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Abstract—In this work, we consider application of an original method for determining the indicators of the
tectonic stress fields in the northern Baikit anteclise based on 3D seismic data for further reconstruction of
the stress state parameters when analyzing structural maps of seismic horizons and corresponded faults. The
stress state parameters are determined by the orientations of the main stress axes and shape of the stress ellip-
soid. To calculate the stress state parameters from data on the spatial orientations of faults and slip vectors,
we used the algorithms from quasiprimary stress computation methods and cataclastic analysis, implemented
in the software products FaultKinWin and StressGeol, respectively. The results of this work show that kine-
matic characteristics of faults regularly change toward the top of succession and that the stress state parame-
ters are characterized by different values of the Lode—Nadai coefficient. Faults are presented as strike-slip
faults with normal or reverse component of displacement. Three stages of formation of the faults are revealed:
(1) partial inversion of ancient normal faults, (2) the most intense stage with the predominance of thrust and
strike-slip faults at north-northeast orientation of an axis of the main compression, and (3) strike-slip faults
at the west-northwest orientation of an axis of the main compression. The second and third stages are pre-
Vendian in age and correlate to tectonic events that took place during the evolution of the active southwestern

margin of the Siberian Craton.
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INTRODUCTION

Studies of stress state parameters is an important
problem in paleotectonic reconstructions and simula-
tions of regional evolutions (see [2, 8, 9, 17, 21, 22, 34—
37, 39, 45], etc.). Methods for reconstructing stress state
parameters are based on the principles of transition
from structural—kinematic data on faults and fractures
to the parameters of stress tensors [15, 16].

Traditionally, field methods for reconstructing
stress state parameters are based on distinguishing
conjugate fractures, fault planes with slickensides and
slickenlines, joints, or a combination of these features
with the employment of additional data on other small
structural forms (see [4—7, 12, 14, 16, 19, 29, 3133,
41], etc.). The present-day stress field is reconstructed
by methods based on information about earthquake
focal mechanisms (see [1] and overview of methods in
[16, 43]).

However, studies devoted to the methods of inves-
tigating the stress state of the Earth’s crust from indi-
rect data are sparse. These methods are most applica-
ble to territories characterized by an absence of natural

outcrops and/or located in zones of low seismic activ-
ity. These methods are, first of all, the deciphering of
topographic maps of various scales (see, e.g., [18, 20])
and the method of determining the stress state from
displacements identified on surfaces of seismic hori-
zons via reconstruction of the prefaulting positions of
seismic boundaries relative to each other [34]. In this
work, we used a structural geological method of deter-
mining the stress state parameters based on analysis of
structural maps of 3D seismic horizons obtained by
the seismic reflection method with a common depth
point, where the tectonic stress indicator is the vector
of slip (displacement) along a fault. This is a refine-
ment of the method proposed by A.P. Gartrell [34]
and was developed by the authors; it has already been
applied when studying the Urman-Archa oil produc-
tion area in Western Siberia [11]. The main aim of this
work was to apply this method for stress state recon-
struction for an object with a different tectonic setting
with dominant oblique reverse faulting slips, in con-
trast to oblique normal faulting slips revealed for the
Urman-Archa oil production area [11]. As an exam-
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Fig. 1. Tectonic scheme of study area, after [26], with modifications by authors. (/) Siberian Craton boundary; (2) boundaries of
main structures; (3) Kuyumba dome boundary; (4) study area. Location of studied region is shown in the inset map.

ple, we used the data on the Riphean complex in the
northern limb of the Baikit anteclise. It should be noted
that similar approaches were also proposed in [40, 42],
but the former only used the method for determining
the slip vector without subsequent interpretation and
the latter mainly focused on strain analysis from the
amplitudes of displacements along fault planes.

GEOLOGICAL SETTING

The study area is located in the southwestern Sibe-
rian Craton, in the interfluve of Podkamennaya Tun-
guska River. In terms of tectonics, it is located in the

northeastern Baikit anteclise and southern Kureika
syneclise (Fig. 1).

The sedimentary cover in the study area overlay the
Archean—Lower Proterozoic basement and is repre-
sented by Riphean—Cambrian deposits. In this work,
we will mainly consider the Riphean complex.

Based on the interpretation of deep seismic transects
SB-1 (“Batholith”) and SB-3 (“Altay—Severnaya Zem-
lya”), the Baikit anteclise is a gently sloping weakly
asymmetric NW-oriented structure [27]. The largest
regional structure is the Kamo dome, whose structure
changes along its course from nearly symmetric gently
sloped anticline to a rise confined by steeply dipping
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faults. In the central part of the Kamo dome, the
Kuyumba (near-dome) ENE-oriented rift and the
Baikit and Engida marginal outliers (rift branches) are
identified [26]. In the sedimentary cover cross section,
several large seismic megacomplexes are distin-
guished; they correspond to the sedimentation cycles,
marking the gradual filling of grabens and widening of
the sedimentation basin beyond their limits. During the
Riphean, sedimentation in the Baikit anteclise took
place under the setting of consedimentation slopes pro-
grading southwards and northeastwards [27].

We assumed the scheme of stratigraphic subdivision
of Riphean deposits in the Baikit anteclise (Fig. 2),
which is based mainly on the data by E.M. Khabarov
[24, 25], V.V. Kharakhinov, and S.I. Shlenkin [26].
The age of the cross section is determined by presence
of basic-rock sills with an Ar—Ar age of around 1500 Ma
which cut Zelendukon sandstones and by the fact
that the carbonate part of the cross section is referred
to the Middle Riphean based on the strontium and
carbon isotope characteristics [24—26]. A consider-
able number of hiatuses and unconformities are
revealed, with the most significant being the discor-
dant beddings at the bases of the Yurubchen, Kop-
chera, Vingol’da, and Tokur strata. Judging from the
data provided by E.M. Khabarov [25], the largest
sedimentation hiatuses (at least 100 Ma long) fall in
the periods when the pre-Yurubchen and pre-Kop-
chera unconformities formed.

Vendian strata are characterized by subhorizontally
position and, at their base, overlap different Riphean
strata (locally, also crystalline basement rocks) with an
angular unconformity. Although the dip angles of
Riphean rocks are generally insignificant, they are up
to 30°-50° in the near-fault zones [25, 26]. The Riph-
ean complex is partitioned by faults with displacement
amplitudes of more than 1 km and which are also
overlain by Vendian rocks. In the Vendian complexes,
these faults are not observed. The deformation time is
limited to the age of the youngest Riphean rocks
(about 1000 Ma) and to Vendian age. Taking into
account the common distribution of thrusts, these
deformations were most likely associated with accre-
tionary and collisional events that took place on the
adjacent margin of the Siberian Craton exposed in the
Yenisei Range. Here, transformation of the passive
margin into active one occurred at ca. 800 Ma and,
judging by the ages of collisional granites and meta-
morphism, the most intense deformations occurred at
ca. 760—750 and 685—600 Ma [3].

DESCRIPTION OF THE METHOD

When studying the stress state parameters for the
Riphean complex in the study area, we used the
method of determining the kinematic characteristics
of faults from analyzing the 3D seismic data (Fig. 3).
In the structural map of the reflecting horizon, we
selected a characteristic landform (positive for anti-
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cline or negative for anticline) identified both in the
hanging and foot wall of the fault. For the chosen
structure, the trace of its axial surface was outlined in
the map (this trace is pierced when the fault crosses
this structure). We determined the coordinates for the
points where the axial surface trace is pierced, whereas
the vector joining the separated fragments of the struc-
ture is the slip vector (displacement). Using the avail-
able software tools, we determined the occurrence ele-
ments of the fault fragment within which the slip vec-
tor is located; this eventually determined both the total
kinematic characteristics of the fault and the amplitude
of displacement along it (see Fig. 3). In this case, the
respective fragment of the fault and the slip vector
located on it can be considered as analogs of slickenside
surfaces and slickenlines on the fault planes, so their
further processing can use similar methods.

Reconstruction of stress state parameters in this
approach implies the following four stages:

(1) selection of structural maps of seismic horizons
for further structural—geological reconstructions;

(2) determination of the kinematic characteristics
of faults from analysis of the structural maps of seismic
horizons;

(3) creation of a database containing the character-
istics of faults and slip vectors;

(4) reconstruction of the stress state parameters.

Initial Data

The main data source for calculating the stress state
parameters involves structural maps of seismic hori-
zons obtained by the 3D SRM—-CDP method and
containing the faults interpreted in them. Structural
maps were chosen in association with LLC GAZ-
PROMNEFT STC. For further interpretation, we
selected three seismic horizons which are interpreted
with highest confidence (upsection): R, (at the base of
the Madra stratum), R; (near the top of the Kopchera
stratum), and R,, (near the base of the Tokur stratum)
(see Fig. 2). These horizons contain faults with deter-
minable kinematic characteristics that is necessary for
further reconstruction of stress fields.

Determination of the Fault Kinematics

The slip vectors were determined from structural
maps of the R,, R;, and R, seismic horizons inter-
preted in the Riphean cross section (Figs. 4—6). It
should be noted that this method of slip vectors deter-
mination is largely subjective, because anticline and
syncline structures that could be unambiguously iden-
tified and correlated on both fault walls are quite rare.
In order to increase the reliability of their identifica-
tion, surface maps of the seismic horizons were ana-
lyzed by two ways: (a) manual drawing of the axial sur-
face trace on an isoline map of differences in altitude;
(b) on a map showing the surface curvature of the seis-
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Fig. 2. Stratigraphic section of northern Baikit anteclise, after [24—26], with additions by authors. (/) Sandstones, (2) siltstones,
(3) organic-rich mudstones, (4) mudstones, (5) limestones, (6) dolomites, (7) sandy dolomites, (&) silty dolomites, (9) stromat-
olite dolomites, (/0) crystalline basement, (//) unconformity.
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Fig. 3. Scheme of slip vector determination from fault parameters. Angle o is acute angle between slip vector and direction of fault
plane dipping; its determines the ratio between normal or reverse faulting and strike-slip components.

mic horizon. The more rigourous method of drawing
the axial surface trace implies visual analysis of the
morphology of seismic horizons and tracking of simi-
lar structures in both the hanging wall and footwall of
the fault. The difference in depth between adjacent
isolines is 50 m, so in many cases, fold structures are
not very clearly identified. In order to obtain a clearer
drawing of the structure from whose displacement it is
possible to determine the slip vector, the interval
between isolines was reduced to 30 m, because resolv-
ing power of the seismic data is 25—30 m. Sometimes,
for more accurate location of piercing points in the
axial surface trace, fragments of the seismic horizon
surface were considered at some angle to the horizon-
tal plane, with the vertical scale increased relative to
the horizontal (Fig. 7a). However, the second drawing
method mathematically calculates the curvature coef-
ficient for the seismic horizon surface, where the max-
imum values of the surface curvature coefficient cor-
respond to the case of the axial surface trace of an anti-
cline in a syncline structure. Importantly, the use of
displacement of the axial surface trace to infer the
kinematic characteristics of a fault is possible only if
this fault had cut the already formed folds. Faults cut
fold structures whose orientations are close to perpen-
dicular relative to these faults; the fault surfaces
remain unchanged and did not undego folded defor-
mations (see Fig. 7). These considerations help us to
conclude that in the selected examples faults formed
after folds.

After all slip vectors are determined, the observa-
tion points and vectors proper are drawn on the map
with subsequent checking of the reliability of data
according to two main criteria: (1) a similar kinematics
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should be observed at different horizons for the same
fault or a segment of it (e.g., fault segments where
right-lateral strike-slip was identified at the R; hori-
zon, while left-lateral strike-slip at the R, and R, hori-
zons were excluded from further consideration);
(2) the kinematic characteristics should not change
frequently within the limits of one fault (in particular,
we excluded from further consideration faults and
fragments within whose limits right- and left-lateral
strike-slip alternated in an irregular manner). Never-
theless, we took into consideration the fact that oppo-
sitely directed strike-slip could be a response to thrust-
ing for curvilinear faults [44].

Creation of Databases

After sorting out the insufficiently reliable slip vec-
tors, the data on the kinematic characteristics of faults
were summarized in a database (Table 1), which con-
tained the following measurement characteristics used
for stress state reconstruction:

(1) number of measurement on the map;

(2) occurrence elements of a fault fragment;

(3) occurrence elements of a slip vector;

(4) orientation of a slip vector in the fault plane
(rake);

(5) angle o showing the deviation of a slip vector
from the fault plane, i.e., indicating the value of shear
component (see Fig. 2);

(6) fault type (right-lateral strike-slip, normal fault,
etc.);

(7) characteristics of the value of a slip vector (ver-
tical, horizontal, and total displacement).
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k4soog

Fig. 5. Seismic horizon R; with indicated locations of measurements and numbers of slip vectors. Faults are represented as black

lines. Slip vector numbers correspond to those in Table 1.

Reconstruction of Stress State Parameters

To calculate the stress state parameters from the data
on spatial orientation of fault and slip vectors, we used
calculation algorithms from quasiprimary stresses and
No.3 2017

GEOTECTONICS  Vol. 51

cataclastic analysis methods. Since there are compres-
sive stresses almost everywhere at crustal depths due to
the effect of mass forces, we used the following indices
and names for main stress axes: axis of maximum stress
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Fig. 7. Determination of slip vector from seismic horizon R,: (a) view at angle to seismic horizon with fault plane shown in gray;
(b) view from above. Numbers of measurements correspond to analogous ones in Fig. 6. Dashed line indicates trace of axial sur-

face; black arrow denotes slip vector.

or compression (0,), intermediate axis (G,), and axis of
minimum stress or deviatoric tension (G5).

The quasiprimary stresses method is based on the
regularities of destruction of fractured rocks and on
the criteria of strength on the largest tangential stresses
[14, 16, 29]. The essence of this method is that each
slip vector (disregarding whether it was a slickenline at
a crack or a documented displacement along a large
fault) corresponds to a local stress state where the axes
of maximum stress and deviatoric tension are in one
plane running through the slip vector perpendicular to
the fault plane and are oriented at an angle of 45° to
the slip vector. After this information is collected on all
available slip vectors, it is processed by statistical
methods to obtain the orientations of the main stress
axes. This method was developed independently by
V.D. Parfenov [14] and J. Angelier [32]; however,
implementation of the method in a form of simple-to-
use software (FaultKinWin) was proposed only by
R. Allmendinger et al. [31, 41]. A shortcoming of this
method is the assumption that the compression and
deviatoric tension axes are always oriented at 45° to the
slip vector. Such a condition is satisfied only on aver-
age, whereas individual measurements show angles
differing from this value; as well, this is not always
valid in the case when faults with similar orientation
dominate. For example, if only a sole fracture system
is clearly identified in the strike-slip zone due to some
reasons (e.g., Riedel fractures or coupled Riedel frac-
tures), then the error in determining the orientations
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of the compression and deviatoric tension axes can be
up to 15°—20°. This is why it is important to have both
faults of various orientations and slip vectors and a
considerable database for calculations by the Fault-
KinWin software.

Cataclastic analysis was developed by Yu.L. Rebe-
tsky [16]; it uses common energy statements of con-
temporary plasticity theory and makes it possible to
calculate in one mode both the parameters of stress
tensor and augmentation tensor of quasiplastic strain.
The obtained stress tensor in every studied volume
characterizes the stress field at a given point (local
stress state). Using cataclastic analysis, we find the
stress state for which every shear from the sampling
leads to a decrease in elastic energy (the slip vector and
direction of tangential stress on the shear plane should
form an acute angle), whereas the maximum release of
elastic energy is attained on the aggregate shears of the
sampling. Based on these mechanical statements, the
software subdivides the available database into homo-
geneous samplings of shear cracks to enable us to dis-
tinguish several stress states from the one initial popu-
lation of data (formation of two and more homoge-
neous samplings of cracks). The important difference
of the cataclastic analysis from the method of quasi-
primary stresses is that (a) tensor of increase of qua-
siplastic deformation is simultaneously calculated and
(b) orientations of main axes of stress tensor are found.
Another advantage of cataclastic analysis is that we can
calculate the Lode—Nadai coefficient from reduced
stresses characterizing the ratio between the main val-
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ues of tensor and axes of the stress ellipsoid; this ratio
is used to subdivide the initial data sampling into gen-
erations of different orders. For simple shear, the
Lode—Nadai coefficient is 0; as its value approaches
+1, the shape of the stress ellipsoid becomes similar to
an oblate spheroid (uniaxial compression), whereas if
its value approaches —1, the shape of the stress ellip-
soid becomes similar to an oblong ellipsoid (uniaxial
extension). Cataclastic analysis has been successfully
implemented in the StressGeol software developed at
the Laboratory of Tectonophysics, Institute of Phys-
ics of the Earth, Russian Academy of Sciences, by
Yu.L. Rebetsky [16]. It should be noted that the
StressGeol program works with a set of measure-
ments whose kinematic characteristics agree with
each other according to different criteria, whereas the
FaultKinWin program utilizes singular measure-
ments. Joint application of these two programs,
which are based on different theoretical methods,
makes it possible to control the quality of the initial
database. In particular, similar orientations of the stress
axes obtained by data processing in the FaultKinWin
and StressGeol programs give grounds to believe that
the sampling does not contain any dominant system of
parallel cracks (e.g., Riedel shears related to the same
fault) and any internal irregularities.

RESULTS OF STRUCTURAL DATA
PROCESSING

Kinematic Characteristics of Faults

Based on the analysis of structural maps of seismic
horizons and related faults within the study area, the
most commonly developed are faults of ENE—WSW
and NNE—SSW trends. The faults in the study area
contain both normal and reverse faulting components.
A strike-slip component is observed in the majority of
faults, but there are no consistent distribution patterns
for left- and right-lateral strike-slips. In general, faults
are identified as steeply dipping planes with angles
from 70° to 90°, but there are also faults with more
gentle dipping angles of 50° to 60°.

Analysis of the kinematic characteristics of faults
has shown that the number of folded structures from
whose displacements we could measure slip vectors
decreases upsection: 48 for the R, horizon, 29 for the
R; horizon, and 19 for the R, horizon. A similar trend
is obtained from comparison of the total motion
amplitudes from faults (Fig. 8a), which change from
approximately 350 to 1730 m for the R, horizon,
whereas the largest motion amplitudes for the R; and
R, horizons are 2640 and 3590 m, respectively. With
the overall approximate character of calculating the
average values, average values of total displacements
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for faults identified at different seismic horizons are
about 885 m for the R, horizon, 903 m for R;, and
1412 m for R4, which also indicates an increase in the
motion amplitudes downsection. A similar correlation
is obtained from the average values of the vertical dis-
placement components: approximately 130 m for R,,
290 m for R;, and 345 m for R,. The characteristics of
the relationship between the strike-slip and reverse
faulting components of faults (o0 angle in the fault
plane) identified at the R,, R;, and R, seismic hori-
zons (see Fig. 8b) makes it possible to identify two
stages of their formation. For all faults, except for one
at the R; horizon and one at the R, horizon, the strike-
slip component is predominant, but the quantitative
ratio between strike-slip and either normal or reverse
faulting component significantly differs depending on
the particular seismic horizon. For the faults identified
at the R; and R, seismic horizons, reverse faulting
component is quite significant, whereas the faults
identified at the R, horizon have a dominant strike-
slip component and for the majority of faults, the ori-
entation of the slip vector in the fault plane differs
from the horizontal by less than 10°. Thus, in the time
interval after the accumulation of the layers limited by
the R; seismic horizon, but before the accumulation of
the layers limited by the R, seismic horizon, the essen-
tial change in kinematic characteristics of the faults
occurred, so we can distinguish two stages of evolution
of the faults: (1) predominantly oblique reverse fault-
ing, which occurred earlier and was clearly manifested
in the kinematic characteristics of faults at the R, and
R, seismic horizons, and the (2) strike-slip stage,
which occurred later and was dominant for the faults
identified at the R, seismic horizon. It should be noted
that the average total amplitudes of displacements
along the faults for the R; and R, seismic horizons are
close to each other (885 and 903 m, respectively),
indicating that the most intense deformations took
place after accumulation of the rocks confined to the
R, seismic horizon, whereas the new identified tec-
tonic event occurred only in small reverse and/or nor-
mal displacements along the faults. Taking into
account the noticeable predominance of reverse faults
over normal faults, the identified tectonic event was
most likely related to compressional strains.

Orientations of the Main Stress Axes and Shape
of the Stress Ellipsoid

From the initial database, the orientations of the
main stress axes were calculated by the StressGeol
program, which can distinguish several generations
that correspond to different formation stages of faults.
For comparison, the orientations of the main stress
axes for each generation were also calculated by the
FaultKinWin program. As data processing by the
StressGeol program shows, all faults identified at the
R,, R;, and R, seismic horizon demonstrate the pres-
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ence of two generations of faults. The first-generation
faults at all seismic horizons have similar stress state
parameters, with the axis of compression character-
ized by subhorizontal occurrence and submeridional
orientation at the R; and R, seismic horizons, while
there is a NNE orientation at the R, horizon. The axis
of deviatoric tension is also subhorizontal and oriented
perpendicular to the axis of compression. The sec-
ond-generation faults for all seismic horizons are also
characterized by subhorizontal occurrence of the
axes of compression and axes of deviatoric tension,
but with inversed orientations of these axes at the R,
and R, seismic horizons; an inversion and a small
rotation is also observed for the R; seismic horizon
(Fig. 9). Thus, on the surfaces of all seismic horizons,
the main stress axes have similar orientations in each
generation, where the intermediate axes (G,) are sub-
vertical and the axes of deviatoric tension (G;) and
compression (0,) are subhorizontal, which are all
indications of a strike-slip setting [4, 23]. A setting
similar to a strike-slip setting is indicated by Lode—
Nadai coefficient values close to 0, although weakly
positive values characterizing stress states calculated
for the first-generation faults at the R; and R, seismic
horizons also indicate the presence of a thrusting
component in the stress field (Table 2).

Taking into consideration that 54% of measure-
ments show stress states with a submeridionally ori-
ented axis of compression (first generation), whereas
46% of measurements show a field with a sublatitudi-
nal axis of compression (second generation), the first
generation seemingly corresponds to the major defor-
mation stage, whereas the second generation reflects a
minor deformation stage, with manifestation of less
intense deformations. Note that there are no reliable
data on the age relationships between the major and
minor stages of pre-Vendian deformations. Neverthe-
less, their relative age can be inferred based on the fol-
lowing speculations. All information about the stress
state parameters is obtained from the fault kinematics
data (i.e., on the directions of displacments along fault
planes). If the most intense deformations were the
youngest, then the displacements corresponding to
this stage would be identified on all faults and mask
displacements corresponding to the less intense defor-
mations. In the considered examples (see Fig. 9), we
can distinguish with high confidence two generations
of stress states, and this gives grounds to believe that
the less intense deformations (second generation, 46%
of measurements) overlapped more intense ones (first
generation, 54% of measurements). Thus, we can dis-
tinguish two deformation stages in pre-Vendian time:
the earlier and more intense stage is characterized by a
submeridional axis of compression, whereas deforma-
tions of the younger and less intense stage have a
WNW-oriented axis of compression.
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GEODYNAMIC INTERPRETATION
OF THE OBTAINED RESULTS

Our study on evaluation of the stress state and tak-
ing into consideration data on regional stratigraphy
allows us to reconstruct the main tectonic events of the
pre-Vendian evolution of the study area (Fig. 10).

The earlest interpreted tectonic event is related to
the basement of the Kuyumba rift and the trough of
Riphean age related to it (see Fig. 10a). This stage cor-
responds to intrusion of sills with Ar—Ar ages varying
from 1430 £ 14 to 1513 £ 27 Ma [25, 26]. Among the
sedimentary rocks, the dominant ones are sandstones
and organic-enriched argillites of the Zelendukon,
Verdshe, and Madra strata (see Fig. 2), which is typi-
cal pf rift sedimentary basins [28]. During this event,
the frameworks of faults were formed; these faults

control the further evolution of the region. Orienta-
tions of the major faults are from northeast to sublati-
tudinal [26].

The evolutionary stage following rifting covers a
considerable part of the Middle Riphean and is char-
acterized by predominantly carbonate sedimentation,
which indicates relatively quiescent tectonic settings
(this is verified by the similarity of the kinematic char-
acteristics of faults identified at the R; and R, seismic
horizons). The sedimentary basin widened beyond the
limits of grabens to gradually prograde northeast and
south [27]. The quiet evolution of the sedimentary
basin was interrupted by a short-term deformation
phase when small-amplitude faults formed (Fig. 10b),
as indicated by the difference in the fault kinematics at
the R; and R, horizons compared to the R, horizon
(see Fig. 8). The common presence of reverse faults
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Table 2. Results of calculating stress state parameters for R,, R3, and R, seismic horizons in FaultKinWin program

Generation 1
Seismic - - - - - - - . .
A deviatoric tension axis 03 intermediate axis, 0, compression axis 0;
horizon My
trend plunge trend plunge trend plunge
R, 296 8 135 82 27 3 —0.05
R; 97 4 270 86 7 0 0.16
Ry 269 2 131 87 359 2 0.2
Generation 2
Seismic - - - - - - - - -
. deviatoric tension axis O intermediate axis, G, compression axis 0
horizon L
trend plunge trend plunge trend plunge
R, 35 14 232 76 125 4 0
R; 34 20 248 66 128 12 0.05
Ry 189 2 319 87 99 2 0.1

U is the Lode—Nadai coefficient.

indicates that the normal faults that have been formed
at the rifting stage underwent partial inversion. In
terms of stratigraphy, this event was marked by pre-
Vingol’da washing. According to the correlation
scheme proposed by E.M. Khabarov [24, 25], its age
varies from 1080 to 1000 Ma, which is noticeably older
than the tectonic events revealed in the Yenisei Range,
and its geodynamic nature remains disputable.

The most intense tectonic events in the study area
occurred after the accumulation of Riphean rocks (see
Fig. 2) but before deposition of Vendian sedimentary
rocks. In this period, the onset of the main structural
elements observed at the pre-Vendian surface took
place (in particular, those at the R,, R, and R, seismic
horizons). As follows from the analysis given above,
the per-Vendian tectonic event consists of two stages
(see Figs. 10c and 10d). The earlier and the more
intense first stage of deformations was characterized
by the submeridionally oriented axis of compression
and by the predominance of strike-slip displacements
(see Fig. 10c). However, as is seen from the values of
Lode—Nadai coefficient (see Table 2), a reverse fault-
ing component is also present, indicating probable
inversion of pre-existing normal faults. At the second
stage of pre-Vendian deformation, strike-slip tectonics
played a leading role. The axis of compression is ori-
ented sublatitudinally, which demonstrates inversion of
strike-slip displacements along faults (Fig. 10d).
Although the ages of deformation stages were not
revealed, taking into account the age of tectonic events
in the Yenisei Range, we can suggest that the first stage
of pre-Vendian deformations in the study area could be
a response to the earliest collisional events and about
760—750 Ma in age, whereas the second stage of pre-
Vendian deformations corresponds to the final stages of
evolution of the active margin ca. 685—600 Ma ago.

GEOTECTONICS Vol.51 No.3 2017

The cause of stress field inversion in the study area
was not revealed. Analogous stress field inversions
accompanied by a change in direction of displacements
along faults to the opposite have been documented in
various regions (see, e.g., [2, 10, 22, 30, 38, 45]).

Stress field inversion is usually attributed to
changes in plate kinematics; however, the available
paleomagnetic data [3, 13] are too ambiguous to make
any reliable conclusion about Siberian Plate kinemat-
ics during the existence of an active margin on its
southwest (present-day coordinates) ca. 900—600 Ma
ago. Additionally, it must be emphasized that both
stages of deformation in the study area are character-
ized by a strike-slip setting, whereas the role of strike-
slip in the Yenisei Range tectonics remains vague.

CONCLUSIONS

At present, studies of the stress state parameters of
closed territories have relatively few methods to deter-
mine the indicators of tectonic stress fields for further
calculation of stress tensor. Our research shows the reli-
able applicability of the method of stress state recon-
struction from 3D seismic data, where the indicator of
tectonic stresses is the vector of displacement along
faults, with the spatial orientation of this slip (e.g., slick-
ensides or slickenlines) used to calculate the orientation
of the main stress axes and shape of the stress ellipsoid.
The main results of this method are as follows:

(1) Analysis of the kinematic characteristics of
faults identified in the structural maps of the R,, R;,
and R, seismic horizons shows that components of
displacements in both lateral (strike-slip) and vertical
(reverse or normal faults) directions are presented.
The earliest change in the kinematic characteristics of
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faults is associated with an event that occurred in the
pre-Vingol’da time.

(2) Two stages of deformations during the pre-
Vendian folding have been revealed in the region: the
most intensive stage with prevalence of thrust and
strike-slip faults at north-northeast orientation of an
axis of the main compression, and second stage with
prevalence of strike-slip faults at the west-northwest
orientation of an axis of the main compression. These
stages are correlated with the tectonic events which

were taking place during evolution of the active
southwest margin of the Siberian platform.
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