stressed state when tran-
siting from one geostructural element to another
(fold hinges and limbs, ruptures). The localization of
different types of stress fields within the limits of dif-
ferent structural elements indicates, in the opinion of
the mentioned author, the localization of strains
within these structural units.

Based on the study by T.V. Georgobiani and
D.P. Zakarai aimed at discovering how the Alpine
structures of the region were formed, the characteristic
zonation in the cross section, namely consecutive
change in folding from moderate to weak in the SW to
NE direction, was verified. Within the limits of the
southern slope of the Northwestern Caucasus, inter-
ference-folded structures were found; these structures
developed when the folding waves from two directions
overlapped. The leading role in emplacement of the
contemporary folding structure was played by the
SW—-NE-directed tangential forces appearing as a
result of underthrusting of the Black-Sea—Transcau-
casian central massif beneath the folded structure of
the Greater Caucasus. These authors also supposed a
change in the direction of the lateral deformation pat-
tern from northeastern to submeridional during the
Alpine cycle development of the folded structure [4].

A study by S.A. Nesmeyanov, using a technique of
structural—geomorphologic analysis of neotectonic
structures, allowed him to conclude the following. The
mountainous structure of the Northwestern Caucasus
was formed during the entire neotectonic stage, inher-
iting the late-geosyncline highs with its near-axial
part. The mega-arch of the Greater Caucasus is a part
of the Crimean—Caucasian range of the orogenic
mega-anticlinoria; within the limits of this range, the
Greater Caucasus is divided from the Crimean mega-
anticlinorium by the Kerch—Taman saddle-like zone,
which was a deep transverse molasse-filled trough at
the early orogenic stage. At the end of the late orogenic
stage, this zone was involved into the uplift oriented in
a direction transverse to the axis of this early orogenic
trough, and this uplift formed a united range of neo-
tectonic megarise. To choose a neotectonic and con-
temporary tectonic—dynamical setting, one should
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take into account the broad distribution of structures
whose formation is related to the longitudinal and
transverse tension of the Greater Caucasus mega-anti-
clinorium [14].

With the help of a structural-geomorphologic
method for reconstructing shear stresses [25], neotec-
tonic stresses of the Northern Cis-Caucasus Region
were inferred [8]. Based on the interpretation of feath-
ering faults in the zones of dynamical influence of the
Akhtyrka W—NW-trending fault zone, the NNW-ori-
ented horizontal compression axes and the conditions
of additional tension in this fault zone near the Greater
Caucasus pericline were reconstructed. The neotec-
tonic stresses were reconstructed on the basis of analysis
of the feathering faults manifested among the
Miocene—Pliocene deposits of the Scythian Plate.

Studies carried out in 1995—2007 by the tectonic-
dynamic group of researchers leaded by L.M. Rastsve-
taev at the northwestern pericline of the Novorossiysk
synclinorium and the Psebe anticline zone have
revealed structural parageneses related to three main
subhorizontal directions of the maximum compression
stresses: northeastern, northwestern, and submeridi-
onal [11, 21, 22, 34]. The northeastern compression
caused the development of structural parageneses that
formed during folding and agreed with the orientation
of the large folded structures of the Novorossiysk syncli-
norium (maximum compression is oriented orthogo-
nally to these structures). The northwestern (to NNW)
orientation of the maximum compressing stresses
noticeably dominates in the Miocene—Pliocene depos-
its [11, 34]. According to the mentioned study, the
meridional orientation of the maximum compression
stresses within this area is weakly manifested, in con-
trast to areas located to the east, within the limits of the
Northwestern Caucasus.

The interrelation between the Late Cenozoic
stresses and deformations in the Caucasian sector of
the Alpine belt and in the cratonic zones framing this
belt was studied by the group of researchers with the
use of the structural—paragenetic method and tectonic
stress monitoring [9]. They found a united stress and
strain field were caused by the convergence of the Ara-
bian and Eurasian plates, and proposed a model of a
longitudinal wave strain mechanism that would
explain the spatial and temporal change in the main
parameters of the reconstructed stress field. For the
rocks within the axial zone of the Caucasus, which is
distinguished on the basis of the character of Alpine
deformations, relative shortening is up to 50—80% in
places, while elongation is more than doubled [9].

French researchers determined 14 local stress
states at the western pericline of the Greater Caucasus,
that were analyzed in the context of the tectonic evo-
lution of the region [35]. The local stress states for the
entire region of Northwestern Caucasus (123 values),
having the same characteristics (orientations of axes of
principal stresses, type of stress state), were grouped
into tectonic regimes. As a result, quite homogeneous
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paleostress fields were defined for the entire studied
region; moreover, certain tectonic settings were cho-
sen for each of these fields on the basis of earlier pale-
otectonic reconstructions and models. For these tec-
tonic settings, common general orientations of stresses
were supposed, as well as a common type of stress—
strain state and a united formation time. Based on
these ideas, ten paleostress fields were distinguished
for the entire region of Northwestern Caucasus from
the Late Cretaceous. In the context of the present
work, of the most interest are the pre-Eocene regimes
of horizontal tension with sublatitudinal (to ENE—
WSW) and NW-SE orientations of the axis of main
deviatory tension, and the post-folding regime with
the NNE—SSW-oriented axis of main deviatory ten-
sion [35].

EL. Yakovlev estimated the possible extent of
shortening for the Northwestern Caucasus across its
folded structure: the relative shortening for the western
cross section (Abrau—Dyurso) was 16% [31]. For the
elongated folded structures, he assumed an absence of
possible regional shortening or elongation deforma-
tions along the fold axes [32]. Therefore, the average
shortening for each of the considered cross sections
will be oriented across the folded structure, while
elongation takes place in the vertical direction.

GEOLOGICAL OVERVIEW

At the western pericline of the Greater Caucasus,
the main tectonic structures are represented by the ter-
minal northwestern segment of the Novorossiysk syn-
clinorium and the Psebe anticline zone located north
of the synclinorium (Fig. 1). The Lower Cretaceous
deposits are exposed in the northeastern part of the
Novorossiysk synclinorium, while the Upper Creta-
ceous and Paleogene ones are exposed in its south-
western part. The Lower Cretaceous deposits are rep-
resented mostly by argillic rocks intensively involved in
mud volcanism and the diapir-like structures of some
folds in the considered region. The Upper Cretaceous
part of the section is composed of rhythmical inter-
leaving of predominantly carbonate rocks (limestones,
argillic limestones, limy clays) with the subordinate
amount of terrigenous rocks (sandstones, siltstones,
and clays). The Paleogene deposits are represented by
rhythmical interleaving of mostly terrigenous rocks.
The rocks in the lower part of the Paleogene age are
often highly silicified. The main folded structures of
the Novorossiysk synclinorium and the Psebe anti-
cline zone were formed in the Late Eocene—Miocene
[1, 14, 30]. The Maeotian—Pliocene deposits overlie
this folded structure with an angular unconformity.

The Kerch—Taman transverse trough is located
northwest of the Caucasian folded structures. It is
composed of a thick succession of Neogene—Quater-
nary deposits. The folded structures of the Kerch—
Taman trough started to form in the Sarmatian,
according to the evidences of synsedimentation fold-
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ing [29]. The syncline cores that contain Pliocene—
Quaternary rocks were relatively recently exposed on
the surface. Contemporary signs of the fast tectonic
uplift can be observed at Cape Kamennyi [18], where
a fragment of the sea floor rose above the sea level for
a short time interval (from a day to a month, based on
the evidence of different eyewitnesses).

INITIAL DATA AND AIMS OF THE STUDY

In 2011—-2012, the authors collected information
on the distribution of geological indicators of paleo-
stresses at 64 points during field studies at the western
termination of the Greater Caucasus and in the adja-
cent Kerch—Taman trough (Fig. 1). The total number
of measurements (tectonic cracks, slickenside sur-
faces, detachments, veins, and so on) is about 800.
Owing to the layered structure of the sedimentary
strata of the Northwestern Caucasus and the different
composition of layers, the obtained data are highly
valid, because, in addition to the direction inferred
from sliding traces, the amplitude of relative displace-
ments for walls of fine faults was also measured in
many cases. During field studies, attention was paid to
the chronological and structural—paragenetic analysis
of the studied faults and folds.

The main aim of the present work was to identify the
character of the change in the parameters of the stress—
strain state, especially along the orientation of the
folded structure. Another aim was to determine the
relationship between tectonic structures related to the
settings of northeastern and northwestern shortening.

METHODS

When studying the geological indicators of paleo-
stresses of different scales, a structural—paragenetic
analysis of ruptures was used [20]. This method utilizes
three categories of geological indicators of tectonic
stresses/strains: (1) tension-related faults (detachment
ruptures, veins, dikes); (2) compression-related faults
(foliation and cleavage planes, stylolite sutures);
(3) shear faults (the mechanical sense is used inten-
tionally here) including, strike-slips, normal and
reverse faults, thrusts, and nappes. Indicators of the
first category allow us to find the position of axis of
maximum deviatory tension/elongation and, less reli-
ably, that of maximum compression/shortening.
Structures of the second category, in contrast, help
find the orientations of maximum compression/short-
ening axes. Revealing the characteristic parageneses of
ruptures corresponding to a certain type of stress-
strain state can be correct if the indicators of tectonic
stresses are geologically coeval and belong to structural
elements of the same rank. To process the obtained
measurements on ruptures with the found kinematic
displacement type, we used the cataclastic analysis
(CA) of structural—kinematic data on ruptures [23].
With the use of this approach, we defined the quanti-
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Fig. 1. Locations of the observation points and the main tectonic structures in the studied area, on the basis of the data from [24].
(I)—(4) deposits: (1) Lower Cretaceous (Aptian—Albian), (2) Upper Cretaceous—Eocene, (3) Maikopian—Neogene, (4) Neo-
gene—Quaternary; (5) observation points; (6) epicenters of large earthquakes.

tative characteristics of local stress states obtained: the
positions of principal stress axes and the Lode—Nadai
factor. This approach utilizes the general energy state-
ments of contemporary plasticity theory and allows us
to calculate both the parameters of stress tensor and
those of the quasiplastic deformation increment ten-
sor in the common regime. With this approach
applied, values of the spherical and deviatory compo-
nents of the stress tensor can be measured. The
obtained stress tensor characterizes the stress field at
any given point—the local stress state—for each stud-

ied volume (in the case of field studies, these volumes
are observation points). The axes of principal stresses
or axes of stress tensor in the classical and structural
mechanics have the following indices and names: G,,
o,, and G are the algebraic maximum (minimum com-
pression stresses or maximum deviatory tension),
intermediate, and algebraic minimum (maximum
compression stresses or minimum deviatory tension)
stresses, respectively, for positive values of tension
stresses and negative ones of compression stresses. A
stress tensor has spherical and deviatory stress compo-
2015
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nents. In the case of a rock massif, the spherical com-
ponent of a stress tensor can be compared to uniaxial
pressure, while the deviatory component agrees with
the tectonic stresses leading to observed deformations.
For proximate values of two principal stresses, their
axes in the rock massif undergo “replacement” or
“reindexing” for stress states proximate in the spa-
tiotemporal sense. The main differences of cataclastic
analysis from the methods of the dislocation analysis
[5, 33] are the parallel calculation of seismotectonic
deformation tensor and finding the orientations of the
stress tensor’s main axes on the basis of the principle of
maximum energy dissipation for the set of fractures
from a homogeneous sampling.

When analyzing the obtained characteristics of local
stress states, we used the technique of determining the
“general field” of stresses [26]. Mathematical modeling
data on local stress field distribution in the vicinity of a
rupture [17] became the basis of this approach and
helped to formulate the principle of distinguishing the
“general field” of stresses, which averages the regular
fluctuations of principal stress axes due to movement of
these axes on the rupture. These orientations of axes G,
and o3, the suffered fluctuations, are joined into com-
pression and tension cones with a 90° angle at the top.
Tension axes are not included in compression cones,
while compression axes cannot be included in tension
cones. Axes of cones are mutually perpendicular and
are compression and tension axes of the “general field”
of stresses (this field is external relative to the rupture);
their tangency points are the poles of sites where maxi-
mum tangential stresses act. By using the approach
described above, we can find the “general,” averaged
field for any studied site based on the data on orienta-
tions of axes ¢, and o5: depending on the scale of study,
the obtained field will be “external” (relative to the
studied area), or “regional” (if the area is quite big and
includes several tectonic structures). In the case where
all local compression and tension axes are insufficient to
find the “general field” described by the joint compres-
sion and tension cone, additional data on their division
(division axes) should be involved: either on belonging
to different structures, or on the relative ages of the tec-
tonic stress indicators used.

RESULTS OF STRUCTURAL
DATA PROCESSING

Semisam Anticline

The detailed data were collected within the limits
of Abrau Peninsula and its central folded structure of
the Semisam anticline striking in the northwestern
(WNW-ESE) direction. In diagrams constructed on
the basis of our measurements at the limbs and the
axial part of this anticline, large maxima of normal
faults (dip azimuth is 320°£70°—80°) and detach-
ments (320°£80°) were detected. A typical case of
structural paragenesis is shown in Fig. 2, where gentle
slickenside surfaces with clearly expressed normal-
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fault kinematics are combined with detachments filled
with calcite (up to 5 cm wide) and with ruptures (up to
3—4 cm wide). The orientation of detachment systems
within the limits of the entire anticline is illustrated in
Fig. 3. It can be seen that most detachment systems are
characterized by northeastern strike, with subvertical
dipping angles. This orientation of detachments cor-
responds to the subhorizontal orientation of the axis of
maximum deviatory tension (o) in the NW—SE direc-
tion. At the northwestern and southeastern periclines
of the fold, the detachment systems are slightly shifted
to the NNE and ENE orientations, respectively,
agreeing with the general turn of the structure. At
some points, we found a multistage character of north-
western tension; it can be identified from different
generations of mineral filling of the detachment faults
investigated during field studies. Here we can distin-
guish at least three episodes of mineral-filling growth
in this detachment fault. The mineral filling of these
generations is represented by (a) white massive calcite,
(b) transparent fine-crystalline calcite, and (c) yellow-
ish large-crystalline calcite forming rounded concre-
tions 10 cm in size on the earlier detachment druses.
A superposed regime with a northeastern (NE 70°)
orientation of the axis of maximum deviatory stress
and represented by NW-striking detachment systems
was reported at a considerably smaller number of
observation points. When validating its relative age, we
relied on the fact that detachment systems with this
direction disturb the earlier tectonic parageneses of
both the fractures and detachment faults [10].

For the studied area, most of the measured slicken-
side surfaces with structural—kinematic data are nor-
mal faults; reverse faults and thrusts are twice as rare.
Left- and right-lateral strike-slips comprise about one
third of the number of normal faults. Based on the
reconstruction of tectonic stresses using cataclastic
analysis in different parts of the Semisam anticline, we
discovered considerable variability in the orientations
of the principal stress axes and the types of stress state.
The reconstructed axes of main compression stresses
(o3) have two main orientations: subhorizontal north-
eastern (NE 50°—SE 230°) and nearly vertical (with a
small northeast or southwest inclination). The axes of
intermediate compression stresses (c,) are character-
ized by a position with dip azimuths NE 50° £25°—
45° and SE 145° £10°-30°, while the axis of mini-
mum compression stresses (G,) is oriented subhorizon-
tally and in the northwestern direction (NW 320°).
For majority of the observation points, the values of
the Lode—Nadai factor are nearly zero (from —0.15 to
+0.15), and this corresponds to a stressed state of a pure
or simple strike-slip. Note that the earlier studied parts
ofthe Semisam anticline are characterized by variations
and change in position (“reindexing”) of the maximum
compression and the intermediate axes (c; and G,,
respectively), while the orientation of the axis of devi-
atory tension (o) is chiefly unchanged and NW—SE-
directed (see Fig. 3). The detailed distribution of the
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reconstructed orientations of the principal stress axes
and stress state settings are given in publication [10],
devoted to tectonophysical research of this folded
structure.

The obtained data allow us to establish structural
paragenesis within the limits of the Semisam anticline;
this paragenesis is related to northwest-oriented
(NW 320°) subhorizontal deviatory tension and is
traced by the detachment and normal-fault systems of
a northeastern direction. This deformation type may
be characteristic for the larger (regional) scale as well.
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Fig. 2. Normal faulting-and-detachment parageneses in the
near-axial part of the Semisam anticline (obs. point 11633).
(a) NE-trending detachment paragenetically related to the
slickenside surfaces of normal faulting kinematics; (b) and
(c) are the radial charts (stereographic projection to the
upper hemisphere) with the poles of tectonic crack planes
of different types (b) and with the positions of principal
stress axes determined by cataclastic analysis (c).
(1) directions of relative slips of fault walls; (2)—(7) poles
of tectonic cracks with the dominating slip types:
(2) reverse faults, (3) normal faults, (4) right-lateral strike
slips, (5) left-lateral strike slips, (6) detachments, (7) veins;
(&) dip and strike of bedding (normal); (9)—(11) orienta-
tions of the axes of main normal stresses: (9) minimum
(tension), (/0) intermediate, (//) maximum (compres-
sion); (/2) slip direction of the hanging wall in the poles of
tectonic cracks with structural—kinematic data (slicken-
side surfaces) being used in reconstruction.

The portion of the northeast-directed Sukko River
valley and other fine valleys of the same direction were
probably formed in large zones where detachment
(diverging) deformations concentrated. In the vicinity
of these valleys, we noticed an increase in the concen-
tration of detachment structures.

The Data on Recent Stress State
at the Western Pericline of Greater Caucasus

In addition to the Semisam anticline, we studied
the closely located structures of the Semigorskaya
anticline and the Kerch—Taman transverse trough.
The northern limb of the Semigorskaya anticline
(composed by the rhythmic interleaving of mostly car-
bonate Turonian—Coniacian rocks) was studied at the
open pit located in the Neberdzhai River valley. Here,
at two adjacent points, we reconstructed essentially
different local stress states (table). In one case, the
horizontal shortening setting with a submeridional
maximum compression axis (c3;) and a subvertical
maximum deviatory tension axis () was observed. In
another case, the reconstructed setting was horizontal
tension with the subvertical maximum compression
axis (o) and the submeridional intermediate one (o,).
The strike and dip at both observation points are quite
gentle, so we can suppose variations in the paleostress
field (reindexing of the axes 65 and G,) within the rock
massif. In addition to the detachment systems of
northeastern and northwestern strikes, we noticed a
submeridional system of detachments with small
pyrite inclusions. We have not found reliable relative
chronological data for these structures. We also
observed detachment systems of a northeastern strike
in the areas to the east in the Abin River valley and in
the Upper Cretaceous deposits composing the Kot-
sekhuri syncline.

Within the limits of the Kerch—Taman transverse
trough, which is composed of Neogene—Quaternary
deposits, we studied the sites of Dzhiginka, Blagovesh-
chenskaya, Artyusheko settlements, the Tizdar mud
volcano, Cape Zhelezhyi Rog, and Cape Kamennyi.
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Fig. 3. The geologic scheme of the Semisam anticline area, constructed on the basis of information from [24], with the detach-
ment systems identified during the studies. (/)—(9) deposits: (/) Aptian—Albian, (2) Cenomanian—Santonian, (3) Campanian,
(4) Maastrichtian, (5) Paleocene, (6) Eocene—Maikopian, (7) Miocene, (&) Pliocene, (9) Quaternary; (/0) faults; (/1) radial
charts (stereographic projection to the upper hemisphere) showing strikes and dips (double lines with tick marks) and bedding
(light-gray filling) of the revealed detachment systems at the observation points. In left inset, the distribution density for outcrops
of the axes of maximum deviatory tension (o) calculated by using cataclastic analysis on fractures with the revealed slip character.
Right inset, the same data in the form of rose diagrams of dipping azimuths (top) and inclination angles (bottom) for the  axes.
The numbers denote amount of points with determined local stress tensors with the step of 10° for dipping azimuths and 5° for
dipping angles.

417

Only fractures were measured at all points, while rep-
resentative values of kinematic paleostress indicators
(slickenside surfaces, detachments, etc.) could not be
measured. A few structures found here were repre-
sented by small-amplitude displacements showing
strike-slip and/or normal faulting motions. In general,
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the degree of rock alteration under the effect of tec-
tonic and gravity stresses is smaller here, compared to
the folded structure; therefore, slickenside surfaces,
detachments, and other kinematic indicators are
almost absent here. However, valid data on geological
indicators of paleostresses were obtained for the
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Fig. 4. Radial charts showing orientations of the reconstructed axes of principal stresses at the western pericline of the Greater
Caucasus. The upper row is constructed on the basis of data collected in the young (Neogene) deposits; the middle and lower ones
generalize all the obtained data. The middle and upper rows show the dip azimuths of the principal stress axes: 6|, minimum com-
pression (deviatory tension); o,, intermediate; and 63, maximum compression stresses. The lower row represents the dip angles
of the respective axes. The charts illustrate the number of points with the determined local stress tensors with a step of 10° for

dipping azimuths and 5° for dipping angles.

southeastern side of the trough, at the open pits near
Shkol’nyi, Fadeevo, and Yurovka settlements (obser-
vation points nos. 11641—11646, see table). At all
observation points in the gently dipping Miocene—
Pliocene deposits cataclastic analysis revealed hori-
zontal tension conditions (subvertical axis of maxi-
mum compressing stresses); at one point, near the
Yurovka settlement, vertical shear conditions (with the
resulted cutting fault-like deformation) were also
determined. In the open pit near Shkol’nyi settlement,
the most widespread are submeridionally striking
detachment structures, while west—northwest-striking
structures are less abundant.

General Results of Reconstruction

Reconstruction results at all observation points at
the western pericline of Northwestern Caucasus are
generalized in the table, in radial charts (Fig. 4), and
in stereograms (Fig. 5) and represent the most typical
orientations of the principal stress axes. The detected
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with higher confidence is the axis of deviatory stress
(o,): itis oriented in NW—SE direction in a horizontal
position (dipping azimuth is 325° £0°). Other deter-
mined positions of ¢, axes do not form significant
maxima, but also stretch along the NW—SE direction.
For the axes of main compressing stresses (G3), subver-
tical positions with peaks at dipping azimuths of
SW 230° £60°, SW 230° £89°, and NE 50° £60° are
characteristic. Most subhorizontal orientations of
o5 axes dip in a northeastern direction (the dipping
azimuth is NE 55° Z0°). The north—northwestern
orientation (SE 150° £40°) of &5 axis is characteristic
chiefly for the observation points located at the south-
eastern side of the Kerch—Taman trough. The inter-
mediate (o,) axis forms two maxima: the dipping azi-
muths of NE 75° £20° and SE 145° £25°. The
defined orientations of the o, axis can often be found
for the vertical orientation of the axis of maximum
compressing stresses (C3).

The predominant orientations of the principal
stress axes obtained from structural—kinematic data
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Fig. 5. Radial charts (stereographic projection to the upper hemisphere) for reconstructed axes of principal stresses at the western
pericline of the Greater Caucasus (pole density distribution from outcrop data are shown): 6|, minimum compression (deviatory
tension); o,, intermediate; and 63, maximum compression stresses.

on fractures are close to the orientations of the 7 and
P axes of particular sources of earthquakes recently
recorded in this area (see Fig. 1). Based on USGS
data [36], the Novokubanskoe earthquake of Novem-
ber 9, 2002 occurring near Bezvodnyi settlement
(18 km northwest of Krymsk and 40 km northeast of
Anapa) had an axis of compression stresses dipping
northeast at 45° and an axis of tension dipping
southwest at 224° £45°. Based on the Information
Processing Center of the Geophysical Survey, Rus-
sian Academy of Sciences [37], the Anapa earth-
quake of December 10, 2012 had an axis of compres-
sion stresses oriented to southwest (227° £28°) and
a tension axis oriented to northwest (334° /28°).
Thus, the focal mechanisms of these two earthquakes
have compression axes oriented northeast-southwest.
However, these data are insufficient to make a valid
comparison between them and our tectonophysical
field results.

The positions of axes of maximum compression (G5)
and maximum deviatory tension (o), reconstructed
by cataclastic analysis for the local stress states of the
western pericline of Greater Caucasus and analyzed in
the charts (Figs. 4 and 5), do not give a clear view of
the possible united strain regime due to the consider-
able variations of both orientations of the principal
stress axes and the types of stress state. In the chart
shown in Fig. 6a, axes 6;and o, of different local stress
states have steep dip values (and close to each other)
indicating a distribution of settings with different types
of stress state in the studied area: both horizontal com-
pression and horizontal tension. Obviously, this com-
plicates the task of finding the general version of the
regional stress field. But if we make a formal subdivi-
sion of local stress states on dipping angle of the axis
into dips less than 45° and more than 45°, we can
obtain two versions satisfying the principle of finding
the regional “general field” of stresses by the tech-
nique from [26]. The first version (Fig. 6b) is charac-

terized by the setting of a horizontal compression with
a subhorizontal northeastern maximum compression
and a steep deviatory tension: o5 axis has a dipping azi-
muth of 65° £12°; G, axis, 315° £60°. The planes of
maximum tangential stresses have the dipping azimuths
of 90° £62° (submeridional right-lateral strike-slip
with a reverse fault component) and 214° £44° (left-
lateral strike-slip with a reverse fault component).
Based on study of the tectonic fractures and fine rup-
ture systems, the submeridional right-lateral strike-
slips are the most widespread in the entire Northwest-
ern Caucasus [11]. Among the fault systems, the left-
lateral displacements are in a greater degree character-
ized by a latitudinal orientation, compared to the solu-
tion inferred from the “general” regional field. It
should be noted that four tilted compression axes in a
NW (to NNW) direction have not been included in the
compression cone in Fig 6b; these axes reflect the
result of “reindexing” the &, and o3 axes for some local
stress states. The intermediate (c,) axes of these stress
states are marked with triangles in the compression
cone. The second version is represented by the setting
of horizontal tension and characterized by steep dip-
ping of the maximum compression axis (o3, dipping
azimuth is 170° £80°), and by tahe subhorizontal
northwest-oriented axis of maximum deviatory ten-
sion (o, dipping azimuth is 333° £10°). The planes
of maximum tangential stresses have dipping azimuths
of 145° £35° (normal fault) and 335° £55° (normal
fault). However, the considered solutions probably
represent sequential changes of the united stress field
over time. They are, in fact, spatial versions of elonga-
tion on the fault zones of different scales, both along
the axis of the folded structure and in the vertical
direction (from the “mountain roots” to the rising
mountain tops). Signs of tectonic flow of the material
along the axis of folded structure and in a subvertical
direction under collision (converging) settings are
noticed in some publications [21, 22]. The results of
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Fig. 6. The positions of the reconstructed axes of principal stresses (stereographic projection to the upper hemisphere): (a) for all
reconstructed local stress states; (b) for the group of local stress states formed under horizontal compression; (c) for the group of
local stress states formed under horizontal tension. (/)—(5) axes of main normal stresses: (/) minimum compression ¢; (deviatory
tension), (2) intermediate o, (for local stress states having submeridionally dipping 65 axes), (3) maximum compression 63 (devi-
atory compression), (4) and (5) o; and o5 for the groups of local stress states, respectively; (6) poles of the planes of maximum
tangential stresses (arrow indicates the direction of hanging wall motion); (7)—(9) strike and kinematic type of faults that may
form under the given setting: (7) right-lateral oblique faults (strike-slip and reverse fault), (&) right-lateral oblique faults (strike-

slip and reverse fault), (9) normal faults.

our detailed research also agree with structural data
obtained for the entire Caucasus, indicating the longi-
tudinal elongation of the folded structure on the sys-
tems of lateral faults (strike-slips) [7].

GEODYNAMICAL INTERPRETATION
OF THE OBTAINED RESULTS

There are several versions of how the field data
results can be interpreted. First, let us consider the mul-
tiple detachments and normal faults noticed in the
stress field. To interpret the emplacement settings of
these structures, two scenarios are proposed that do not
contradict, but mutually supplement, each other,
clearly marking the role played by the leading factor.
The first scenario was considered in [11]; it implies that
multiple normal faults and detachments are surface
manifestations of the SW—NE-trending Anapa and
Dzhiginka flexure-fault zones. The folded structures of
the Northwestern Caucasus suffer a flexure-like bend
here; west of this bend, they dip and become covered
with Late Cenozoic deposits of the Kerch—Taman
transverse trough. However, this scenario contradicts
the orientation of the detachments structures revealed
by our study according to which the detachment struc-
tures are directly related to the position in the studied
Semisam anticline. Additionally, the found orientations
of the axes of maximum deviatory tension in the pericli-
nal parts of the fold differ from the NW—SE trend,
which dominates in other parts of this structure. It
would be more appropriate to consider a larger area
located at the boundary between the folded structure

GEOTECTONICS WVol. 49 No.5 2015

and the transverse trough. Widespread normal-fault and
detachment parageneses, including the mentioned
SW-NE-trending flexure-fault zones, are caused by
the transitional character of this area. In this part of the
dipping folded structures of Northwestern Caucasus,
settings of horizontal tension and horizontal compres-
sion dominate, while in the areas to the east the settings
of horizontal compression with shear and those of hor-
izontal shear begin to play a more significant role. Thus,
in the junction between the Caucasus folded structure
and the Kerch—Taman transverse trough, a zone with
one geodynamical regime changes to another; in its
order, this change causes the change in the type of stress
state and the orientations of the principal stress axes. In
the southeastern side of the trough, only the settings of
horizontal tension have been established.

The second scenario is related to elongation along
the axis of the folded structure and, in particular, along
the axis of the large Semisam anticline. The revealed
orientation of the detachment systems, slickenside
surfaces, and fine ruptures, which form regular struc-
tural parageneses, directly indicates the elongation of
the western termination of the Greater Caucasus in
the NW—-SE direction during a quasiplastic flow of
rocks along the axis of the folded structure. The axis of
the maximum deviatory tension found from the
reconstruction data is oriented subhorizontally in the
northwestern direction (NW 320°) and coincides with
the strike of the main folded structures. Near the
Sukko River valley, in the limb of the Semisam anti-
cline, the counted percentage of the detachments
(opened gaps and mineral filling) relative to the host
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rocks along this direction (NW 320°) is about 5.5%.
The small value of relative horizontal shortening in the
NE—-SW direction (from 6 to 25%), calculated in
some publications [4, 11, 31] for this area, is compara-
ble to the NW—SE elongation.

The distribution of the cutting detachment systems,
which are related to the superposed regime with a
northeastern (NE 70°) orientation of the o, axis, can
also be explained differently on the basis of the earlier
studies [11, 35]. At first, this can be caused by the col-
lapse of the Greater Caucasus mountain structure after
its uplift above the Black Sea Basin and the West Kuban
trough. The second possible explanation implies that
this tension is related to the NN'W compression, which
is clearly manifested in Miocene deposits. However,
within the limits of the Semisam anticline, this direc-
tion of compression stresses has not been reliably veri-
fied. Probably, at the moment when the later NNW
compression manifested, the area of the Abrau Penin-
sula was quite a “rigid” block, and therefore the influ-
ence of later stresses can be detected only in Late Cen-
ozoic deposits of the adjacent, “less rigid” blocks, or in
the zones of the most recent ruptures. According to
neotectonic reconstructions, this area belongs to the
Abrau uplift of the Bakan bachyarch [14]. The north-
northwestern (NNW 340°) direction of maximum
compression is manifested in Miocene deposits at the
western pericline of the Greater Caucasus in the zone of
its transition to the structures of the Kerch—Taman and
West Kuban troughs. This orientation (NNW 340°) of
maximum compression stress of the superposed phase
of deformation has been found independently by Rus-
sian and French research groups using two different
methods [34] and is verified by the results of the calcu-
lations by the cataclastic analysis. Note that we
obtained quite steep orientations of axes of maximum
compression stresses, with inclination angles from 65
to 70 degrees.

Let us note, as a suggestion, the interesting regular-
ity of spatiotemporal relations between the studied
indicators. At the western pericline of the Greater
Caucasus, the first (synfolding) stage was character-
ized by SW—NE orientations of the 6; and G, axes,
while the o, axis was oriented in the NW—SE direc-
tion. Later, for the contemporary state of uplift of the
mountain structure, the o, axis becomes of a SW—NE
orientation. We can suppose that in the Kerch-Taman
zone the axes of maximum compression stresses at the
stage of formation of the folded structures (this stage
took place here later than in the structures of Cauca-
sus) were oriented in the NNW—SSE direction, while
the o, axes were ENE—WSW-oriented. The contem-
porary detachment systems become ENE-oriented
here, while the o, axis turn to the NNW—SSE orienta-
tion. We think that the settings of horizontal tension,
which are determined at the western pericline of the
Greater Caucasus and referring to the superposed
deformation stage (with the o, axis being SW—NE-ori-
ented), are related exclusively to the uplift and near-
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surface release of stresses. As a result of rising, the rock
massif becomes of a higher elevation relative to the
poorly compressed sediments in the adjacent troughs,
and, in fact, the lateral load of this rock massif'is com-
pletely released (in the case under discussion, on the
sides of the Black Sea and the West Kuban trough).
Under these settings, the systems of superposed north-
west-trending detachments, gaps, and grabens are
formed. The availability of more qualitative seismo-
logical information might clarify, first, whether the
settings of northeastern compression exist in the litho-
sphere at the western pericline of the Greater Cauca-
sus, and, second, whether the identified transition
from the earlier (synfolding) stage to the modern one
can be considered both in the temporal aspect and
with respect to a change in stress state with depth.

CONCLUSIONS

When studying the folded deformations of the
Greater Caucasus, main attention is usually paid to
the investigation of the shortening across the folded
structure. When developing the techniques for defin-
ing the horizontal shortening and when estimating the
amount of shortening, possible deformations along
the axis of the folded structure should be taken into
consideration. Our studies show that similar deforma-
tions exist on different scales of the studied structures,
and, in some cases, the value of relative elongation can
be determined. The found orientation of the systems
of detachments and tension fractures that form regular
structural parageneses indicates the elongation of the
western termination of the Greater Caucasus in the
NW-SE direction during quasiplastic flow of rocks
along the axis of the folded structure. According to the
calculations for the western part of Northwestern Cau-
casus, the horizontal SW—NE-directed shortening has
a small size and is quite comparable, in a percentage
sense, to the NW—SE elongation calculated for a small
site within the same area. The NW—-SE elongation
likely occurred over a long time: this is indicated by the
multiphase character of the mineral filling of detach-
ments and the revelation of local stress states in Neo-
gene deposits having a NW—-SE orientation in the
deviatory tension axes.

The paleostress field, having a northwestern orien-
tation of the axes of maximum compression stresses
and being manifested particularly clearly during the
main folding phase, is verified by another method (in
addition to the earlier studies). Based on cataclastic
analysis data, the stress field with northeastern com-
pression dominates; also, in different sites, the settings
of horizontal compression (northeastern orientation
of the o5 axis) changes to a horizontal compression
(northeastern orientation of the &, axis).

The character of stress variation within the transi-
tion zone between the folded structures of Northwest-
ern Caucasus and the transverse structures of Kerch—
Taman trough is identified. The gradual mosaic

GEOTECTONICS VWl.49 No.5 2015
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change in orientations of axes of main normal stresses
allows us to understand the processes running in this
transitional zone. Here the settings of horizontal com-
pression and horizontal shear (with northeastern com-
pression), which are predominant in the Caucasus
region, change to the settings of horizontal tension
with a steep dipping of the NNW-oriented axes of
maximum compression.
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