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Geodynamic aspects of research are considered in connection with the start of construction of an underground re-
search laboratory at the territory of the Yenisei Nizhnekanskiy massif. The goal of observations of modern movements 
of the Earth's crust is formulated based on the methods of space geodesy and high-precision leveling for the period 
2019—2024.
In the area of the Yeniseisky Rige, a geodynamic testing area has been created for observing recent movements of the 
Earth's crust, which includes 30 observation points. For the period from 2010 to 2016 were carried out 5 epochs of 
observation at the geodynamic test area using global navigation satellite systems (GNSS). To make reliable conclu-
sions on the stability or mobility of the territory, the period of such observations must be at least 10 years. Preliminary 
observation data processing for 2012—2016 showed that it is also necessary to take into account the cyclical effect of 
movements of the Earth's crust on the boundary of the West Siberian platform and the Siberian Plate, which consists 
in the alternation of long periods of weak tectonic movements with short-term periods of activation.
The scheme of development of the geodynamic test area in the south direction from the Yeniseisky section is shown. 
A design of priority research using GNSS-methods and a method of high-precision re-leveling, aimed at predicting 
the stability of the insulating properties of rocks of the structural-tectonic block containing the underground research 
laboratory is proposed.
The data of testing GNSS receivers at the reference geodetic baseline of the Federal Center for Geodesy, Cartography 
and Spatial Data Infrastructure of the Federal Register of State Register are presented. The accuracy of determining the 
ethalon distances is estimated to be an error of 0,3 mm. Comparison results showed high GNSS measurement accuracy. 
The root mean square error was 2,4 mm with a 3,0 mm device declared by the manufacturer of GNSS equipment for 
short baselines less than a kilometer length. The average difference of 0,8 mm does not exceed 30 % of the value of 
the standard error, which indicates the absence of a statistically significant systematic error in the measurements.
The monitoring of the horizontal and vertical components of the movements of the Earth's crust will allow to evaluate 
the geodynamic regime of the Yeniseisky section. The results will also be useful in organizing geomechanical studies 
in mine workings of the underground research laboratory, adjusting the space-planning layout of workings and wells 
to accommodate containers with high-level radioactive waste.

Introduction

Maintaining the isolation properties of the geo-
logical environment for the entire period associ-
ated with high-level waste (HLW) radiobiological 
hazard is seen as a fundamental condition ensur-
ing safety of its underground isolation. Such period 
exceeds 10—100 thousand years. Tectonic mode in 
the region should be stable, thus, deformations of 
the Earth’s crust (quickly occurring due to seismic 

activity or slow creep) should not result in its de-
struction and massive release of radionuclides. 
Forecasts on the geodynamic stability of the ter-
ritory are based on the evaluation of Earth’s crust 
movements using geological methods covering 
extended time periods. Monitoring of present-day 
crustal motion (PDCM) carried out at geodynamic 
testing sites (GTS) is seen in its essence as a direct 



Radioactive Waste № 1 (6), 2019 6767

Underground Research Laboratory: 
 Problems of Geodynamic Research

and effective method enabling to evaluate the tec-
tonic activity of a region.

In 2010, a GTS was established in the siting re-
gion of the first Russian HLW deep disposal facility 
to demonstrate the safety of FSUE MCC’s isotope-
chemical plant to be constructed there. In 2010 – 
2016, monitored were the horizontal and vertical 
components of PDCM, as well as the strain rate of 
the ground surface.

In the course of research conducted, for the first 
time ever knowledge was obtained on the geody-
namic mode of the region located in the contact 
zone of largest tectonic structures: the Siberian 
Platform, the West Siberian Plate and the Sayan 
Orogen. The research was performed using global 
navigation satellite systems (GNSS) [24—26]. It 
was found that at the boundary of these geologi-
cal structures PDCM is cyclical in its essance. In 
2013—2014, geodynamic regime activation was re-
corded, which manifested itself in a sharp change 
in the sign of compression and tensile strains on 
the western and eastern banks of the Yenisei River.

Maximum PDCM rates were recorded in the zone 
of Muratov and Right-bank faults’ dynamic influ-
ence. According to geomorphological data, these 
sections are characterized by most pronounced re-
lief gradient in the region [1], which confirms the 
inherited nature of modern movements, at least 
starting from the Quaternary. In this regard, an 
objective need arises suggesting that observations 
in the Yeniseiskiy site region should be continued 
to obtain data on the stability of the geodynamic 
mode of the territory. This data is believed to be 
essential for international peer review on the suit-
ability of the site for underground RW disposal fa-
cility construction.

The paper seeks to define the priority objectives 
of geodynamic research in the URL for 2019—2024, 
as well as the ways of addressing them in keeping 
with the provisions set up in the Strategy for the 
Development of Deep Disposal Facility [22], Stra-
tegic Master Plan [4] and Program [18], as well as 
in relevant decisions of the Scientific and Technical 
Council № 10 Ecology and Radiation Safety of the 
State Corporation Rosatom of October 10, 2018.

It should be emphasized that the tasks consid-
ered surely need and will be adjusted in some way 
taking into account the views of specialists and new 
knowledge on the region. Let’s focus on the exist-
ing regulatory requirements governing geodynamic 
research at nuclear facilities (NF).

The need for geodynamic research in the URL

The need for geodynamic research at NFs is pro-
vided for in a number of existing norms and rules 

[14—17]. In keeping with their provisions, includ-
ing those of the Federal law № 190-FZ (Article 26, 
p. 1) activities on forecasting geodynamic and tec-
tonic processes are seen as a must, as the stability 
of geological environment under external impacts 
involving modern slow (exogenous and endoge-
nous) differentiated geodynamic movements, should 
be guaranteed.

Displacements of GTS nods are measured and de-
formations immediately at the boundaries of struc-
tural tectonic blocks where they have greater extent 
of free run and can be seen as indicators of tectonic 
processes occurring in the subsoils are calculated 
to study the differentiated movements. Moreover, 
stress-strain state (SSS) inside the structural block 
incorporating RW repository integrally reflects the 
kinematic effect of neighboring blocks, including 
those located at a sufficiently large distance from 
the URL.

Federal norms and rules specify:
•• List of naturally occurring features, events and 
processes, their classification based on the degree 
of hazard;

•• Requirements to engineering surveys and stud-
ies of naturally occurring features, events and 
processes;

•• Classes of NF sites based on relevant hazard 
rates of naturally occurring features, events and 
processes;

•• Requirements to the monitoring of naturally oc-
curring and technogenic features, events and 
processes.
These specify geological and engineering pro-

cesses and events that should be studied in NF 
siting region and its site: seismotectonic discon-
tinuous displacements, seismic dislocations, seis-
motectonic uplifts, modern differentiated movements 
of the earth's crust, tectonic creep, residual seismic 
deformations, karst outcropping, permafrost-geo-
logical processes, etc.

Requirements for conducting certain surveys, 
including geodetic observations over modern geo-
dynamics of discontinuous disturbances, involving 
high-precision repeated leveling and methods of 
space geodesy are set forth to identify naturally 
occurring and technogenic features, events and 
processes.

If naturally occurring processes and phenom-
ena of hazard class I and II, including hazardous 
present-day crustal motions, can potentially occur 
at the NF site, then monitoring systems aimed at 
evaluating their parameters should be developed 
and operated before the NF commissioning.

According to the outcomes of the impacts, three 
hazard classes for naturally occurring features, 
events and processes have been established:
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I class — especially hazardous process (phenome-
non, factor) characterized by the maximum possible 
values of parameters and characteristics for a given 
type of process in a given time interval and accom-
panied by natural and / or man-made disasters;

II class – hazardous process (phenomenon, fac-
tor) characterized by rather high (but not higher 
than the known maximum value for this type of 
process) values of parameters and characteristics in 
a given time interval and accompanied by tangible 
consequences for the environment;

III class – a non-hazardous process (phenomenon, 
factor) characterized by low values of parameters 
and characteristics in a given time interval and not 
accompanied by any tangible consequences.

The following boundary parameters — modern 
differentiated movements of the earth's crust are 
defined:

First hazard level — displacement along the dis-
continuity is more than or equal to 0.3 m, presence 
of geodynamic zones with a speed gradient of Qua-
ternary movements of 10–6 per year or more;

Second hazard level — displacement along the 
discontinuity of less than 0.3 m, presence of geo-
dynamic zones with a speed gradient of Quaternary 
movements from 10–9 to 10–6 per year.

It should be noted that these documents do not 
provide sufficiently clear data on quantitative cri-
teria enabling to zone the territory according to the 
hazard level for horizontal movements. There are 
only a few publications on this subject. For exam-
ple, Yu. O. Kuzmin [10] provides criteria for average 
annual strain rates for areas with increased geody-
namic hazard. The horizontal strain rate accounts 
for D ≥ ± (5·10–4—5·10–5).

The key parameters describing modern differen-
tiated movements of the earth's crust and tectonic 
creep are as follows:
•• location of tectonically active faults, regional and 
other faults;

•• length and width of fault and discontinuity areas;
•• structure of tectonically active faults;
•• tectonic blocks’ raising and lowering rate;
•• tectonic creep rate in different modes of motion 
(stable, cyclical, as well as before and after distant 
earthquakes);

•• displacement (raising and lowering, shift, inclina-
tion) of tectonic blocks;

•• motion gradient — the ratio of the displacement 
amplitude to the width of the deformation zone 
and the unit of time;

•• age and amplitude of displacement given the 
youngest tectonic creep and the nature of their 
topographical manifestation.
[13] provides a definition for active fault seen as 

a tectonic fault with a relative displacement of by 

0.5 m or more that occurred during the Quaternary 
period or if relative displacements of the blocks are 
observed and their modern movement rate is over 
5 mm/year. Concept of a geodynamic zone (tectonic 
structures being active in the Quaternary period) 
and gradient of tectonic movements (change in the 
amplitude of marking surface’s tectonic movement 
per unit distance and time) are also introduced. “Ac-
tive fault” and “dangerous fault” should be distin-
guished. Active fault is characterized by presence 
of abnormal movements compared to background 
ones. These may not be dangerous for the reposi-
tory. “Modern Active Fault” is seen as an area that 
accumulates dangerous deformations.

If we take into account that deformations are pul-
sating in their nature (which was proved for many 
regions of the globe and for this region in [26]), 
then it is necessary to use the assumptions on the 
periodic nature and not on the monotonous accu-
mulation of deformations. In this case, C coefficient 
is introduced taking into account the cyclic nature 
of the strains. Then the criterion for identifying a 
dangerous fault may look as follows:

	 θ
ε

<
C
t
i ,	 (1)

where ei are the calculated strains; C is the empirical 
coefficient, which, according to the results of 
lengthy, repeated geodetic observations, ranges 
from 3 to 5; t is time.

[14] provides the criteria enabling to evaluate the 
deformation rate via observations of present-day 
crustal motion (PDCM) based on GPS/GLONASS sys-
tems. In particular, Appendix 1 of the document con-
tains a nomogram that can be used to estimate the 
rates of dangerous horizontal deformations depend-
ing on the observation line length (Fig. 1, Table 1).

Fig. 1. Distribution of horizontal strains velocity modules 
depending on the observation line length taking into account 

data from [3]
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Regulations specify the following needs in this 
domain:

a) Instrumental measurements of PDCM param-
eters (velocities of vertical and horizontal displace-
ments of the ground surface and their gradients) 
in the near field (with a radius of up to 30 km) and 
directly at NF site;

b) Establishment of constantly operating GTSs 
enabling to monitor PDCM parameters at all stages 
of NF life cycle;

c) To identify negative factors potentially affecting 
NF safety and stability based on instrumental geo-
detic methods to study differentiated movements 
and deformations of the earth's crust upper part;

d) To take into account the large-scale space-
time factor in the interpretation of monitoring data.

Monitoring PDCM

The purpose of PDCM observations is seen in 
estimating quantitative parameters of modern 
vertical and horizontal movements of the earth's 
crust caused by tectonic processes within a radius 
of 15 km from the repository (far field). These esti-
mates are necessary for:

a) identifying active tectonic structures and geo-
dynamic zones;

b) determining the magnitude and direction of 
modern movements associated with large tectonic 
disturbances and at the boundaries of structural 
units;

c) forecasting strain rates at the Yeniseyskiy site;
d) identifying kinematic boundary conditions 

for the numerical simulation of the stress-strain 
state in the near field of repository’s underground 
excavations.

Two types of instrumental observations are suf-
ficient to achieve this goal:

1 Monitoring of horizontal components using 
global navigation satellite systems;

2 Monitoring of vertical PDCM components by 
means of high-precision repeated leveling of the 
first accuracy class.

Simultaneous use of the two methods is required 
as each of them has approximately an order of 

magnitude greater accuracy in measuring horizon-
tal (GNSS) and vertical (leveling) displacements of 
the ground surface.

Geo-dynamic testing site is available in the Yeni-
seiskiy site area. It was established in 2012—2016 
jointly with the specialists of FSUE MCC to moni-
tor PDCM using GNSS with 30 major GNSS stations 
(Fig. 2). In 2010—2016, 5 epochs of GNSS observa-
tions were performed at the GTS [24, 26]. Over the 
entire observation period, only in rare cases did the 
horizontal velocities of PDCM exceed 5 mm/year. 
Comparison of strain rates and existing criteria en-
abling to identify dangerous geodynamic areas [11] 
showed that the region is quite stable in terms of its 
geodynamics since the maximum strain rates were 
found to be equal to 5·10–7 year–1. 

Evaluation of GNSS results presented in [17] and 
other literature sources allows to state that:

(a) to make a final conclusion, further research is 
necessary to obtain a longer time series of data on 
PDCM;

(b) when identifying dangerous deformation 
zones some discrepancies are observed in different 
calculation methods, which is obviously caused by 
the spatial-temporal scale effect which should be 
taken into account in the future.

Obviously, PDCM monitoring shall be resumed 
before the start of mining operations. Firstly, this 
will eliminate the gaps in the time series of data 
on PDCM and in skipping anomalous values. Sec-
ondly, it is necessary to fix the “zero” position of 
GTS stations as their changes will be monitored in 
the future.

In 2019—2025, the following efforts are expected 
to be completed (Fig. 2):

1) initial survey of the stations pertaining to the 
existing network (2019);

2) development of designs on fitting GTSs with 
additional equipment (2019);

3) establishment of additional stations in the 
southern part of the area (2019);

4) conducting annual (if sufficient funding is 
available, bi-annual) cycles of GNSS observations 
(2019—2025);

5) data processing, mapping of strain rates, com-
prehensive interpretation of the results (2025).

It should be noted that according to the guide-
line, following the establishment of new GNSS sta-
tions some "settling" period should be provided for. 
Therefore, given the actual state-of-art associated 
with relevant contracts that have to be signed, the 
implementation of the first cycle of observations 
may be postponed to 2020.

Based on GNSS monitoring accounting for com-
prehensive interpretation of geodesic and geophys-
ical data the following items are to be identified:

Table 1. Hazard assessment criteria for measured 
crustal deformations

Size of monitoring 
area, m

Maximum speed of 
deformations, year–1

Region L3 = 3·104—5·104 |e3| = 2·10–6—3·10–7

Site L2 = 3·103—104 |e2| = 10–5—5·10–6

Marginal part of 
repository massif L1 = 1—102 |e1| = 10–3—3·10–5
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•• speeds of horizontal and vertical PDCM will be 
identified;

•• dilatation of the ground surface at the Yeniseyskiy 
site will be calculated;

•• kinematic and dynamic characteristics of the main 
faults will be identified;

•• PDCM influence on the stress-strain state in re-
pository’s near field will be evaluated;

•• a more precise picture on the configuration of the 
block structure in repository’s siting area will be 
obtained. 

Monitoring over vertical movements of ground 
surface using high-precision re-leveling method

Leveling of the line crossing the main tectonic 
disturbances in repository region was carried out 
in 2011—2015 under the program of leveling class I 
performed by experts from JSC Geolcom and FSUE 

MCC. Previously, measurements in the region were 
performed in irregular manner. Therefore, based 
on previous results it was practically impossible to 
evaluate the dynamics of modern vertical PDCM 
[12].

Class I leveling technique is characterized by the 
parameters given in Table 2 [19—22 and others]. 
Current leveling profile [12] presents a line extend-
ing from east to west spreading from the east wing 
of the Minzhul-Sidelnikovsky discharge area to the 
east up till the east wing of the Bolshetelsky dis-
charge area (Fig. 2). To cover the Yeniseyskiy site 
with observation stations it was proposed to lay 
down the leveling line No. 2 to the south of line 
No. 1.

Total actual length of the leveling lines accounts 
for some 45 km with the estimated number of sta-
tions being equal to 70. The distance between the 
stations is identified based on the availability of 

Fig. 2. Geodynamic observations in 2019-2024 The yellow triangles represent the existing GNSS stations,  
the red circles — new GNSS stations, the black dotted line — existing re-leveling profile No. 1,  

the red dotted line represents the new re-leveling profile No. 2



Radioactive Waste № 1 (6), 2019 7171

Underground Research Laboratory: 
 Problems of Geodynamic Research

existing faults and the block structure of the area, 
but should not exceed 2 km.

Geodetic network stations are [19] steel tubular 
signs with a diameter of 150—180 mm, recessed 
by 3 m and protruding above the ground by 1.2 m 
with a casing pipe being 400—500 mm in diameter 
filled with insulation (glass wool, expanded clay) 
over which a 10-centimeter waterproofing layer is 
poured (bitumen, tar). A centering device is welded 
to the upper part of the pipe with an anchor (corner, 
pipe, reinforcing wire) welded to its bottom part.

Locations of the monitoring network stations 
should provide optimal conditions for observations, 
safety, the possibility of round-the-clock access to 
the stations themselves and their operation all year 
round. Fig. 2 shows the layout of high-precision 
leveling lines of class I, taking into account addi-
tional observation stations. The position of the new 
line No. 2 is shown according to 2017 GSPI design 
project [19]. Observations are performed on a year-
ly basis. 

In 2019—2025, the following activities are 
scheduled:

1) preliminary survey of existing networks (2019);
2) design development to fit the leveling lines 

with additional equipment (2019);
3) establishing additional stations along the line 

No. 2 (2019);
4) conducting annual observations based on two 

leveling lines (2019—2024);
5) data processing, drawing schemes and cross-

sections of vertical displacements along the profile, 
integrated interpretation of the results with due ac-
count of GNSS observations (2025).

The correctness of the conclusions drawn about 
the nature of the geodynamic activity in the region 
is judged by the quality of the field PDCM measure-
ments and data processing, and also depends on 
the qualified geological and geodynamic interpre-
tation of the results obtained. In this regard, let’s 
take a closer look on the accuracy of PDCM param-
eter measurements by GNSS methods.

Ways to improve the accuracy of PDCM 
parameter measurements in URL vicinity 

The reliability of estimates regarding the speeds 
of horizontal PDCM can be improved in three ways: 
by applying modern equipment, using special 
methodological techniques allowing to perform 
field observations and data processing.

To ensure higher accuracy of geodynamic moni-
toring, two-frequency and predominantly two-sys-
tem GNSS receivers of the geodetic class are used. 
Such receivers record signals from two GLONASS 
and GPS navigation systems simultaneously. Today, 
such a configuration of GNSS equipment provides 
accuracy in identifying horizontal and vertical dis-
placements at first millimeter level [7, 8].

From methodological perspective, to improve the 
quality, “classical” methods are used: forced cen-
tering, uniform installation of antennas and receiv-
ers for different periods of observation, increased 
duration of observation sessions, etc. Each obser-
vation cycle contains several GNSS receiver layouts 
drawing up fragments of a single network with 
cross-strapping. Such a layout is established due to 
the number of GNSS equipment sets being involved 
in the observations and at the same time helps to 
achieve higher measurement accuracy.

In 2012—2016, 12 sets of Hyper dual-frequency 
GNSS receivers (7 pcs) with MarAnt+ and TopconGR-3 
antennas (5 pcs) were used for observations. Re-
cently, under RSF project No. 18-17-00241 (run by 
the Member of the Academy of Sciences A. D. Gv-
ishiani), SC RAS has been upgrading PDCM moni-
toring hardware and software with 3 Delta-3N JA-
VAD GNSS receivers purchased. Configuration of 
new GPS/GNSS receivers will enable to obtain the 

Table 2. Leveling parameters of class I [19]

Parameter Characteristic

Level
TrimbleDINI 12 (standard de-
viation of leveling ± 0.3 mm 
per 1 km of double stroke)

Leveling rods 3- meter, invariant, code

Minimum length of a collimating ray 15 m

Maximum length of a collimating ray 50 m

Inequality of collimating ray 
lengths at the station less than 0.3 m

Measurement of collimating ray 
length at the station steel tape, cable wire

Accumulation of inequalities of col-
limating ray lengths in a section Less than 1.0 m

Height of a collimating ray above 
the underlying surface Less than 0.8 m

Number of horizons 1

Number of leveling lines 2 (left and right)

Number of directions 2 (front and back)

Meteorological conditions
measurement of air tem-
perature at a leveling level 
performed once an hour

The discrepancy between the first 
and second rod reading 0.3

Discrepancy in the excess value on 
the left and right lines (mm) 2√L (km)

Discrepancy in the excess value in 
the section front and back (mm) 1√L (km)

Discrepancy in loop traverse (mm) 1√L (km)
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maximum currently possible accuracy in record-
ing horizontal displacements at the first millimeter 
level [9].

Deformations of the ground surface are deter-
mined by mathematical processing of the tempo-
rary differences in the current and initial cycles’ 
measurements. When processing repeated GNSS 
measurements at the GPS, the method enabling 
difference equalization of the kinematic satellite 
geodetic network is used [22]. It is known that in 
determining the vectors of geodetic station spatial 
displacements, separate equalization of measure-
ment cycles in kinematic geodetic networks is less 
effective than equalization of repeated observa-
tion differences. Significant uniformity of mea-
surements’ physical conditions during each cycle, 
which, when processing the differences of observa-
tions, provides more effective estimates, explains 
the latter. Uniformity of the observation conditions 
in each cycle is due to some local features, such as 
constant obstruction to the passing radio signal, 
items causing its re-reflection, design features of 
geodetic centers, seasonal atmospheric conditions, 
etc. These factors give rise to one-sided errors in 
measurements that are significantly attenuated in 
their time differences.

It should be noted that the radio signal is record-
ed simultaneously by two GLONASS and GPS satel-
lite systems. It was found that if GLONASS group 
is brought in line with the current GPS setup, the 
accuracy of observations may be increased by about 
one and a half times [7, 9].

It should be noted that deformations of ground 
surface within the finite element (triangle) of a GTS 
with GNSS stations seen as its vertices are inversely 
proportional to its area. This somewhat compli-
cates the interpretation of strains spatial distribu-
tion inside an inhomogeneous network. With equal 
displacements of stations in unequal triangles, the 
strains will not be equal which can be interpreted 
as geodynamic mode anomalies. To eliminate this 
drawback, deformations scaling method is used 
to reduce them to average or given standard area 
of the triangle. In doing so the values of primary 
strains are multiplied by scale factors m = Pi / Pm, 
where Pi is the area of the i-th triangle, Pm is the 
average (standard) area of the triangle.

Actual accuracy of GNSS measurements depends 
on a big number of natural and instrumental fac-
tors, including those that cannot be rigorously 
corrected. Accuracy in determining the coordi-
nates and lengths of the baselines between the 
observation stations is considered to be crucial in 
geodynamic studies with the PDCM speed being 
only slightly higher than the resolving power of 
the equipment. An experiment was conducted to 

test GNSS receivers using a reference one. GNSS 
receivers available at the State Center of the Rus-
sian Academy of Sciences were tested at a reference 
geodetic basis of the Federal Center for Geodesy, 
Cartography and Spatial Data Infrastructure of the 
Rosreestr [2, 10]. The line lengths of this basic ref-
erence standard are measured regularly by high-
precision electronic measuring instruments: laser 
rangefinders and tacheometers. The accuracy in 
determining the basis distances was estimated by 
the mean square error of 0.3 mm.

Layout of the reference basis located in the 
northern part of the Moscow region is shown in 
Fig. 3, and the appearance of the centers is shown 
in Fig. 4.

Centers of the site are concrete monoliths bur-
ied in the soil at distances exceeding the freezing 
depth. In the upper part of the concrete monoliths, 
centering devices are mounted. These provide cen-
tering with an error of some 0.1—0.2 mm (Fig. 4).

GNSS equipment testing method suggests its in-
stallation on the basis centers and measurement 
of the baseline vectors between these centers fol-
lowed by measurement comparison with the refer-
ence values. The measurements were carried out 
in 4-hour static sessions on different segments 
of the basis. At the same time, GPS and GLONASS 

Fig. 3. Reference basis of the Federal Center for Geodesy, 
Cartography (Moscow Region). The red lines represent  
the basis lines. Yellow markers represent equipment 

installation stations

Figure 4. Reference basis center during an experiment
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satellite data was recorded. As the result, the 
lengths of the baselines and their horizontal posi-
tions were calculated. Table 3 presents the com-
parison of the measurements with the standard 
values.

The comparison results demonstrated high mea-
surement accuracy. The mean square error (RMS) 
accounted for 2.4 mm (Table 3) with 3.0 mm de-
clared by GNSS equipment manufacturer for short 
base lines being less than a kilometer long. The 
average difference of 0.8 mm does not go beyond 
30 % of the mean square error. It means that no sta-
tistically significant systematic error exists in the 
measurements.

Previously obtained RMS for the Nizhnekanskiy 
massif region in plan and height were 3—4 mm and 
6—7 mm, respectively, for 6 epochs of observations 
[24]. Therefore, it can be argued that for the ob-
tained values reflecting the changes in the baseline 
lengths DL in the region of the Nizhnekanskiy mas-
sif (Fig. 5) [26], RMS allows to identify abnormal 
values for horizontal PDCM and slightly exceeds 
2.4 mm level obtained for the reference standard 
and measurements performed under the "ideal" 
conditions.

Deformation analysis of GNSS observations

Geological and geodynamic interpretation of 
GNSS observations based on the differential de-
scription of deformations in continuum mechanics, 
referred to as the finite element method [5] is seen 
as a most important element of geodynamic moni-
toring. Methods allowing to determine deforma-
tions within the finite elements of spatial geodetic 
networks were developed and described in [6]. To 
date, separate analysis of lateral and vertical defor-
mations based on the results of repeated satellite 
observations is considered as the most effective 
one. For this purpose, the following technique is 
used [25].

The vectors showing spatial displacements of 
control network stations obtained from the adjust-
ment of the differences in the measurements are 
converted into differences in the geodetic coordi-
nates ΔB, ΔL and ΔH. For this purpose, the following 
differential formulas are used: 
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=
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W
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where a is the semimajor axis and e2 is the 
eccentricity square of Earth-wide ellipsoid.

For each triangle in a flat rectangular coordinate 
system, values of the its vertices’ coordinates x, y 
and the differences of coordinates (horizontal dis-
placements) Δx, Δy obtained from equalizing re-
peated satellite measurements are available. Then, 
horizontal strains γ1, γ2, Δ and ω can be calculated 
based on the following equations [5]:

Table 3. Comparison of measured horizontal distances with reference values

Numbers of 
basis centers

Measured distances,  
m

Exceedance,  
m

Reference horizontal 
distances, m

Slope corrections, 
mm

Measured horizontal 
distances, m

Discrepancies, 
mm

1—3 599.796 –2.97 599.7913 –7.3 599.7887 –2.6

3—5 887.221 –1.43 887.2227 –1.2 887.2198 2.9

1—5 1,487.018 –4.48 1,487.014 –6.8 1,487.0112 2.8

2—4 575.329 –2.83 575.3320 –7.0 575.3220 0

Mean 0.8

RMS 2.4

Fig. 5. Bar chart showing the distribution of changes  
in the lengths of the baselines within Nizhnekanskiy massif ’s 

GTS covering a time period from 2010 to 2016

(2)
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	 (3)

Maximum and minimum tensile strains can be 
calculated using the formula presented below:

	 E1 1
2

2
21

2
= + +( )∆ γ γ ,  E2 1

2
2
21

2
= − +( )∆ γ γ ,	 (4)

Azimuth of the principal deformation axis can be 
calculated from the  expression:

	 tg 2 0
2

1
θ

γ
γ

= .	 (5)

Accuracy of the strain components within each 
triangle is calculated via their covariance matrix:

	 Q f Q fdx
T

( , , , ) ( , , , ) ( , , , )γ γ ω γ γ ω γ γ ω1 2 1 2 1 2
∆ ∆ ∆

= ,	 (6)

where Qdx stands for covariance matrix of 
displacement vector components obtained from 
the equalization of the differences in satellite 
measurements. The matrix of partial derivatives 
associated with the desired deformation 
components based on horizontal displacement 
arguments (6) can be presented as follows:

f
x y x y

y y x x y x y x
x x y y x

( , , , )γ γ ω1 2
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2 3 3 2
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3 2 2
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




.

Here, the coefficient indexes are shown as num-
bers of the triangle’s vertices to which the corre-
sponding strain components refer to.

Then mean square errors of the deformation 
components are calculated based on the expression 
provided below:

	 m Q( , , , ) ( , , , )diagγ γ ω γ γ ωµ
1 2 1 2∆ ∆= .	 (7)

Similarly, the accuracy of deformations corre-
sponding to the maximum and minimum tensile 
stresses and their axes’ azimuth is calculated as func-
tions of the four main deformation characteristics.

Conclusion

Studies aimed at investigating geological and en-
vironmental safety of RW underground disposal fa-
cility performed in URL at the Yeniseyskiy site can-
not be limited to the study of the state of the rock 
mass conducted exclusively in underground exca-
vations. In this case, we limit ourselves to a signifi-
cant extent in discovering the true reasons that can 
lead to the possible destruction of the structural 
block incorporating the repository and the engi-
neered barrier system. Due to its energy power, the 

kinematics of structural and tectonic blocks at the 
Yeniseyskiy site and the adjacent areas is decisive 
among all other naturally occurring factors.

Evaluation of GNSS observations in areas consid-
ered tectonically similar to the Nizhnekansky mas-
sif shows that a reliable conclusion on the stability 
or abnormality of the territory can be drawn if the 
period of instrumental observations lasts over 10 
years. Preliminary evaluation of observation data 
processing covering PDCM in 2012–2016 showed 
that it is also necessary to take into account the cy-
clic effect of movements at the border of the West 
Siberian Platform and the Siberian Plate which 
consists in alternating relatively long periods of 
weak tectonic movements with short periods of 
sharp activization. 

The field observation technique applied has been 
tested at GTS. It allows to identify abnormal values 
of horizontal PDCM and dilatation of the ground 
surface. The calculated values of the mean RMS at 
GTSs in the region of the Nizhnekanskiy rock mass 
were found to be slightly exceeding the 2.4 mm lev-
el which was derived based on reference standard 
measurements. 

It is considered necessary to continue the ob-
servations launched in 2012 over vertical and 
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horizontal PDCM components enabling stable 
identification of abnormal PDCM parameters. An 
objective need in expanding the GTS network, es-
tablishing additional observation stations and a 
leveling line seems quite obvious: these activities 
shall be completed before the start of mining ef-
forts on URL construction in 2019.

Observations over horizontal and vertical PDCM 
components will enable to evaluate the geodynam-
ic regime at the Yeniseyskiy site. These are also re-
quired to arrange for geomechanical studies in URL 
excavations, adjust the space-planning location 
of excavations and boreholes for RW package em-
placement, as well as for the successful implemen-
tation of international peer review covering NKM 
URL investigation results.

The paper was written as part of a State task on 
addressing the topic titled as “Development of fore-
casting and monitoring methods for the geological 
environment to prevent geological and ecological 
threats from nuclear facilities”.
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