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TECTONIC PALEOSTRESSFIELDSEVOLUTION AND CALCITE VEINS
FORMATION IN THE SOUTHEASTERN PART OF THE UKRAINIAN
CARPATHIANS DURING THE CENOZOIC TIME

Purpose. The main purpose of this paper is to study tectonic paleostress field evolution, its influence on the
calcite veins formation and fluid flow in the southeastern part of the Ukrainian Carpathians during the Cenozoic
time. The objects of our studies are joints parageneses, slickensides and veins in the Cretaceous sandstones
located over the Chornohora, Dukla, Porkulets and Rakhiv nappes in the southeastern part of the Ukrainian
Carpathians. Methods. To reconstruct the stress-strain state structural-paragenetic and kinematic methods were
used. Fabric 8, StereoNett 2.46, and Tensor software was used to process the data and to determine the principal
axes of paleostress field (o1, 02, 03). Slickenside data were processed by using kinematic method with some
modern modifications for the Carpathian region. Specia attention was paid to the veins in the host rocks.
Results. Within the study area we found 16 natural outcrops, 850 joints, 300 veins and 50 slickensides. Further,
we described veins structural features and paleostress fields that could initiate joints formation. Not at all
outcrops calcite veins were found. The statistically reliable number of carbonate veins was identified only at few
study points. It is very important to study not only veins structural features but mineralogy, morphology, crystal
microdefects, and fluid inclusions as well. Originality. For the first time we reconstructed tectonic paleostress
fields evolution in the southeastern part of the Ukrainian Carpathians during the Cenozoic time by using data on
joints and dlickensides. The most active tectonic movements, deformation and carbonate veins formation are
attributed to the strike-slip and tension paleostress fields. Strike-dlip paleostress fields are defined as the
youngest, and their tension axes are orientated in NE-SW and NW-SE directions. The number of calcite veins
within the Dukla and Porkulets nappes is much more greater than that within the Chornohora and Rakhiv ones.
Almost all veins strike in north-west direction. Ancient joints could be reactivated and filled with calcite
simultaneously with subsequent tension regimes. Practical significance. Paleostress fields originated at the end
of folding-faulting stage indicate that the strike-slip deformation regime changed due to tension in two directions
(SE and SW tension axes). The detailed study of veins showed that their formation is the result of newly formed
and reactivated joints and fractures filled by the matter due to the younger mechanical deformations. Calcite
filled shear and tension joints formed as the result of different deformation regimes, starting from the folding-
faulting stage. We conclude that intensive migration of fluids, including hydrocarbons fluids, took place at the
end of folding-faulting stage of the Ukrainian Carpathian tectonic evolution.

Key words: joints, sickensides, paleostress fields, calcite veins, fluid migration, Rakhiv nappe, Porkulets
nappe, Chornochora nappe, Dukla nappe.

Purpose

Analysis of publications [Ratschbacher et .,
1993a, 1993b; Roureeta., 1993; Nemcok, 1993;
Nemcok et d., 1998; Fodoretd., 1999, Matencoetd.,
1997; Matenco, Bertotti, 2000; Ciulavuetd., 2000;
Konon, 2001; Nemcok et d., 2006; Gintovetd., 2011,
2013] providing important data on geodynamics of
various parts of the Carpathians shows that detailed
studies of joints and slickensides are very important in
the reconstruction of stress-strain state and geodyna-
mics within the regions of complex tectonic history.
This allows to reconstruct the paleostress fields
evolution and detect the deformation regimes and
phases, which acted during the major tectonic
evolution stages within the study area.

Paleostress fields and geodynamics of fault zones
attract the particular interest. Fault zones occupy only
asmall part of the Earth’s crust but undoubtedly they
are very important structures that control mechanical
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properties, especially permeability, of rocks and fluid
flow. Faults have great influence on fluid migration.
For example, hydrocarbons migration, ore deposits
formation, and different hydrothermal flows are very
often controlled by faults [Faulkneretd., 2010;
Molli et d., 2010; Minissale, 2004]. The study of veins
gives information on water-rock interaction, metaso-
matic process and changes of fluid features during fluid
migration and vein formation in the host rocks.

Veins are the result of active fluid flow in host
rocks and their formation depends on the fracturing
process because the majority of veins are formed by
filling fracture free space with minerals. Features of
mineral aggregates and veins morphology depend on
their fracturing mechanism [Faulkner et a., 2010].

However, while conducting observations aimed at
studying structural, tectonic and physical features of
the Ukrainian Carpathians, little attention has been
paid to the veins investigation and their mineralogy.
At the same time, while investigating the mineralogy
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of veins, researchers scarcely consider bedding,
relation of active fluid flow during veins formation and
tectonic evolution of the region [Bratus and
Lomov, 1996; Matviyenkoet a., 2004; Holovchenko
and Popivnyak, 2009]. To achieve our god, i.e. to study
joints and veins in the Cretaceous flysch deposits of the
SE part of the Ukrainian Carpathians, we used complex
tectonophysical and mineralogical methods.

The main purpose of this paper isto study tectonic
paleostress field evolution and its influence on the

cacite veins formation, and fluid flow in the
southeastern part of the Ukrainian Carpathians during
the Cenozoic time. The objects of our research are
joints parageneses, dlickensides and veins in the
Cretaceous sandstones within the Chornohora, Dukla,
Porkulets and Rakhiv nappes located in the
southeastern part of the Ukrainian Carpathians. Field
work, tectonophysical and structural studies were
conducted within the Chorna Tysa and Tysa rivers
valley (Fig. 1) in 2011-2015.

Fig. 1. Simplified tectonic map of the Ukrainian Carpathians and location
of the study area (following Kruglov 1986)

Methods

To reconstruct the stress-strain pattern we applied
the structural -paragenetic method. For data processing
and determining the principal axes of paleostress field
(61, 02 ©3) we used Fabric 8, StereoNett 2.46 and
Tensor software. Structural-paragenetic method was
described in detail by Prof. O.B. Gintov [Gintov,
2005]. According to the methodology of structural-
paragenetic analysis, joints are divided into 3 groups,
based on their hypothetical formation time:

1) joints formed prior to the folding process —
directed subvertically (75°-90°) relative to the initial
bedding of the deposits;, 2)joints formed during
folding-faulting process —directed oblique (25°-75°)
relative to the initial bedding of the deposits; 3) joints
formed during post-folding phase (generally affected
by modern tectonic processes) — subvertical ones
(75°—90°) in relation of the actual bedding of deposits.

The maor systems of RR' and LL' joints types in
these groups were assigned after distinguishing. Major
systems of joints were measured and the main

parameters (o1, 62, 03) Were processed using Fabric 8 and
StereoNett 2.46 to determine the main pal eostress fields.

Slickenside data were processed using kinematic
method [Angelier, 1984; Guschenko, 1987] with
some modern modifications applicable for the
Carpathian region (inverse method) [Gintov, 2005].
Data being processed includes those on fault plane,
dlickenlines bedding and fault kinematic types.

The relative age of structural element formations
was determined by the correlation between various
structural elements. It was important to identify joint
and dlickensides conformation. Main parameters
of paleostress fields were processed using Tensor.
Among these are the following: axis — o3
(compression), o, (average), oz (strain), and the
coefficient R.

Integrated usage of both methods (structural-
paragenetic and kinematic) provides more complete
information on evolution history of the paleostress
fields within the study area. The structural-
paragenetic method helps to identify paleostress fields
in the early stages of deformation.
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During fidd works we produced a detailed
description of veins morphology and mineral content as
well as mineralogical changesin the host rocks. Specific
atention was paid to the veins intersections and
displacements, yielding information on the sequences of
individua minerals and mineral association formations
in veins. The most important features in these cases arel
the intersection of veins, idiomorphism of early minerals
over the later ones, micro cracks in crystas filled with
later minerals, brecciation, and minerals replacement.
Migration of fluids and subsequent joints filling may
occur on reactivated joints formed during the early
tectonic stages.

Results

The study area is located in the SE part of the
Ukrainian Carpathians. It crosses the Rakhiv,
Porkulets, Dukla and Chornohora nappes of the Outer
Carpathians (see Fig. 1).

In general, the Rakhiv nappe overthrusted by the
Kamyanyy Potik unit and the Marmarosh Massif, and
overthrust the Porkulets nappe. The minimal distance
of overthrusting is severa kilometers. The Rakhiv
nappe consists of the Lower Cretaceous (mainly
Vaanginian-Hauterivian) black and dark-gray,
mainly thin and medium-bedded sandstone, siltstone
and claystone as well as grey or dark-grey,
pelitomorphic limestone and marble interlayers
[Slaczkaet d., 2006; Matskiv et al., 2005] (Fig. 2).

The Porkulets nappe (3-5 up to 18 km width)
consists of the Lower Cretaceous (Barremian—Albian)
flysch of the Bila Tysa and Burkut formations
(seeFig. 2).

The Bila Tysa formation consists mainly of grey
sandstones and claystones. Thin-bedded flysch
(thickness is not more than 0.1-1 m) consists of
cal careous mudstones, siltstones, and sandstones.

The Burkut formation locally replaces the Bila
Tysaformation. In the lower part of section it consists
of grey massive sandstones or conglomerates and
claystones. Sandstone pack (approx. 1.5 m width) and
dark grey or green mudstone thin rhythms pack
(approx. 3 m thick) are typical. The upper part of this
section consists of massive grey sandstone packs
(more than 6 m width, rarely up to 10-12 m) with
green and grey claystone and siltstone interlayers. The
total thicknessis about 1000 m [Slaczka et a., 2006].

The Jurassic deposits (Trostianets vulcanites, Jitr) are
outcropped on the Porkulets and Duklya nappes border.

The Dukla and Chornohora nappes within the study
area consst of the Early Cretaceous-Eocene sediments
(Shypit (Kisp), Porkulets (Kj.ppr), Yalovychor (Kjl),
Chornogolova (Kx-P,ch) formations). Severd researchers
[Shlapinskyy, 2012] combine these two units in one
complex Dukla-Chornohora ngppe due to the similar
lithologica composition and history of their devel opment.

The Shypit formation in lower part of the section
consists of dark gray, black sliceous claystones
interbedded by marls, sandstones and siltstones. In the
upper part medium and thick beds of grey sliceous
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sandstones interbedded with dark gray and black,
sometimes  greenish-gray  sliceous mudstones  and
sltstones are found. The Porkulets formation consists of
green and red sandstones, mudstones with red marls. The
Yaovychor formation condsts of rhythmical flysch
interbedded with sandstones, limestones, and marls. The
Chornogolova formation consists of sandstones and grey
shales (see Fig. 2). In the study area there are severd
faults that can play an important role in the migration of
fluids: thrusts delineating nappes and the Rakhiv-Tysa
fault (north-south strike) (see Fig. 2).

Research findings on joints and dickensides.
Within the study area we observed 16 natural outcrops,
more than 850 joints, 300 veins and 50 dickensides.

Palacostress fields were reconstructed per the
various groups of joints (joints formed prior to the
folding-faulting process, during folding-faulting
process and after folding-faulting process) and
slickensides at each study point (OP) for different
nappes (Table 1, 2, 3and Fig. 3)

Fig. 2. Geological map of the Rakhiv area
(following Matskiv et d., 2005 and Fedorin, 1983)
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Table 1

Paleostress fields showing main axis (6; and 65) directions at the Chornohora
and Dukla nappeswith in the Chorna Tysariver valley

Palaeostress fields within the Chornohora nappe
(see Table 1). We identified paleostress fields in the
Low Cretaceous sediments (the Shypit formation)
(OP 1, 2). By joints formed prior to the folding-
faulting stage, paleostress fields with following
directions of principa axes were detected: o; — 005/05°,
o3 — 188/05° (OP 1); oy — 054/12°, o3 — 322/10°
(OP 2). Strike-dlip paleostress fields formed during
the folding-faulting stage: o; — 084/02°, o3 — 348/26°
(OP1); 61 —103/05°, 63 —012/19° (OP 2).

The youngest paleodress fidds defined by nearly
vertica joints (actud bedding — 75°—90°) are as follows:
o1 — 357/14°, 03 — 088/03° (OP 1), o1 — 063/13°, O3 —
331/10° and 6, — 358/ 12°, 63— 226/10° (OP 2).

Fig. 3. Example of the slickensides in Burkut

sandstones (OP 11, calcite slickenfibres)
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Palaeostress fields within the Dukla nappe (see
Table 1). Mesostructures were measured in the
Upper Cretaceous sediments (the Yalovychor
formation) at six outcrops close to the Keveliv
stream outfall (OP 3-8) (see Fig. 2). All identified
paleostress fields are of strike-slip types.

Such earliest paleostress fields were reconstr-
ucted per the joints directed subvertically (75°-90°)
in relation to the initial bedding of deposits: ¢, —
357/01°, o3 — 266/06° (OP 6); 6, — 016/14°, o3 —
107/06° (OP 7); o1 — 257/06°, 63 — 116/03° (OP 8);
o1 —229/03°, 63 — 319/02° (OP 3).

Few paleostress fields: 1. of NE-SW compres-
sion: o; — 079/03°, o3 — 347/30° (OP4); o1 —
204/12°, 63 —301/27° (OP 6); o, — 069/02°, o3 —
338/27° (OP 7); 2. of NW-SE compression: ¢; —
343/06°, o3 — 251/13° (OP 4); 6, — 096/02°, 63 —
188/20° (OP 8) were distinguished by joints
directed obliquely 25°-75° relative to the initial
bedding of deposits data processing. The youngest
reconstructed stress fields are: 1. of NE-SW
compression: o; — 237/07°, o3 — 329/13 (OP 3);
o1 —234/01°, 63 —144/08° (OP 5); 2. of NE tension:
o1 — 090/00°, 63 — 180/05° (OP 3); o; — 086/03°,
o3 —176/01° (OP 8); 3. of NE-SW tension: o; —
298/01°, o3 —029/11° (OP 4); o1 — 150/02°, o3 —
059/12° (OP 8).

Using kinematic method few deformation
regimes were determined: pure tension deformation
regimes with ¢; — 195/00°, 63 — 286/84° (OP 7) and
strike-slip deformation regimes of NE-SW directed
compression axes. o; — 034/04°, o3 —125/07°
(OP 5); 01 — 211/09°, o3 —119/17° (OP 8). These
deformation regimes show trusting process in the
region. At post folding-trusting stage the following
paleostress fields were active: of NE compression
(61 — 173/17°, o3 —270/21° (OP7) and o; —
355/04°, 63 —264/03° (OP8)) and of SW-NE
compression (o; — 135/11°, o3 —041/13° (OP 6)
and ¢, — 306/03°, 63 — 215/09° (OP 7)).

Palaeostress fields within the Porkulets nappe
(see table 2). Mesostructures at the Porkulets nappe
were studied in the Low Cretaceous sediments (the
Bila Tysa and Burkut formation).

Joints and slickensides were measured at six
outcrops (OP9-14) within the valleys of the
Chorna Tysa river, Trostianets and Sitnyy streams
close to Kvasy and Bilyn villages.

By subvertical joints, formed due to prefolding-
faulting process, two strike-slip paleostress fields
were determined: 1. of WE directed compression
axes and NS directed tension axes. o; — 265/16°,
o3 — 174/03° (OP9); o, — 271/05°, o3 — 001/11°
(OP 10); 6, — 095/06°, 63 — 004/04° (OP 12); 61 —
097/07°, o3 — 188/05° (OP 14); 2.of NE-SW
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directed compression axes. o; — 042/02°, o3 —
132/07° (OP 11); o; — 216/10°, o3 — 124/07°
(OP 12); o1 — 205/04°, o3 — 114/05° (OP 12) (see
Table 2).

During folding-faulting stage the following
strike-slip paleostress fields were active: 1. of NE—
SW directed compression axes. ¢; — 048/03°, 63 —
318/07° (OP10); o; — 061/05°, o3 — 329/22°
(OP 11); 6, — 243/01°, o5 — 153/26° (OP 12); 61 —
232/07°, 63 — 326/29° (OP 13); 2. of WE directed
compression axes o; — 266/01°, o3 — 176/31°
(OP 14).

The youngest paleostress fields determined by
nearly vertical joints are as follows:

1. strike-slip fields of NE-SW directed
compression: o, —043/03°, o3 — 312/13° (OP 9);
o1 — 248/02°, o3 — 157/26° (OP 11); o, —049/01°,
o3 —139/11° (OP 12);

2. strike-dlip fields of N-S directed compres-
sion: o, — 187/28°, 63 — 094/06° (OP9); o, —
357/06°, o3 — 089/17° (OP 10); o, —176/06°, o3 —
083/11° (OP11); o, — 018/05°, o3 — 109/08°
(OP 14);

3. strike-slip fields of W—E directed compres-
sion: o; — 276/09°, o3 — 184/07° (OP9); o1 —
264/19°, o3 — 173/03° (OP 11); ¢, —082/06°, 63 —
173/04° (OP 12); o; — 090/00°, o3 — 180/12°
(OP 14);

4. strike-slip  fields of NE-SW directed
compression: o; — 330/00°, o3 — 241/21° (OP 11);
o1 — 324/15°, 63 — 056/08° (OP 13);

5.pure tension fields of NW-SE directed
tension: o; — 020/50°, o3 — 131/16° (OP 11); o; —
236/56°, o3 — 136/08° (OP 13); and of NE-SW
direction — o7 — 316/55°, 63 — 056/07° (OP 14).

Using kinematic method we identified several
deformation regimes. During folding-faulting stage
the following deformation regimes were active :
pure compression (o; — 082/19°, o3 — 230/68°
(OP 11); o1 — 239/16°, o3 — 061/74° (OP 13)) and
strike-slip (o, — 227/05°, o3 — 317/06° (OP 11);
o1 — 033/17°, 63 — 128/17° (OP 13). Strike-dlip
deformation regime of N-S directed compression
(01— 347/12°, 63 — 079/09° (OP 10); o; — 005/10°,
o3 — 275/04° (OP 11); o; — 180/05°, 63 — 271/08°
(OP 13)) was determined based on the prevalence
of slickensides.

Also, such strike-slip paleostress fields as ¢; —
270/13°, 63 — 179/07° (OP 12); o, — 108/14°, 63 —
016/08° (OP9); o1 — 120/03°, o3 — 028/23°
(OP 11); 0, — 107/16°, o3 — 016/05° (OP 13) were
reconstructed. Besides, pure tension paleostress
fields were determined per several slickensides:
o1 — 003/71°, o3 — 138/14° (OP 12); o, — 132/69°,
o3 —226/01° (OP 13).
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Table 2

Paleostress fields showing main axis (6, and o3) directions
within the Porkulets nappein the Chorna Tysariver valley

Palaeostress fields within the Rakhiv nappe (see
Table 3). Joints and dlickensides were examined in the
Low Cretaceous sediments at the thrust zone (the
Rakhiv formation, OP 15, 16) in the Tysariver valley
near Rakhiv town.

The earliest paleostress fields determined by
subvertical joints, formed prior to the folding—trusting
process are: o1 — 185/09°, o3 — 275/01° (OP 16); 61 —
272/01°, 63— 002/07° (OP 15).

During the folding-faulting stage severd
paleostress fields were active: 1. pure compression of
NE-SW compression: ¢; — 233/22°, o3 — 352/51°

(OP 15); oy, — 078/06°, o3 — 338/66° (OP 16);
2. strike-glip of N-S directed compression: — ¢; —
192/12°, 63 — 283/08° and W—E directed compression:
o1 —085/01°, o3 — 354/22° (OP 16).

The youngest paleostress fields reconstructed by
nearly vertical joints are strike-dlip paleostress fields:
1. of NE-SW directed compression: ; —049/03°,
o3 — 318/04° (OP 16); o, — 019/07°, o3 — 289/01°
(OP 15); 2. of W-E directed compression: c; —
087/00°, o3 — 357/13° (OP 15); o; — 080/02°, o5 —
350/10° (OP 16); 3. Of NE-SW directed tension: o, —
312/12°, 63— 042/01° (OP 16).
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Table 3

Plaeostress fields showing main axis (61 and 65) directions
within the Rakhiv nappein the Tysariver valley

Structural features of calcite veins. Veins are
rather complicated objects to study. It is very
important to observe not only vein structural features
but also mineralogy, morphology. Further we describe
veins structural features and paleostress fields capable
to control formation of jointsfilled by calcite.

Not all outcrops show calcite veins. Only at few
study points we identified statistically reliable number
of carbonate veins(see. Fig.2): OP9-13 (the
Porkulets nappe, Burkut formation), OP 6, OP 8 (the
Chornohora nappe, Y alovychor formation).

Calcite veins in flysch deposits of the Porkulets
nappe. Calcite veinsin the Burkut sandstones (OP 13,
left bank of the Chorna Tysariver) are directed alike —
strike is 205-215, dip angle is 15-85° (Fig. 4, A).

Fig. 4. Calcite veinsin the Burkut sandstones.
A) stereogram of polein isolines, strike and dip
angle rose diagrams of calcite veins and the main
parameters of paleostress fields capable to cause
joints formation; B) typical and almost vertical
calcite veins at the Porkulets nappe (OP 12)
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The same situation is at other study points within the
Porkulets nappe (OP 12, left bank of the Chorna Tysa
river). Fractures in the Burkut sandstones are filled
with calcites. Veins are 0.1-0.5 cm width, straight,
typically vertical (dip angle is 55-80°), strike
direction is 200240 (Fig. 4, B). Using structural-
paragenetic method we reconstructed possible
paleostress fields, which could cause the formation of
joints, lately filled with calcite.

In the Rakhiv-Tysa fault zone geological structure is
complicated. Numerous local faults (mainly sinistra
srike dip ones, displacement approx. 1-1.5m) are
common in the Burkut sandstones (OP 11 found in
Kvasy village at the right bank of the Chorna Tysariver).

To process data obtained from calcite veins is the
most complicated task. Ex facte, calcite filled chaotic
fractures formed at different tectonic stages. However,
we found out some regularity amongst them (Fig. 5).

Fig. 5. Calcite veinsin the Burkut sandstones
(OP 11). Stereogram of polesin isolines, strike
and dip angle rose diagrams of al (A), several

thin (B) and thick calcite veins and the main
parameters of the paleostress fields capable to

cause joints formation
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The greatest part of cacite veins is of unilatera
direction, though it should be divided into two groups
per their morphology and thickness. The first group is
sraight, thick, blocky cdlcite veins (0.3-2 cm) with a
distinct boundary between the host rock and calcite vein.

The second group is composed of thin corrugated
calcite veins (0.1-0.2 cm). These veins are multi-
directed (see Fig. 5, A):

e thin calcite veins — strike is 10-340, dip angle
is40°-80° (see Fig. 5, B);

e thick calcite veins — strike is 315-330, dip
angleis 75°-85°(see Fig. 5,C).

Several systems of joints in the Burkut sandstones
(OP 10) are filled with calcite (Fig. 6, A-D). The
earliest veins are of strike direction 180-250 and dip
angle 60-70° (see Fig. 6). The next ones are tension
veins directed alternatively (dip direction / dip angle):
264/75°, 350/62°, 70/89°. Formations of thick veins
with inclusions of the host rocks out of joints indicate
the reactivation of joints at tension regime. The
youngest veins (180-240/65-85°) displace all earlier
joints and veins (see Fig. 6, D).

Fig. 6. Tension veinsin the Burkut sandstones
(A-D) and stereogram of polein isolines, strike
and dip angle rose diagrams of calcite veins and

the main parameters of the paleostress fields

capable to cause joints formation (E) (OP 10)

Veins filled with calcite and cacite plus Fe-Mn
carbonates and quartz (“marmarosh diamonds’) were
identified at OP 9. These veins of different mineral
composition were formed as a result of migration of
different fluids and at different tectonic stages. Calcite
veins are associated with the group of straight joints
directed amost verticaly — strike direction is

200-250, dip angle is 85-90° (Fig7, A, B). Veins
filled with calcite, quartz and Fe-Mn carbonates occur
a sandstone and mudstone contact zones and are
associated with a local sinistral strike-slip fault
(Fig. 7, C).

Fig. 7. Veinsfilled with cacite and cacite plus
Fe-Mn carbonates plus quartz (“ marmarosh
diamonds’): A) stereogram of polein isolines, strike
and dip anglerose diagrams of calcite veinsand the
main parameters of paleostress fields capable to
causejointsformation; B) amogt verticd cdcite
veinsin the curve of anticlina fold (study point
OP 9); C) veinsfilled with cacite and quartz located
inthefold limb and controlled by sinistrd strike-dip
fault (study point OP 9)

Calcite veins in flysch deposits of the Dukla
nappe. Calcite veins in the Yalovychor formation
sandstones are vertical and intersect amost
perpendicularly. Veins fill two systems of joints
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(Fig. 8, A): the first system with strike direction of
200-220, dip angle 80-90°; and second with strike
direction of 250-300, dip angle 40-90°. At the
thrusting zone between the Porkulets and Dukla
nappes (OP 6) the Yalovychor formation sandstones
and mudstones are brecciated. Joints in sandstones,
filled with calcite and Fe-Mn carbonates, are almost
vertica — dip direction is 140-160, dip angle is
65-95° (Fig. 8, A).

Fig. 8. Calcite veinsin flysch deposits of the
Dukla nappe: A) stereogram of polein isolines,
strike and dip angle rose diagrams of calcite
veins and the main parameters of paleostress
fields capabl e to cause joints formation (OP 8);
B) stereogram of poleinisolines, strike and dip
angle rose diagrams of calcite veins and the main
parameters of paleostress fields capable to cause
joints formation (OP 6)

Originality

Using the above data, we reconstructed tectonic
pal eostress fields evolution of the southeastern part of
the Ukrainian Carpathians during the Cenozoic.
Analysis of stress-strain pattern in the study area was
performed on the basis of data represented in tables 1, 2
and Fig. 9.

Figure 9 shows generalized paleostress fields
determined by dickensides and sliding grooves data
by using kinematic method. Slickensides and dliding
grooves are formed during intensive tectonic
deformation. That is why it is possible to identify
regional paleostress fields being active during
folding-faulting and post folding-faulting stage, and
local paleostress fields, which are closely related with
fault zone formation.
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The earliest joints were formed at the end of the
Early- and Late Cretaceous sedimentation. Per these
joints two strike-dlip paleostress fields were
reconstructed. The first paleostress field axis of
maximum compression o; is directed NS, axis of
maximum extenson o3 — EW and the second
paleostressfield: o, — EW and 63— NS.

Fig. 9. Reconstruction of paleostress fields per
the results of slickensides and sliding grooves
(kinematic analysis) in flysch depositsin the
Chorna Tysariver valley (1 — compression axis
01, 2 —intermediate axis ¢,; 3 —tension axis o3;
4 —fault slip vector). Paleostress fields: A — pure
compression; B — strike-dlip of typical
Carpathian compression axis direction;

C —strike-dlip, which is associated with the
Rakhiv-Tysafault zone activity; D — strike-dlip
of typical Carpathian stretch axis direction)

It is complicated to define succession of these two
paleostress fields. But, they undoubtedly were active
at horizontal bedded rocks after litithication.

Next active strike-slip paleostress field has main
compression axis directed NE-SW (the Carpathian
direction perpendicular to the Ukrainian Carpathian
strike). This paleostress field is confirmed by jointsin
the Early and Late Cretaceous deposits at studied
nappes. Such strike-dlip paleostress field could
originate due to the Marmarosh crystalline massif
thrusting at the end of the formation of the Internal
Carpathians in the Early Cretaceous (Austrian phase).
This paleostress field (compression axis ¢; — 233,
078) was reconstructed per the joints in the Rakhiv
formation deposits.

Most likely such paleostress fields, studied within
other nappes (the Porkulets, the Dukla, and the
Chornohora) daso indicate the beginning of
compression directed northeast-southwest. These
paleostress fields were active in the Early Cretaceous
and continued in the Paleogene.

Thrusting started with pure compression deforma-
tion regime determined by dickensides (c; —058/05°
(compression in the Carpathian direction), o3 —202/84°;
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R=0.71 (see Fig.9). Within the study area this
deformation regime is represented by reverse faults. It
represents the regional paleostress field, which is
affected throughout the Outer Ukrainian Carpathians
during intensive compression It is testified by the
compression (pure compression deformation regime)
directed NE-SW. Similar pure compression paleostress
fiedd (o, — 047/05° per kinematic data and ¢; — 235/11°
per joints datad) was identified by Gintov et. d.
[Gintov etd., 2011]. Other data [Matenco et d., 1997]
show that in the Eastern Carpathians in Romanian
territory o, isdirected 241/15+15° .

The next strike-slip paleostress field with a
compresion axis o of 219/06° and tension axis o3 of
128/00°, and R=0,5 (seeFig. 9) was reconstructed
using slickensides data (per dextral strike-slip). Such
field with similar directions of normal stress axes is
determined, using structural-paragenetic method, in
the Cretaceous deposits within all studied nappes as
well (seetable 1, 2). These strike-dlip paleostress field
with compression axis ranging from 192 to 266
possibly was active during folding-faulting stage at all
examined nappes.

At the post folding-faulting stage in southeastern
pat of the Ukrainian Carpathians plenty of
pal eostress fields were active. These pal eostress fields
are determined by using structural-paragenetic and
kinematic method (seeTablel,2,3). The most
representative is strike-dlip paleostress field with
compresion axis o; directed NS — 357/05°, tension
axis o3 —267/05°, R = 0,49 reconstructed per sinistral
strike-dlip dlickensides. Other paleostress field is
characterized by a large number of dickensides of
SW-NE directed tension axis. The main axes of this
strike-dlip paleostress field with main axes are
directed as follows. 6, — 296/00°, 63 — 027/20° and
R=0,48 (see Fig.9, D). The most active tectonic
movements, deformation and carbonate veins
formation (see Fig. 4-8) are related to these two late
paleostress fields. Naturally, joints were reactivated
simultaneously with the subsequent tension regime.
These strike-dlip paleostress fields are the youngest,
and tension axes are directed NE-SW and NW-SE
(see. Table 1, 2).

The said gtrike-dip and tension paleostress fields are
probably related to the Rakhiv-Tysa fault zone which
was active at neotectonic stage in the Tysa and Chorna
Tysa river vdleys. There are large number of
dickensides, sinistrd strike-dip with large displacement
(1-1.5 m) and joints associated with these paleostress
fieds, as wdl as numerous veins. All this indicates
sgnificant tectonic activity within the Rakhiv-Tysa fault
zone a post folding-faulting stage.

Veins formation is related to the mechanism of
fracture and joints formation, as most of them are
formed by filling the newly formed fracture free space
with minerals. Minera aggregates and veins
morphology depend on fracture formation. Veins
filled different joints but we identified some features
of veinsdirection in al deposits (Fig. 10).

Calcite filled shear joints associated with different
deformation regimes. The number of calcite veins
within the Duklya and Porkulets nappes is much
greater than within the Chornohora and Rakhiv
nappes. Per the morphological features calcite veins
can be divided into 2 groups. 1) thick calcite veins
(0.3-2 cm) filled with blocky calcite and having clear-
cut boundary with the host rocks; 2) thin calcite veins
(1-2 mm), sometimes there is a awavy boundary with
the host rocks.

Fig. 10. Rose diagrams of the veins and joints
direction in: A) the Chornogora nappe, B) the
Dukla nappe, C) the Porkulets nappe, D) the
Rakhiv nappe, E) All nappes

At first sight, calcite filled joints irregularly. But,
on the rose diagram we can see, that almost all veins
strike in north-west direction (see Fig. 10).

Fuids actively migrate along numerical neoformed
fractures, connected to the subsequent reverse regime
and ancient fractures, and precipitate mainly carbonate
minerals. Obvioudy, fracture reactivation is associated
with the subsequent tension regime.

Swierczewska et al. (2000) for the first time in
detail described fracture mineralization in the Polish
segment of the Outer Carpathians. Our results are
comparable to these materiadls. According to
Swierczewska et al. (2000) the majority of calcite in
veins in the Tetiary sandstones (the Magura nappe)
were filled with calcite or calcite and quartz more
than once [Swierczewska et al, 2000].
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Practical significance and conclusions

Using structural-paragenetic and kinematic analysis
we recongtructed ancient and modern paleostress fields
in the Rakhiv, Porkulets, Chornogora and Dukla nappes
deposits during the Cenozoic. We investigated vein
sructural properties, joints, and dickendides in the
Cretaceous sandstones. Joints and dickensides data
processing results supplement each other.

Palacostress fields show changes in deformation
regimes within the Dukla, Chornogora, Porkulets and
Rakhiv nappes from the end of the sedimentation of
the Lower and Upper Cretaceous deposits to comp-
letion of thrusting accompanied by the formation of
the Ukrainian Carpathians Orogen, as well as during
post folding-faulting stage.

Pdeostress fields at the end of folding-faulting stage
represent  strike-dip  deformation  regime  that was
changed due to tension in two directions (tenson axes
directed SE and SW). This tension regime was identified
per the modern vertical joints. The most intensive strike-
dip paeosiressfield is determined per joints and sinistral
srike-dip faults and its compression axis are of NS
direction and tenson axes are of EW direction. This
deformation regime probably is associated with the
Rakhiv-Tysafault zone activity.

Veins formation is connected to the tectonic
processes in the Rakhiv-Tysa fault zone and main
stages of tectonic evolution of the Ukrainian
Carpathians. The detailed study of veins showed that
their formation is a result of newly formed and
reactivated joints filling occurred due to the younger
mechanical deformations. Analysis of direction of
joints systems (see rose diagrams) filled with
carbonates showed that within the Rakhiv-Tysa fault
zone they filled tensiona and shear fracture. Calcite
filled shear and tension joints formed as result of
different deformation regimes, starting from the
folding-faulting stage. Great number of fractures in
rocks at the Rakhiv-Tysa fault causes the increasing
of permeability and determines the structural features
of veins. Intensive filling of joints with carbonate
minerals took place at several phases, most likely at
the end of folding-faulting stage (calcite filled crossed
and displaced joints). Also, in some calcite veins solid
hydrocarbons and quartz (“marmarosh diamonds’)
were found. We can conclude that at the end of
folding-faulting stage of the Ukrainian Carpathian
tectonic evolution the intensive migration of fluids,
including hydrocarbons fluids, took place.
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BBOJIIOLMA MTOJIEM HéﬂEOHAHPfDKEHHPI 1 ©OPMUPOBAHHUE KAJIBITUTOBBIX KNI
B IOT'O-BOCTOYHOU YACTHU YKPAMHCKUX KAPITAT B KAMHO3OMCKOE BPEM

Henab. OcHOBHOW TENbI0 JaHHOW paOOTHI SIBISETCS WCCICAOBAHNE TEKTOHHYECKOH HBONIONMHK IIOJEH
TIAJICOHANPSDKEHIS U €€ BIMSIHIE Ha (POPMHIPOBAHIE KAJBIIUTOBBIX KT M (DITIOMIHBIA TOTOK B IOT0-BOCTOYHON JacTH
VYxkpanuckux Kaprnar B kaiiHo30#ickoe Bpems. OOBEKThI HaIleTO MCCIeI0BaHKUs — MapareHe3UChl TPEIUH, 3epKaia
CKOJIbYKEHMS U JKWJIbl B MEJIOBBIX NecuaHukax B HopHoropckom, yknsHckoM, [lopkynenkom u PaxoBckom nmokpoBax
B I0r0-BOCTOYHON yacTH YkpamHckux Kaprar. Merommka. JIsi peKOHCTPYKIIMH HAMpPsKEHHO-1e(POPMHUPOBAHHOTO
COCTOSIHHSI TIPUMEHSUTH CTPYKTYPHO-TIAPArcHETUUCCKUN M KUHEMaTHYeCKuid Metoipl. [t 00pabOTKHM NaHHBIX U
OmpesiesIeHUs TNIABHBIX OCell MOJIeH ManeoHanpsHkeHui (03, 0p, G3) UCHONB30BAM Tporpammbl Fabric 8, StereoNett
2.46, Tensor. [laHHbIC O 3epKajiaM CKOJBXKCHUS OBLTH 00Pa0OTaHbI ¢ UCTIOIB30BAHIEM KIHEMATHICCKOTO METO/A C
HEKOTOPBIMH COBPEMEHHBIME M3MeHeHmsME 171t Kapriatckoro perriona. Oco0oe BHUMaHKE OBLIO YACICHO KIIaM BO
BMeIIaNMX nopoaax. PesyiabraTel. B m3yuaemom pernone uccienoBaHo 16 ectecTBeHHBIX 00HaKeHUH, Oonee 850
tpemmuH, 300 xun u 50 3epkan ckonpxeHus. CTPYKTYpHBIE OCOOCHHOCTH KHJI ¥ TIOJIS TACOHAIIPSHKEHHH, KOTOPHIE
Morau OBl MHHUIMHPOBATH OOpa30OBaHWE TpPEIINH, ObUTH ommicaHbl. He BO BceX OOHaXKEHHAX ObUIM HaleHBI
KaJIBIUTOBBIE JKIIBI. TONBKO B HECKOJBKHX TOYKAaX HAOMIOAEHHS OOHApY)KEHO CTaTUCTHYECKH OCTOBEPHOE
KOJIMYECTBO KapOOHATHBIX KT JKUIIBI CIIOKHEE OOBEKTHI IS MccienoBaHnsl. OueHp BaYKHO UCCIIEA0BATh HE TOIBKO
JKHJIbI, HO U CTPYKTYPHBIC OCOOCHHOCTH, MUHEPAIOTHIO, MOP(HOJIOTHIO, KPUCTAJUTMICCKHE MUKPOACHEKTHI, JKUIKUEC
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BKIoueHns1 B HUX. HayuyHasi HoBu3HA. Vcronb3ys MaHHBIE 00 OpPHMEHTAMM KW M 3€PKal CKOMBXEHHS OBLIO
PEKOHCTPYHPOBAHO 3BOJIIOLMIO IOJIEW TEKTOHWMYECKHUX MAJICOHANPSHKEHUH B IOrO-BOCTOYHOM 4YacTU YKpPaMHCKHX
Kapmar B Tedenuwe kaiiHO30s. Hawmbonee akTHBHBIE TEKTOHWYECKHWE IBIDKCHUS, nedopmarmii um oOpasoBaHue
Kap6OHaTHI)IX KW CBA3aHbl CO CABHUI'OBBIMH ITOJIIMH HaJ'IeOHaHp)DKeHPIﬁ. C):[BI/IFOBI/IG T10JIA HaJ'ICOHaHpH)KCHI/Iﬁ
SABJIAIOTCA OJHUM U3 CAMbIX MOJIOABIX, U €T'0 OCH PACTAKEHUA OPUCHTUPOBAHBI B CEBEPHO-BOCTOYHOM — FOIr'0-3al1a/ITHOM
U CEeBEpO-3allaIHOM — I0r0-BOCTOYHOM HampaBiieHUH. KonnuecTBO KaJbIUTOBBIX KW B OTIOKEHUIX J[yKIsHCKOro U
IMopkynerkoro moKpoBoB ropazno Oosbiie, yem B YepHoropckom u PaxoBckoM mokposax. Iloutw Bce Kuiibl
MPOCTHPAIOTCS. B CEBEPO-3allaJJHOM HarpaBieHHH. KOHEeYHO, ApeBHHE TPelMHbI MOINM OBITh PEaKTHBHUPOBAaHBI U
3aIl0JIHEHbl KaJbLUTOM IOJ BO3JACHCTBHEM IMOCIENYIOIMX PEXUMOB pacTspkeHus. IIpakThdeckas 3HAYHMOCTD.
[Nons maneoHanpspKeHWH B KOHIE CKIIAUacTO-HAJBUTOBOTO 3Tarla IPEJICTABISIIOT CABUTOBBIA Je(OpMaMOHHbIN
PEXHM, KOTOPBII OBLT M3MEHEH PacTsDKSHHEM B IBYX HAIpaBlICHUSX (opueHTaIms oceil HanpsbkeHHocTH B SE n SW
HanpasieHmsix). [ogpobHOe M3ydeHHe I MOKa3aio, YT0 MX (HPOPMUPOBAHUE SIBILIETCS PE3yJIHTATOM 3aIlONHEHMSI
BOJILHOTO IIPOCTPAHCTBAa HOBOOOPA30BaHHBIX M PEAKTUBHPOBAHHBIX, BO BPEMsI BO3AEHCTBHS OoJsiee MO3IHUX Aedop-
MAllOHHBIX PEXUMOB, TpeUMH. KaJbIWT 3alONHAT CKOJOBbIE M TEHCHOHHBIC TPEIIMHBI, KOTOpbIE ObLIM cop-
MHUPOBAHbI B PE3YJILTATC }IeﬁCTBPIH Pa3IINIHBIX )Ie(bOpMaLII/IOHHBIX PEXKMUMOB, HaYMHAA CO CKJIaQ4aTO-HAJIBUI'OBOT'O
JTaria. Pe3yJ'IBTaTI>I HCCIICAOBAaHUA MTO3BOJLAIOT CACIAaTh BBIBOMA, YTO MHTCHCHUBHAA MUIpalUsA (I)J'IIOI/II[OB, B TOM 4YHUCJIC
YTIIEBOJIOPOIOB, ObLIa B KOHIIE CKJIA{4aTO-HAIBUTOBOI0 3Taa TEKTOHIMYECKOH 3Bomoimy YkpanHckux Kaprar.

Kniouesvie cnosa: TpemuHsl, 3epkaia CKOIbKEHUs], OIS NaJeOHANPsLKEHUH, KalbLIUTOBbIE KUIIbl, MUTPALIUs
¢monnos, Paxosckuit mokpos, [lopkyrenkuii mokpos, YepHoropckuii mokpos, JIyKISTHCKHIA TOKPOB.
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EBOJIOLLA TTOJIB IMAJIEOHAIIPY)XEHD I @OPMYBAHHS KAJIbLHUTOBUX XXNJI
Y INIBAEHHO-CXIJITHIM YACTHNHI YKPAIHCBKUX KAPITAT V KAMHO30NCBKNU YAC

Meta. OCHOBHOIO METOIO IIi€] POOOTH € JIOCTIPKEHHS! TEKTOHIYHOI €BOJIIONIT TOJIB MaJICOHAIPY)KEHb 1 il BIJIMB
Ha (OpMyBaHHS KaJbIUTOBHX >KHJI 1 (UIIOTIHMI MOTIK y MiBIEHHO-CXiAHIA yacTuHI YKpaiHcekux Kapmar y kaiiHo-
3oiicekmit yac. OO’ €KTH JOCHTIIKEHHS — MApareHe3rnCH TPIMIKH, A3epKaia KOB3aHHS 1 KIJIA B KPEHIOBUX ITiCKOBHUKAX
y UYopHoripcekomy, Hyxmsacekomy, Ilopkymemskomy i PaxiBcbkoMy MOKpHBaxX y MiBASHHO-CXiIHIN dYacTHHI
Vkpaiacekux Kapmar. Metoauka. JIms  pexoHCTpyKUii HampyKeHO-IeOpMOBAaHOTO CTaHy BHKOPHCTaHO
CTPYKTypHO-TIapareHeTHIHUH 1 KiHeMaTuaHui Metou. st oOpoOKy MaHMX 1 BH3HAYCHHS TOJIOBHUX OCEH IONIB
HaJIEOHANPYKeHb (61, G2, 03) BUKOpHCTaHO Iporpamu Fabric 8, StereoNett 2.46, Tensor. [lani 1o a3epKaiax KOB3aHHS
ONpalboBaHO 31 3aCTOCYBAaHHSIM KIHEMaTHYHOTO METOXY 3 AESKMMH OCOONMBOCTSIMHU Juisi Kaprarchkoro periony.
Oco06nMBy yBary akieHTOBaHO Ha BHBYEHHI JKIJI Y BMICHUX Toponax. Pe3yabraTu. Y 0OCHIIKYBaHOMY perioHi MU
JeTanbHO omvcaiy 1 gocniaumu 16 npuponuux BincinoHeHb, noHax 850 tpinma, 300 xun i 50 a3epkan KOB3aHHS.
JleTaybHO OMMCaHO CTPYKTYPHI OCOOJIMBOCTI KMJI 1 MOJISI TIaJICOHAIPYXKEHb, SIKI MOIJIM CIIPUYMHHUTH (POpMYBaHHS
TPIIIMH, IO 3aIOBHEHI KATBIMTOM. He B yCiX BiICIOHEHHSX OyiM BUSBIICHI KAJBIUTOBI XKIIH. TiMBKU B JEKUTEKOX
TOYKAX CIIOCTEPEKEHHS 3aMIpSHO CTATUCTUYHO JTOCTOBIPHY KUTHKICTh KapOOHATHHX L. XKWt CKIIaHi 00’ €KTH IS
nociimkeHHs. Jly)ke BaKIMBO JOCTIIDKYBAaTH HE TUIBKH JKIJIM, a ¥ CTPYKTYPHI OCOOJMBOCTI, MiHEpajorilo,
Mopdororito, KpucTanivHi MikpoaedekTH, GIroinHi BKIOYeHHS B MiHepanax. HaykoBa HoBu3Ha. BukoprcToByroun
JIaHi TIPO OPIEHTAIIiI0 KU 1 13epKall KOB3aHH:, PEKOHCTPYHOBAHO EBOJIIOIIO TOMIB MMANCOHATIPYKEHb y ITiBICHHO-
cximHii yactrHi YipaiHcpkux KapmaT npoTarom kaifHo30HCEKOr0 Yacy. HallakTHBHIII TeKTOHIYHI pyXH, nedopmartii
1 yTBOpeHHS KapOOHATHHX KHJI ITOB’ s3aHi 31 3CyBHIMH TIOJISIMU TTaIeOHAIIPyKeHb. Lle 3cyBHI Mot maneoHanpykeHb
€ OJHUMHU 3 HAMMOIOAIIMX, 1 IXHI OCi PO3TSATHEHHS OPIEHTOBaHI B MiBHIYHO-CXITHOMY — MiBAECHHO-3aX1THOMY i
MIBHIYHO-3aX1IHOMY — MiBJAECHHO-CXITHOMY HampsMkax. KilbKiCTh KaJbLMTOBUX KHJ y TOBHIAX JyKISHCHKOTO i
[Mopkynenpkoro nokpusiB Habarato Outbina, HbK y YopHoripcbkoMy i PaxiBcbkoMmy mokprBax. Maibke BCi uimm
MPOCTSTAIOTHCS B MiBHIYHO-3aX1THOMY HaNpsMKy. 3BHYaliHO, JaBHIlli TPIIMHA WMOBIPHO OyJM peakTHBOBaHI Ta
3aMOBHEHI KAIBIMTOM ITiJi Yac aKTHBAIlii Mi3HIIMNX peXUMIB po3TsrHeHHs. [IpakTuuna winaicTs. [ons maneo-
Halpy»XeHb Yy KIHI[i CKJIaI4acTO-HACYBHOIO €TaIly Ipe/CTaBiIeHI 3CYyBHUM JedopMalliiiHUM peXnuMoM, sKHi OyB
3MIHCHMI PO3TATYBaHHSM y JIBOX HAmpsMKax (Opi€HTawis oceil Hampy)XCHHHs B MIBJCHHO-CXIJTHOMY Ta MiBJICHHO-
3aXiJHOMY HanpsIMKYy). JJOKITagHe BUBYCHHS JKIJT ITOKA3aJIo, IO 1X ()OPMYBaHHS € pe3yJIbTaTOM 3aIllOBHEHHS BUTBHOTO
MIPOCTOPY HOBOYTBOPEHHX 1 pEaKTHBOBAHMX, I/ BIUTMBOM IMI3HIMMX Je(opMaIlifHuX peXuMiB, TpimuH. Kamsmut
3aIllOBHIOBAB CKOJIOBI Ta TEHCIIHI TPIiIMHH, SKi Oyiu chopMOBaHi B pe3yibTarTi [il pisHHX AeOpMAaIiitHIX PEKIMIB,
TOYMHAIOYM BiJl CKJIAJYacTO-HACYBHOTO eTamy. Pe3ysnbTaTu AOCHIDKEHHS JAalOTh 3MOTY 3pOOHTH BHCHOBOK, IO
IHTEeHCHBHA Mirpaitist (JIoiiB, 30KpeMa BYTJICBO/HIB, BiIOYBaIacs BKIHII CKJIaA4acTO-HACYBHOTO €Tally TeKTOHIYHOT
eBoroLlil YkpaiHcbkux Kapmar.

Kniouosi crosa: TpiliiHy, 13epKalia KOB3aHHS, OIS MTAJICOHANPY)KEHb, KAJIBIIUTOBI )KWIJIU, Mirpais QIoinis,
PaxiBcpkuii nokpus, [lopkysenskuit nokpus, YopHoripcbkuii mokpus, yKISTHCBKHN TTOKPUB.
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