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The paper considers geodetic observations focused on modern earth crust movements and rates of its deformations 
carried out over the period from 2010 to 2022 in the siting area of an underground research facility (URL) in the 
Nizhnekanskiy rock massif and summarizes their findings. The study demonstrates that the developed GNSS observa-
tion method can be used to measure the velocities of modern horizontal movements with a high accuracy at the level 
of 2.4 mm. It also presents a structural-kinematic model of block movements and deformations, including the spatial 
layout of areas with maximum velocities of compressive and tensile deformations. The highest rates of horizontal 
movements were identified in the dynamic influence zone of the Muratov and Pravoberezhniy faults. In general, GNSS 
observations have shown that the region could be considered geodynamically stable, the maximum strain rates did 
not exceed 5·10–7 per year. The study also evidences the cyclic nature of the evolving modern movements, which sig-
nificantly complicates the adoption of a final conclusion on the geodynamic activity of the URF siting region. 
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Introduction

To demonstrate the high-level waste (HLRW) 
disposal safety, a unique underground research 
laboratory (URL) is currently being constructed in 
the Nizhnekansk granite-gneiss rock massif adja-
cent to the Atamanovsk offset within the Yenisei 
Ridge [1], [2]. The siting area belongs to the junc-
tion zone between three large regional tectonic 
structures — the ancient Siberian platform, the 
epihercynian West Siberian Plate and the West 
Sayan orogenous folded area [3], [4]. Within a 
timeframe of over 10,000 years, while the HLRW 
inventory to be disposed of there is still thought 

to pose some radiobiological hazard, the isola-
tion capacity inherent to the rock mass is believed 
to depend on the geodynamic evolution, includ-
ing the modern movements of the Earth's  crust 
(MMEC) recorded at the current stage of its re-
gional tectonic development. It is known that this 
mode often inherits the preexisting one; therefore, 
the data validated based on relevant measure-
ments of the MMEC parameters and combined 
with the geological indicators may be used to pre-
dict potential deformation rates of the medium in 
the long-term perspective.

Research at the Underground Research Facility Site
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GNSS observation methods, namely, GPS and 
GLONASS, are currently viewed as the most effec-
tive MMEC exploration tools [5]. In 2010—2012, 
the Geophysical Center of the Russian Academy 
of Sciences and the geologists from the Mining 
and Chemical Combine arranged a joint geody-
namic polygon (GDP) with 30 stations to measure 
the MMEC parameters based on the GNSS method 
[6—8]. In 2010—2022, some unique time series 
with GNSS observation data have been recorded at 
this site. The article summarizes the efforts imple-
mented over a 12-year period and presents their 
comprehensive evaluation and generalization. The 
monitoring observations implemented during RW 
disposal should be arranged according to certain 
norms and rules requiring not only the highest 
possible level of measurement reliability, but also 
some reliable estimates of the MMEC parameters 
and the occurring deformations [9]. Thus, experi-
ments were performed to assess the accuracy of 
the GNSS observations. Their results are briefly de-
scribed below.

Geodynamic network within the URL siting area

As of the end of 2022, the GDS’s satellite geodetic 
network involved 39 GNSS sensors installed across an 
area extending transversally along some 35 km and 
some 15 km meridionally. The sensors were spaced at 
the intervals of 500 m — 7 km. Figure 1 presents the 
layout of the GDP’s geodetic network. It covers almost 
all major tectonic disturbances in the area and also 
crosses the borders of the West Siberian Plate and the 
Siberian Platform [10]. The largest tectonic faults in 
the area involve the following submeridional faults: 
Muratovsk, Atamanovsk, Pravoberezhniy and Bolsh-
etelsk [11], [12]. To develop the geodynamic network 
designs in accordance with the general orientation of 
these disturbances, the proposed layout was shaped 
as a profile crossing the indicated faults and the in-
terface between the Siberian Platform and the West 
Siberian Plate from west to east [6]. GNSS observa-
tion sensors are securely anchored devices with their 
designs meeting the existing regulatory require-
ments [9] and ensuring that the GNSS antennas and 

Figure 1. GTS layout for the MMEC observations based on the GNSS method taking into account the southward expansion in 2022
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receivers are securely anchored on them at the field 
measurement stage (Figure 2) [4], [6].

The geodetic GNSS network in the area was ar-
ranged in 2010—2012 to study the seismo-tectonic 
conditions within the site of the Isotope-Chemical 
Plant at the Mining and Chemical Combine that 
initially involved 30 observation stations. The 
data from these observations were also used by 
VNIPIpromtekhnology  in the designs of the deep 
radioactive waste disposal facility (Krasnoyarsk Ter-
ritory, Nizhnekansk rock massif). As regards the URL 
site, the geodetic network structure was not consid-
ered optimal at that time, since it was not covering 
the southern sector (Figure 1). Therefore, a decision 
was made on its further optimization. Detailed re-
connaissance efforts were implemented in the sum-
mer of 2021 within the framework of the RSF proj-
ect No. 18‑17‑00241. Due to the lack of funding, it 
was decided to install rock-type benchmarks at the 
outcrops of the crystalline rocks on the earth's sur-
face providing a one-fold reduction of the material 
costs. DJI Mavic Mini quadcopter was used to search 
for rocky outcrops in the area. A two-axis gimbal and 
an action camera provided for by the quadcopter de-
signs were attached to it as a payload.

In 2021—2022, 11 additional geodetic stations 
were arranged: six of a rocky geodetic center type 
(Figure 3) and 5 of a tubular sign type (Figure 2).

Data processing and measurement methods

The field GNSS observations were seeking to 
measure the parameters of modern vertical and 
horizontal earth's crust displacements caused by 
tectonic processes within a radius of up to 15 km 
from the DGR, which required:
•• the identification of active tectonic structures and 
dangerous geodynamic zones;

•• the modern movements of large tectonic faults 
and those occurring at the boundaries of struc-
tural blocks to be calculated, namely, their magni-
tude and direction;

•• the strain rates within the Yeniseiskiy site to be 
forecasted;

•• the boundary conditions to be set enabling the 
numerical modeling of the stress-strain state in 
the DGR’s near field.
GNSS receivers of the geodetic class that could si-

multaneously record signals from both navigation 
systems — GLONASS and GPS were used to pro-
vide high measurement accuracy. Today, horizontal 
and vertical displacements can be measured based 
on such GNSS equipment layout with an accuracy 
ranging within a few millimeters [12]. Observations 
at the GDP stations were arranged as field cam-
paigns held once or twice per year. Each session of 
simultaneous observations lasted for 4—16 hours. 
Each observation cycle provided for several GNSS 
receiver layouts constituting to the elements of a 
single network and having mutual overlaps. This 
is explained by the number of GNSS equipment 
sets involved in the observations; at the same time, 
such setup could contribute to a higher measure-
ment accuracy. Depending on the considered ep-
och, from 8 to 12 sets of GNSS receivers were used 
for the observation purposes. To reduce the effect 
of time delays in the GNSS equipment, similar re-
ceiver-antenna sets were installed at each specific 
station at each observation cycle. At the same time, 
the errors associated with the position of the GNSS 
receiver antennas, namely, the one of their phase 
centers could be considerably decreased [13].

Displacements and deformations of the earth's 
surface were calculated: mathematical processing 
methods were used to calculate the time differ-
ences between the measurements performed for the 
current and the initial cycles. A purpose developed 
method was applied, namely, difference adjustment 
of the kinematic satellite geodetic network, to evalu-
ate the repeated GDP measurements [14]. It should 
be emphasized that two satellite systems, GLONASS 
and GPS, were involved in the observations. The 
calculations showed that their accuracy, when the 
GLONASS setup was brought up to the current GPS 
layout, could be increased by one and a half times.

Figure 2. Layout of the geodetic station No. 1214 intended 
for GNSS observations

Figure 3. Rocky geodetic centers involved in the GNSS 
measurements at the GDP in the Nizhnekansk rock massif
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Certain methods were developed to measure defor-
mations within finite elements of the spatial geodetic 
networks: these were described, for example, in [15]. 
Horizontal tensions-compressions distributed along 
the main deformation axes of the finite element and 
areal tensions-compressions, i. e., horizontal dilata-
tion, being invariant to the coordinate system were 
considered as basic GNSS data analysis characteris-
tics. Based on these characteristics, one could esti-
mate and predict the mobility of the earth's crust up-
per part and the rock degradation and decompaction 
processes at the DGR site. Horizontal displacements 
Un and Ue of GNSS stations were calculated for each 
observation cycle with respect to the initial epoch Т0 
as a difference between the planned coordinates n 
and e in the UTM projection according to the follow-
ing formulas:

	 U n n U e en i e ii i
= − = −0 0, ,	 (1)

where i index stands for the current measurement 
epoch. 

If the global coordinate reference system is ap-
plied, an equivalent approach is used to calculate 
the internal displacements, which is done by sub-
tracting the average value Ū describing the basic 
global tectonics trend common for all the network 
stations from each Uj measured using the global 
reference system, for each measurement epoch:

	 u U U u U Un n n e e ej j j j
= − = −, ,	 (2)

where the index j stands for the ID number of the 
GNSS observation station.

Deformations were calculated for the finite ele-
ments of the network based on the solution of the 
horizontal deformation tensor with the n and e axes 
running north- and eastwards:
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To map the studied area, the following invariant 
deformation characteristics were calculated:

1) principal deformations ε1 and ε2:  

	 ε ε ε ε ε γ1 2
2 21

2, = + ± −( ) +
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
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n e n e ne .	 (4)

2) dilatation: 

	 ∆ = +ε ε1 2 .	 (5)

3) full shift: 

	 γ ε ε γ= −( ) +



n e ne

2 2 1 2
.	 (6)

Observation accuracy and its evaluation

GNSS measurement accuracy is governed by a va-
riety of natural and instrumental factors, including 
those that cannot be rigorously corrected. The reli-
ability of calculations focused on the coordinates 
and the lengths of the baselines drawn between 
the observation stations plays a decisive role in the 
geodynamic studies, in case if the MMEC rates only 
slightly exceed the equipment resolution. Accord-
ing to GOST R 53606-2009, the accuracy provided 
when the position of a geodetic station is estimated, 
i. e., its coordinates, should be checked using vari-
ous methods, the integrated use of which would 
provide an adequate reliability level. The refer-
ence-value method is seen as a basic one provid-
ing most objective accuracy control: the performed 
measurements (absolute and relative coordinates, 
heights, lengths and azimuths of the base lines) are 
compared against the reference ones.

In this regard, the GNSS receivers available at the 
Nizhnekansk site were tested based on a reference, 
the length of which was measured with a high accu-
racy, namely, using the geodetic basis of the Federal 

а

b

c

Figure 4. Vertical profile of the reference basis (a), fragments 
of the basis measured considering all their combinations (b) 

and its layout on a map (c). Stars show the equipment 
installation points
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Center for Geodesy, Cartography and Spatial Data 
Infrastructure of «Rosreestr» [16]. The lengths of 
its lines have been regularly measured by high-
precision electronic measuring instruments: laser 
rangefinders and tacheometers with a mean square 
error of ~ 0.3 mm. Figure 4c presents the reference 
basis layout.

Table 1 summarizes the technical specifications 
for the equipment involved in the experiment.

The below technique providing for the application 
of the least squares method was used to process the 
data from the observations. First, correction equa-
tions υ were compiled with their coefficients repre-
senting the contribution of each equipment set to 
the measured distance (horizontal distance) [17]:

	 υ = Ax + l,	 (7)

where A is a n × m matrix of correction equation 
coefficients; 
x is a m × 1vector of unknown probable errors as-
sociated with the equipment set; 
l is the vector of free members equal to the dif-
ferences between the measured and the reference 
horizontal distances (dMEASi –dREFi), n × 1. 

The system of equations (7) is solved assuming 
the minimum sum of squared corrections: 

	 υТυ = min.	

Discussed below is the case of equally accurate 
measurements with no weighting factors involved 
due to the homogeneity of the applied GNSS equip-
ment. Figures 4a and 4b present the layout of the 
evaluated fragments. Most probable estimated er-
rors x from the solution of equation (7) can be iden-
tified using the least squares method. For this pur-
pose, a system of normal equations is solved: 

	 х = – (ATА)–1 АТl = –QL	 (8)

where Q is the covariance matrix of unknown 
entities; 
L is a free term of normal equations. 

The standard deviation for the weight unit is cal-
culated according to the equalized observation rules:

	 m2  = (vТ Q–1v) / (n – m)	 (9)

and the RMS for the obtained unknowns can be cal-
culated as follows:

	 m qi ij
2 2= ⋅µ ,	 (10)

where qij are the diagonal elements of the Q matrix. 
Eventually, the differences between the mea-

sured and the reference horizontal distances were 
calculated (Table 2): they amounted to the free 
term vectors used to solve the equations (7). The 
overall RMS was calculated based on the Gauss 
formula:

	 m
d

nd =






2

,	 (11)

where the square brackets in the numerator denote 
the Gaussian sum of the numbers. The last row in 
Table 3 presents the generalized standard deviation 
of the horizontal distances.

The RMS of a contribution introduced by a sepa-
rate set of equipment meq was calculated based on a 
standard formula from the theory of errors:

	 m
md

eq = =
2

2 9,  mm	 (12)

Table 3 summarizes the calculated accuracies. 
To evaluate the efficiency of the technique ap-
plied, the measured errors and their corrections 
from the adjustment were summed up (see Ta-
ble 2). Thereby, five of the six measured errors di-
minished. The only exception was the first mea-
surement. After the equalization, the total stan-
dard deviation of the difference (dij) amounted to 
3.5 mm according to the Gauss formula. However, 
this RMS is considered adequate if referred to 
the estimates provided by the GNSS equipment 
manufacturers — 3—5 mm. Accordingly, the con-
tribution of a single equipment set to the RMS 
after the equalization was done amounted to 
2.4 mm, whereas according to earlier estimates 
it was equal to 2.9 mm. The study demonstrated 
the effectiveness of the method proposed for the 
accuracy assessment purposes and its potential 
applicability in the metrological verification of 
the measurements.

Table 1. Technical specifications for the equipment involved in the accuracy assessment experiment

Supplier Receiver type Antenna type Station ID Accuracy in the static mode claimed by the 
manufacturer in the technical specifications

Topcon Positioning 
Systems Topcon Hiper SR Built-in. Integrated high precision 

fitted with the Fence Antenna 1, 3 Laterally ± (3 mm ÷ 0.8 mm/km);  
Heightwise ± (4 mm ÷ 1.0 mm/km)

Javad GNSS Javad Delta 3N External MVEGA152GNSSA 2 Laterally ± (3 mm ÷ 0.1 mm/km);  
Heightwise ± (3.5 mm ÷ 0.4 mm/km)

Trimble Trimble Geo 7X External Zephyr 3 Rover 4 Laterally ± (3 mm ÷ 0.5 mm/km);  
Heightwise ± (3.5 mm ÷ 0.5 mm/km)
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Table 2. Calculated differences between the measured 
and the reference horizontal distances (actual errors) [15]

Measurement True error, mm Refinement result dij + vij, mm

d12 3.2 5.6

d13 7.3 5.0

d14 4.2 4.1

d23 0.6 0.5

d24 2.0 –0.4

d34 –3.4 –1.0

md 4.0 3.5

Table 3. Calculated contribution of each GNSS 
equipment set [15]

Station Probable error, mm RMS of the probable error, mm

1 –5.0 2.1

2 0.6 2.1

3 –0.1 2.1

4 –0.9 2.1

Results of GNSS data analysis 
and their interpretation

GNSS observation series repeated over a 12-year 
period have been systematically summarized and 
analyzed. Figure 5 shows the distribution of aver-
age annual horizontal MMEC rates considering the 
2019 epoch [8] plotted based on the interpolation 
method. The map also shows the largest structural 
blocks. One can clearly see the changes in the di-
rection of the block movements: in the central and 
northern parts of the region (structural blocks IV 
and V) the direction changes from sub-latitudinal 
to the sub-meridional one, which may indicate 
their possible strike-slip nature along the Mura-
tovsk and Atamanovsk faults. Structural blocks VI, 
VIII, IX, X, XI bounded by the Kansk-Atamanovsk 
(from the north) and Muratovsk (from the west) 
faults are characterized with maximum displace-
ment gradients at a rate of up to 3.5 mm/year. The 
starting point from which the horizontal displace-
ments change their orientation from the sub-lati-
tudinal to the sub-meridional one within the Yeni-
seiskiy area coincides with the Shumikhinsk fault.  
The multidirectional movements at the border 
passing along the Atamanovsk offset appear to be 
quite noteworthy.

The interpolation model agrees with the structur-
al-geological and geodynamic studies of this region. 
The estimated rate of the Siberian Platform conver-
gence with the West Siberian Plate in the zone of 
its interaction with the southern part of the Yenisei 

Ridge amounted to 2—4 mm/year, whereas the 
rate of the West Siberian Plate movement was 
found to be 1—2 mm/year slower than the one 
of the Siberian Platform. Perhaps this caused 
the uplift of the Ataman offset at the neotec-
tonic stage of its development, which provided a 
hypsometric separation of the ancient Siberian 
platform and the young West Siberian plate. The 
first one turned out to be elevated to the abso-
lute levels of ~ 700—800 m, and the second one by 
120—200 m relative to the lowered one [19]. The 
Atamanovsk Ridge is rising, which confirms the 
inherited nature of the movements, at least since 
the Quaternary period. For this reason, blocks VII 
and XIII are moving westwards and eastwards, 
correspondingly.

Moreover, the geodynamic movements in this 
zone were found to be evolving cyclically, which 
has been smoothing out the peaks in a long-term 
perspective. In 2013—2014, geodynamic activa-
tion was recorded, which manifested itself in a 
changed sign of compression and extension defor-
mations on the western and eastern banks of the 
river Yenisei [6].

Various kinematic characteristics of the near and 
far DGR fields have been also mapped for a period 
from 2012 to 2019 taking into account their block 
structure (Figures 6—8). Figure 6 shows the axes of 
the main deformations: it’s clear that the territory 
can be divided into sections with predominating 
tensile and compressive deformations, including 
the Yeniseiskiy site.

Figure 5. Diagram showing average modern horizontal 
rates of the Earth's crust movements in the southern part of 
the Yenisei Ridge: 1 — the interface between the Siberian 
Platform and the West Siberian Plate; 2 — large tectonic 

faults; 3 — GNSS observation stations; 4 — MMEC velocity 
vectors at the GNSS observation stations, mm/yr; 5 — active 

geodynamic zones corresponding to the interfaces of 
structural blocks with different kinematic characteristics.
Roman numerals in the diagram indicate tectonic blocks 

identified according to the GNSS observations [8]
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Figures 7 and 8 present the dilatation and total 
shear deformation distributions characterizing ar-
eal expansion or compression and shear with no 
changes in the surface area, respectively. In con-
trast to dilatation, one can estimate the type of ki-
nematic displacements of the earth's surface based 
on the full shear deformation. Another point to 
note is that thick zones of compression dilatation 
(Δ ≈ –1.6·10–6) in the intersection node between the 
Pravoberezhniy and the Kansk-Atamanovsk faults 
in the northeastern part of the region and the area 

with tensile strains of Δ ≈ 8·10–6 in the west were 
found to have the highest shear strains. At the same 
time, the entire southern part of the area has al-
most zero rates of horizontal shear deformations, 
which is probably associated mainly with the verti-
cal movements or displacements of the overthrust 
type. At the same time, the zones of the Murato-
vsk and Atamanovsk faults belong to the region of 
minimum shear strain rates.

We believe that among all the deformation char-
acteristics, the most illustrative was the areal de-
formation or dilatation demonstrating the changes 
in the area of the earth's surface: an increase (ex-
tension) or a decrease (compression). For this rea-
son, maps (time slices) presenting the dilatation 
dynamics were built for the entire measurement 
period (Figure 9) [18].

The main features of their spatial-temporal 
changes can be summarized as follows:

1. Basically, for the observation period from 2012 
to 2021, the absolute value of the dilatation rates 
did not exceed (1.6 ÷ 8)·10–5. URF site belongs to a 
zone characterized with minimum movement rates 
at the interface between the tensile and compres-
sive deformations.

2. However, maximum compression and exten-
sion zones have been shifting cyclically which is 
probably explained by the deep geodynamics in the 
upper part of the Earth's crust [6]. Thus, for example, 
in 2012—2014, tensile deformation zone recorded 
in the western part within the 2012—2013 epoch 

Figure 6. Deformation axes according to the GNSS 
observations in 2012–2019

Figure 7. Dilation rate (changes in the surface area) according 
to GNSS observations in 2012—2019

Figure 8. Full shear deformation rate according to GNSS data 
for 2012—019
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(Figure 9a) disappeared with another new one that 
appeared in the east (Figure 9b). In 2015, compres-
sion and tension zone distributions basically re-
verted to the one characteristic for the 2012—2013 
epoch (Figure 9c).

3. Further, in 2016 (Figure 9d), the dilatation field 
distribution was similar in its nature to the one 
of 2012—2014 with some minor differences (Fig-
ure 9b), i. e., the duration of the compression–ten-
sion mode cycle was approximately 2 years.

4. In four years, namely, in 2020 and 2021, the 
shape of the dilatation field distribution changed 
slightly (Figure 9e, f), but generally remained simi-
lar to the one of 2012—2013. At the same time, the 
zones presented by maximum negative dilations 
practically did not change their position, which evi-
dences their natural character.

Conclusion

For the first time, horizontal movement and de-
formation rates of the earth’s crust were measured 
for the northwestern part of the Nizhnekansk rock 
massif located at the interface between two largest 
tectonic structures, the Siberian Platform and the 

West Siberian Plate. It was demonstrated that the 
geodynamic mode associated with the force inter-
actions occurring between the regional structures 
has been evolving cyclically.

Our findings evidence the relationship between 
recent movements and the largest tectonic struc-
tures of the region — the Yeniseisk (Muratovsk), At-
amanovsk, Bolshetelsk and Pravoberezhniy faults 
shaping a hierarchical block structure. This find-
ing corresponds to the basic pattern characteristic 
for the MMEC distributions in the northern part of 
the Nizhnekansk rock massif mainly inheriting the 
movement patterns typical at least for the Pleis-
tocene and Holocene periods. This finding can be 
validated by tensile stresses in the ledge area of 
the Atamanovsk offset belonging to the Yeniseis-
kiy Ridge experiencing positive vertical movements 
(the upper part of the section expands). Within the 
identified tectonic blocks, recent horizontal move-
ments of the Earth’s crust were estimated as rela-
tively low-rate. Comparison between the dilatation 
rate and the criteria given in the literature for the 
geodynamical active zones (D = ± (5·10–4 ÷ 5·10–5) 
per year) evidences that the area is characterized 
by relatively weak deformations of the earth's crust, 
namely, of its upper part. On the whole, the territo-
ry was found to be characterized by sublatitudinal 
compression in the azimuth of ~ 100—110 °.

The discussed model presents modern move-
ments as being cyclic in space and time and origi-
nating from deep geodynamic processes associated 
with the kinematic interaction of blocks in the ac-
cretion zone between the West Siberian Plate and 
the Siberian Platform. Dynamics of the deficit zone 
displacements and their comparisons were dis-
cussed in [18]. Further comparison of the former 
ones with the block structure layouts may serve 
a basis for some hypotheses regarding the deep 
mechanisms standing behind the observed geody-
namic phenomena occurring in the area. It can also 
help to assess the damage accumulation occurring 
in the rock mass constituting to the future DGR site.
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