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GEODYNAMIC INTERPRETATION OF MODERN
GEODYNAMIC MOVEMENTS IN THE SOUTHERN PART

OF THE YENISEI RIDGE (IN APPLICATION TO THE PROBLEMS
OF UNDERGROUND ISOLATION OF RADIOACTIVE WASTE)

Introduction

In 2019, at the Yenisei site (Nizhne-
Kansk massif, southern part of the Yenisei
Ridge), the construction of an underground
research laboratory (URL) began to sub-
stantiate the final decision on its geologi-
cal suitability for the disposal of high-level
radioactive waste (HLRW) [1, 2]. The inter-
national and Russian documents regulat-
ing the safety of handling HLRW state that
the main barrier guaranteeing the safety
of HLRW isolation for their entire period
of radiobiological hazard (up to 100 thou-
sand years) is the geological environment
[8-5]. The modern international practice of
choosing a site for HLRW disposal is based
on a systematic analysis of a set of proper-
ties, phenomena and processes that affect
the preservation of the insulating properties
of the massif [6, 7].

The main danger is associated with
large-scale geodynamic processes and
phenomena [8, 9], the impact of which on
a structurally disturbed massif leads to the

The results of geodynamic interpretation of the results of GNSS observations of present-
day movements and modeling of the stress-strain state of the upper part of the Earth’s crust in
the area of the construction of an underground research laboratory to substantiate the safety of
disposal of high-level long-lived radioactive waste in granite-gneiss rocks of the Nizhne-Kansk
massif are presented.

The kinematic model of the area made it possible to assess the directions of block movements
of large structural blocks. The greatest movement gradients were noted in the west, between the
underground research laboratory site and the contact between the Siberian Platform and the
West Siberian Plate along the Atamanovsky Fault. Local zones of stress concentration have
been identified, in which destruction of the rock mass in the near-contour zone of underground
workings is most likely.

Analysis of models and results of GNSS observations showed that the structural-tectonic
block, in which the construction of the underground research laboratory is planned, is in rela-
tively calm geodynamic conditions. Present-day movements determine the regime of sublatitu-
dinal compression in azimuth close to 100— 1100 at the underground research laboratory con-
struction site. A systematic analysis of geological and geophysical data made it possible to obtain
new knowledge about the kinematics and stress-strain state of the rock mass in the southern
part of the Yenisei Ridge, necessary to ensure the geoecological safety of isolation of high-level
radioactive waste in the granite-gneiss rocks of the Nizhne-Kansk massif.
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formation of local zones of high-gradient stress fields and differ-
entiated movements along the boundaries of structural blocks.
The Nizhne-Kansk massif is located in the zone of active
orogeny, i.e. the process of its formation as a mountain struc-
ture has not yet been completed. Confirmation is the activity
of the contact zone between the West Siberian Plate and the
Siberian Platform along the Muratovsky and Atamanovsky
faults [10-12]. In this regard, an urgent task is to develop a
geodynamic model for the southern part of the Yenisei Ridge.
Below we consider the results of interpretation of the observa-
tions results of modern movements of the Earth's crust (MMEC)
using global navigation satellite systems (GNSS) and modeling
of the stress-strain state (SSS), obtained within the framework
of the Russian Science Foundation Project No. 18-17-00241.

Methods and data

To analyze the distribution of stress fields, we used the
method of numerical calculation of the SSS of a block het-
erogeneous elastically isotropic rock mass, disturbed by a
system of tectonic faults*, described in [9]. The upper part
of the earth’s crust is modeled by an elastically isotropic
layer disturbed by subvertical tectonic faults; in the zone of
their dynamic influence, the effective elastic modulus of the
medium is taken to be 2-3 orders of magnitude lower. The
external tectonic stress field at the boundary is set based
on geological data and GNSS measurements. Relationships
between stresses and strains are assumed to be averaged
over the layer thickness (generalized plane stress state). The
calculations were performed with the following parameters:
Young’s modulus E = 5-10* MPa, effective elastic modulus of
the fault zones E,, = 5:102 MPa, Poisson’s ratio v = 0.25. In
modeling, we used a structural-tectonic scheme compiled
based on research materials [12]. The compression axis ori-
entation is assumed to be o,,,, = -30 MPaand ¢,,;, = 10 MPa.

To build a geodynamic model, GNSS data for the period
from 2010 to 2019 were used. Observations of horizontal
MMEC velocities for the area were started in 2010, thenin 2012-
2016 and in 2018-2019 they were continued at the geodynamic
test site, created by the specialists of OO0 Geolcom and the
GC RAS, consisting of 30 GNSS points. A total of 9 epochs of
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measurements were carried out, the results are presented in
[12, 18]. Root-mean-square errors in determining the coordi-
nates of GNSS points in plan and in height were 3-4 mm and
5-7 mm, respectively. Figure 1 shows the location of points for
the 2019 epoch and a diagram of the main tectonic faults.

Numbers in circles in Fig. 1-4 the main tectonic faults
are marked: 1 — the First Krasnoyarsk Fault; 2 — Muratovsky
Fault; 3 — Atamanovsky Fault; 4 — Kansk-Atamanovsky Fault;
5 — Malotelsky Fault; 6 — Pravoberezhny Fault; 7 - Bolshetelsky
Fault; 8 — Shumikhinsky Fault; 9 — Baikal Fault. The URL con-
struction site is shown as a white rectangle.

To predict the stability of objects with a long service life,
it is not the absolute offset values that are essential, but the
strain velocities [14]. For the deformation analysis, the strain
components were calculated:

&1 &2
€1 €
which are defined as partial derivatives of coordinates offsets:
_du _du _ _1(ou ov
BTy BT o0 BT Ty 5+& :
The following invariant characteristics were calculated to
study the spatiotemporal distribution of horizontal strains.
1. The main deformations E,, E,:

2 2
E.-S1tén (811 —€pp)” (€12 +€59)
w2 o 4 '

2. Full shear strain:

Ym :\/(511 —522)2 +(gg2 +521)2-

3. Strain dilatation:
A=gy+ gy

Results of geodynamic interpretation

At the final stage, a geodynamic interpretation of GNSS
observations was performed in combination with the results
of mathematical modeling of SSS, taking into account the
experience of similar studies abroad, including in foreign

*The method and algorithm were developed by V. N. Morozov and I. Yu. Kolesnikov.
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underground laboratories [15, 16]. The following are the main
conclusions.

SSS modeling. Based on the results of numerical model-
ing of SSS in the study area, the stress components g,,, 6,,,
1,, Were calculated and local stress concentration zones with
values approximately 2 times higher than the development
of hazardous seismic and deformation processes were iden-
tified (Fig. 2). A sumeridionally oriented anomalous zone of
high stresses (s; > 50 MPa) was obtained west of the contact
boundary between the West Siberian Plate and the Siberian
Platform. Most likely, it is due to the absence of faults in the
left-bank zone, which contribute to the relaxation of accumu-
lated tectonic stresses. In general, this does not contradict
the geodynamic model of the evolution of the Yenisei Ridge
by acad. V. A. Vernikovsky [17]. Within the Siberian Platform,
there are local areas of stress concentration confined to fault
closures and areas of low values of s; in the extent of faults.

The Yenisei section is in the area of relatively low values of
shear stresses (see Fig. 2). However, to the south is the end
of the Baikal Fault and a zone of increased values of 1,, > 7
MPa is formed, to the northwest of it is another zone associ-
ated with the closure of the Shumikhinsky Fault. Theoretically,
these zones can interact and cause negative geomechanical
processes in the marginal part of the URL workings.

MMEC monitoring. The MMEC velocity map was analyzed
in conjunction with high-precision leveling data and geological
surveys. Figure 3 shows the distribution of velocities and ori-
entation axes of the main deformations S, . and§,, ... Tensile
deformations predominate within the Atamanovsky spur of the
Yenisei Ridge, which correlates with the tendency to rise dur-
ing the Quaternary period. Submeridional compression defor-
mations predominate within the West Siberian Plate, probably
due to negative vertical movements.

Blocks VI, VI, IX, X, XI, bounded by the Kansk-Atamanovsky
(from the north) and Muratovsky (from the west) faults have
the velocity of about 3.5 mm/year. In the wings of the Pravo-
berezhny Fault (Ne 6 in Fig. 4), block shear movements create
a “step-like” structure. The maximum gradients of horizontal
movements are obtained from the contact between blocks VI
and IX. The boundary of the direction change from the sublati-
tudinal to the submeridional coincides with the Shumikhinsky
Fault (Ne 8 in Fig. 4), which directly crosses the URL construc-
tion site. This section is located at a distance of 2-3 km from
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the contact zone between the Siberian Platform and the West
Siberian Plate and is under its influence. The convergence rate
of these structures in the southern part of the Yenisei Ridge
can be estimated at 2-4 mm/year [13]. Probably, this is due to
the rise of the Atamanovsky spur and the movement of block
VIl to the west, and block Xl — to the east.

Three blocks are distinguished in the western part, with max-
imum velocities of about 2-3 mm/yr (see Fig. 4). The MMEC
velocities confirm the tectonic activity of the Muratovsky, Ata-
manovsky, Kansk-Atamanovsky, Pravoberezhny and Shumikh-
insky faults. Movements in the central and northern parts of the
region (blocks IV and V) change directions from sublatitudinal
to submeridional, which indicates a possible shear character of
movements along the Muratovsky and Atamanovsky faults. This
area turned out to be the most mobile [12].

Present-day movements generally determine the regime of
sublatitudinal compression in azimuth close to 100—1100. Within
the blocks, relatively low velocities of the MMEC were obtained,
which indicates a stable geodynamic regime of the URL site.

An analysis of the dynamics of change in baseline lengths
in time showed that in 2013-2014 there was an activation of
the geodynamic regime of the region, which manifested itself
in a sharp change in baseline lengths and a change in the sign
of compression and extension deformations on the right-bank
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and left-bank parts of the Yenisei River. Annual changes
reached 15-20 mm in some cases [13]. With anincrease in the
observation time due to the effect of cyclicity, they decrease.
When forecasting, this effect must be taken into account. Over
an 8-year observation period, only in rare cases do the change
velocities in baseline lengths exceed 5 mm/year in absolute
value. Basically they are in the range of 1-3 mm/year.

Conclusions

A map of the horizontal MMEC velocities in the southern part
of the Yenisei Ridge was drawn. The boundaries of large struc-
tural blocks with different kinematic characteristics (direction of
movement, absolute values of velocities) were established. For
the central and eastern parts of the region, the greatest variabil-
ity in the distribution of vectors (up to a change of 180 degrees)
was noted at velocities of more than 4 mm/year. Most likely, this
is a consequence of the interaction of the largest structures —
the Siberian Platform and the West Siberian Plate.

Local stress concentration zones were identified, in which
the destruction of the rock mass is most likely as a result of tec-
tonic creep, the formation of new faults or seismic events. A thick
submeridionally elongated area of high stress intensity values
(more than 30 MPa) was established in the west of the boundary
between the West Siberian Plate and the Siberian Platform.

The resulting model is in good agreement with the results
of structural-geological and geodynamic studies in the area.
Comparing the calculated values of dilatation with the cri-
teria given in the literature for geodynamic active zones
(D =+5-10"4-5-10-5 per year) [18, 19], it can be argued that
the location area of the Yeniseisky site is characterized by
relatively low deformation velocities of the earth’s crust.

A kinematic MMEC model was constructed, which makes it
possible to estimate the directions of block movements. Move-
ments on the URL site and the structural block containing it are
more homogeneous and uniform than along its boundaries. The
greatest movement gradients occur in the western part of the
block located between the site and the contact between the
Siberian Platform and the West Siberian Plate along the Ata-
manovsky Fault.

Thus, the geodynamic interpretation and systematic analy-
sis of geological and geophysical data made it possible to obtain
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new knowledge about the kinematics and stress-strain state
of the southern part of the Yenisei Ridge, which is necessary to
ensure the geoecological safety of underground isolation of high-
level radioactive waste in the rocks of the Nizhne-Kansk massif.
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JUSTIFICATION OF FUNCTIONAL ORGANIZATION AND CONTENTS
OF MODELING CLUSTER CONCEPT FOR GEOMECHANICAL
RESEARCH OF CONVERGENT MINING TECHNOLOGIES*

General provisions

Regarding the impact on the envi-
ronment (or lithosphere, in our case),
the key difference of the nature-like
convergent mining technologies from
the conventional geotechnologies is
the indispensable preventive negotia-
tion with geomechanical after-effects
of mining-induced damage. Model-
ing should always take this fact into
account and should assume the time
effect as the advanced implementa-
tion of ground control in the course of
stoping.

The governing criteria and con-
stants of modeling a technology cluster
are selected from the dynamic similarity
law. In this case, the modeling reveals
the stress—strain behavior of a mining
system and its components subject to
the breakage and drawing conditions

The new scientific school on the nature-like convergent mining technologies, which assume preven-
tive negotiation of geomechanical consequences of mining-induced damage in the lithosphere, requires
adjustment of the conventional modeling methods using the factor of time. In the framework of the main
theories of similarity, the comparative studies of different model material composition are carried out,
and the formula of solidifying mixtures is justified for equivalent materials for modeling joint loading of
manmade and natural components of geotechnical systems. An original procedure is proposed for the
construction of block models by means of gluing, such that the unit block sizes are determined in terms
of sizes blocks generated by joint systems, and the number and location of gluing points are selected
as function of condition of healed joints. The new procedure efficiency is checked by the method of
calibration and comparison of the modeling data with the quantitative assessments of the real-life rock
masses. For different mining systems, the interpolating functions of the influence factor are plotted to
image the rock mass stability categories. The new instrumentation is created for the integrated test work-
benches, which provides integrated patterns of strength, deformation and acoustic characteristics of
physical models of the proposed convergent geotechnical systems, the obtained values of the strength and
deformation characteristics of the physical models made it possible to calibrated the relevant numerical
models based on the retrospective analysis of deformation process evolution. It has been proved for the

first time that the values of microstrains can be used as the indicators of the secondary stress field in the

structure of anthropogenically altered subsoil as an independent object in the lithosphere.

Keywords: Convergent mining technologies, geomechanics, secondary stress field, similarity
theory, modeling, clusters, procedure, model material, calibration, experiment
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