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The article presents the basic principles and an algorithm allowing to arrange a seismological monitoring system for 
the Yeniseiskiy site selected for deep geological disposal of high-level waste. It describes the seismological monitoring 
system developed by NO RAO in 2018 also briefly considering the seismotectonic conditions of the area. The paper 
describes the process that has been followed to select the corresponding sites and equipment layouts in the areas 
fitted with seismological monitoring stations with relevant instrumental characteristics provided. It shows that consid-
ering the current stage of research, higher sensitivity was provided in the area as compared to the one associated with 
available regional seismological observations. It demonstrates the efficiency of the built-up monitoring system with its 
sensitivity assessment provided both based on the calculated model and under real conditions. The long-term safety 
assessment performed for such a facility relies upon many factors with the seismic hazard level within the area of the 
monitored facility also taken into consideration. To provide most reliable evaluation of seismic parameters, continu-
ous seismological monitoring should be performed over a several years’ period along with the sensitivity assessment 
of the selected monitoring system. The seismological monitoring system should focus not only on the general study of 
the monitored territory, but also on the areas assumed as zones of most probable seismic event occurrence, i. e., areas 
involving tectonic faults. The relevance of this task has been repeatedly emphasized in the course of multiple discus-
sions on this issue featuring representatives from SC Rosatom and the Scientific and Engineering Centre for Nuclear 
and Radiation Safety. The monitoring system fitted within the repository area meets relevant regulatory requirements. 
In accordance with the existing requirements, to reduce the uncertainties in the seismic hazard assessment of the ter-
ritory, the implementation of certain measures was recommended during further development of a local seismological 
monitoring network to identify and assess the potential of hazardous geodynamic zones.

Keywords: radioactive waste, seismological monitoring, long-term safety assessment, disposal of high-level waste, regulatory 
requirements, seismic station.

Introduction

In the Krasnoyarsk Territory, a unique scientific 
project on the establishment of an underground 
research laboratory (URL) is being implemented in 
the rocks of the Yeniseiskiy site. Relevant opera‑
tions are performed in accordance with the Decree 

of the Government of the Russian Federation of No‑
vember 19, 2012 No. 1185. Its provisions stipulate 
that the third stage in the development of a Uni‑
fied State System for Radioactive Waste (RW) Man‑
agement should provide for the commissioning of 
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an URL. The URL is basically established to study 
the characteristics and properties of bedrocks at a 
depth of some 525 meters and therefore demon‑
strate their suitability for the final isolation of RW 
Class 1 and 2 (high- and intermediate-level long-
lived RW). Based on the research, a feasibility state‑
ment on proceeding with the industrial operation 
of the RW disposal facility may be issued (http://
www.norao.ru/about/underground/). A basic task 
of the URL research is to collect strong evidence 
demonstrating long-term geodynamic stability of 
the host geological environment [1].

The safety of RW Class 1 and 2 disposal in geolog‑
ical formations is seen as a multidisciplinary task 
that can be addressed via staged implementation of 
a some procedures allowing to study, analyze and 
forecast the events and processes considered es‑
sential for the insulating properties of the geologi‑
cal medium and their preservation [1]. The corre‑
sponding list was set forth in relevant provisions of 
national and international regulations [2—6].

Certainly, seismic and geodynamic processes are 
considered among those potentially imposing high 
risks on the studied facility. Therefore, the assess‑
ment of their potential occurrence is seen as a most 
important problem for the RW disposal safety from 
the geo-ecological point of view.

Investigations in the Nizhnekanskiy rock mass 
have been performed since early 1990’s as part of 
siting efforts on the establishment of a final RW 

disposal facility. In 2005, based on the research, a 
site was identified within the Yeniseiskiy area lo‑
cated 4 km away from the MCC site and 4.5 km away 
from the river Yenisei (Figure 1). In 2015, develop‑
ment of design documentation on the suitability of 
the Yeniseiskiy site for DDFRW construction was 
completed. The materials were evaluated revealing 
a number of uncertainties associated with the seis‑
motectonic assessment of the site and the adequa‑
cy of data that could provide an appropriate seismic 
hazard assessment.

A number of regulatory provisions [3—6] speci‑
fy what methods can be used to provide a base of 
evidence on the seismic safety of a site and how it 
should be done. In this respect, a most important 
task involves the identification of active faults and 
geodynamic zones, which can be, firstly, consid‑
ered as potential zones for the earthquake foci oc‑
currence (source zones), and secondly, may serve 
as triggers of dangerous deformations and even 
destruction of the border zone inside the under‑
ground DDFRW excavations.

Seismological observations play a key role in the 
identification of source zones, namely of their loca‑
tions and degree of activity, as well as in the valida‑
tion of relevant data [3, 7, 8]. Therefore, seismological 
monitoring is included into the normative list of con‑
trol systems for parameters, phenomena and factors 
of natural and man-made origin that should perform 
their functions at all stages of facility's life cycle [3].

Figure 1. Location of the Yeniseiskiy site (black square) on the OSR-97-D map. The callout box shows the layout of the URL site 
(according to https://www.atomic-energy.ru/technology/91056)
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Seismological monitoring is basically aimed at 
demonstrating the safety of a selected siting op‑
tion as regards the site position within an entire 
tectonic block assumed as being undisturbed by ac‑
tive faults and geodynamic zones (potential source 
zones), monitoring the stability of seismic mode 
parameters and providing initial data required to 
monitor the stability of the parameters accounting 
for a design basis earthquake (DBE) and a maxi‑
mum design earthquake (MDE) [8]. The above goals 
can be achieved by addressing the following key 
tasks: to increase the sensitivity of observations as 
compared to the one provided for the nuclear facil‑
ity siting area based on available regional seismo‑
logical observation systems or the GS RAS network, 
as well as to collect seismological data that could 
be used to monitor the activity in the source zones, 
parameters associated with the frequency of seis‑
mic mode recurrence within the URL area and its 
site (control over DBE and MDE parameters adopt‑
ed under DDFRW designs) [8].

Seismological Monitoring at the Sites of Nuclear 
and Radiation Hazardous Facilities is a safety guide 
providing basic principles for the establishment of 
seismological monitoring systems and a relevant 
algorithm [8]. In a condensed form, the algorithm 
involves a sequence of the following steps: con‑
struction of a structural (seismotectonic) model 
of the area, selection of appropriate methods and 
tools required to perform the seismological moni‑
toring and providing adequate sensitivity and reso‑
lution of the monitoring system; selection of sites 
for the installation of seismic stations; arrange‑
ment of monitoring points; processing and analysis 
of the data obtained. Some physical foundations for 
the requirements allowing the selection of appro‑
priate registration methods and measuring tools 
were described in [9].

Let us briefly consider the basics of the presented 
algorithm exemplified by the case study of a moni‑
toring system arranged by FSUE NO RAO that is 
currently operating in the URL siting area as pro‑
vided for by national regulations [2, 3].

Seismotectonic setup of the area

The Yeniseiskiy siting area (Figure 1) belongs to 
the inland Altai—Sayan—Baikal seismic region of 
the Northern Eurasia (region 3.1 according to the 
OSR-97 map).

The Yeniseiskiy site itself is located within the 
Atamanovsky ridge in the southern part of the Yeni‑
sei ridge in the contact zone of the West Siberian 
plate and the Siberian platform, i. e., confined to 
the junction zone of regional tectonic structures, 
some elements of which indicate its potential 

activation at the Quaternary stage of the geological 
development [10, 11]. In this region, at distances of 

~ 600—1000 km from the Yeniseiskiy site, strong and 
very strong earthquakes are known: with a mag‑
nitude of more than 7.0 (Vostochny Sayan, 1800; 
1829; 1839; 1950), Khangai M = 8.4, M = 8.7 and 
Mogotskoe M = 7.8 earthquakes (Mongolia, 1905 
and 1967), Mongol-Altai M = 8.0 (1931), Gobi-Altai 
M = 8.2 (1957) [12].

According to OSR-97 general seismic zoning 
maps, the considered territory is a 6-point zone 
for a design basis earthquake (DBE) with a calcu‑
lated recurrence period of such quakes amounting 
to once per every 1000 years and to a 7-point zone 
for the maximum design earthquake (MDE) with a 
calculated recurrence period of such quakes once 
per every 10 000 years (Figure 1). For underground 
structures located at depths of over 400 m these ac‑
count for 4 and 5 points, respectively. The standard 
values of the design and maximum design earth‑
quakes assuming average ground conditions were 
taken equal to 7 and 8 points, respectively [10].

Geologists believe that today it is practically im‑
possible to unambiguously interpret the presence 
or absence of active faults within the URL site and 
within its siting area. At the same time, active tec‑
tonic faults in the considered area have been iden‑
tified based on the data from satellite geodesy, re‑
peated high-precision leveling and geomorphologi‑
cal analysis [13, 14].

Different authors provide different geological 
maps and schemes of active tectonic disturbanc‑
es (at the moment there are more than 10 differ‑
ent options), which makes it extremely difficult to 
assess the seismic potential Mmax of the URL area 
(300 km radius) and the near-by territories (30 km 
radius) of the URL. For example, Figure 2 shows two 
tectonic diagrams [15, 16] for the URL siting area. 
According to the empirical series of Piotrovsky-
Kaye, the authors of the study [15] have specified 
72 inter-block structures of the 13th and 14th order 
and 45 structures of the 15th order. Figure 3 pres‑
ents some examples of tectonic diagrams for the 
URL near-by areas [10, 16].

According to generalized geological data [17], the 
rate of vertical displacements for the main fault 
zones in the URL near-by area amounts to 0.01–
0.04 mm/year, whereas the gradient of vertical dis‑
placements does not exceed 3·10–8 per year.

The general seismicity level established for the 
Yeniseiskiy siting area does not exceed the limits 
provided for by effective regulatory requirements 
[1, 10]. However, due to uncertainties in the seis‑
micity forecasts addressing time periods of more 
than 10,000 years, the long-term probability of very 
strong earthquakes that could result in new tectonic 
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displacements cannot be ruled out [13]. Moreover, 
some facts of strong and even catastrophic earth‑
quakes in platform areas, which were previously 
considered as seismically quiet, are known [18].

Local seismological monitoring can be put in 
place to reduce the uncertainty associated with 
the assessment of a maximum possible earthquake 
intensity that can cause direct displacements of 
blocks in the rock massif, as well as the assessment 
of rock stability in the DDFRW region and its site. 
It can be reduced to an extent corresponding to its 
potential dependence on the impacts produced on 
rocks by local earthquakes, accumulated perma‑
nent deformations or fracturing (especially since 
these effects may be accumulated during the entire 
service life of a repository).

Hereinafter, the term “seismic event” will be used 
to designate all earthquakes recorded by seismo‑
logical monitoring systems, as well as quarry explo‑
sions or other sources, the nature of which could 
not be unambiguously identified based on available 
seismic records in contrast to their coordinates 
that were, nevertheless, specified. To provide cor‑
rect performance of the monitoring system, seismic 
signals received from any sources arising within the 
monitored area should be recorded and analyzed [8].

Brief description of the registration system

The arrangement of seismic stations in the Al‑
tai-Sayan region and in Novosibirsk (http://www.
gsras.ru/new/struct/) was started in the middle of 
the 20th century (1962—1965). Now these stations 
are part of the ASGSR network (Altai-Sayan Branch 
of the Unified Geophysical Service of the Russian 

Figure 2. Tectonic diagram of the URL siting area according to [19] (left) and [20] (right)

Figure 3. Tectonic diagram of the DDFRW near-by area 
according to [14] (top) and [20] (bottom)
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Academy of Sciences; ASF FRC EGS RAS, Novosi‑
birsk), which has been significantly expanded since 
2000. Since 1999, a regional seismic network KRAR 
(KNIIGiMS, Krasnoyarsk) is being arrange around 
Krasnoyarsk. Since 2015, it involves 9 stations. Re‑
gional seismological observations are primarily fo‑
cused on the operational control over the seismic 
situation, as well as the evaluation and clarification 
of data on the seismic hazard level in the Repub‑
lic of Tyva and in the Altai-Sayan region (Western 
Sayan).

At the time when the license application materi‑
als were collected, a range between M = 2.0 ± 0.2 and 
M = 3.5 ± 0.2 was considered as a minimum repre‑
sentative level of magnitudes for different seismic 
networks [10]. According to the KNIIGiMS data, 
within the area of 51.5—56.5 88.5—97.0, their net‑
work1 has a sensitivity of Kr ~ 7 (M ~ 1.7) (red out‑
line in Figure 4). Thus, although the site itself falls 
into this area, at least half of the territory within 
a radius of ~ 300 km (blue outline in Figure 4), the 
monitoring of which is recommended by regulatory 
provisions [8], is not covered by seismic observa‑
tions of such a sensitivity level.

In 2018, FSUE NO RAO’s seismological monitor‑
ing system was arranged in the vicinity of the Yeni‑
seiskiy site and started its operation by the end of 
the year. The system involves a network of seismic 
stations with their locations and the calculated sen‑
sitivity zones shown in Figure 5. Numerical mod‑
eling shows that the sensitivity of the monitoring 

1	In 2016, the responsibility over all seismic KNIIGiMS stations 
was transferred to the Regional State Budgetary Institution Cen-
ter for the Implementation of Nature Management and Environ-
mental Protection Measures (TsRMPiOOS); since 2018, KNIIGiMS 
has stopped processing data.

system should provide the registration of earth‑
quakes with a magnitude of up to –1 at a distance 
of 5—10 km from the URL, whereas the earthquakes 
with a magnitude of 0 should be registered at dis‑
tances of 20—25 km from it. At distances of about 
60 km from the URL, events with M ~ 1 should be 
recorded. According to the estimated data, the NO 
RAO’s monitoring system increases the capabilities 
of available seismological observation systems and 
meets all regulatory requirements [8].

In the decision-making on the location of seis‑
mological monitoring stations, the entire set of 
parameters was taken into account. First of all, it 
was necessary to find some balance between the 
opportunities for all year-round transport acces‑
sibility to the stations to provide their mainte‑
nance and the requirement stating that the sta‑
tions should be located as far as possible from 
potential sources of man-made seismic interfer‑
ence, such as railroads or busy highways. In the 
proposed locations, shallow (~ 10 m) wells were 
drilled to evaluate the properties of the soil, ses‑
sions involving short-term records of microseis‑
mic vibrations were arranged for as well. Selec‑
tion of areas with the lowest possible seismic 
noise level and the installation of seismic sen‑
sors in the areas with shallow bedding of the rock 
base are thought to improve the quality of seis‑
mic records.

Special pavilions were constructed (Figure 6) 
from recessed reinforced concrete rings to perform 
the installation of seismic stations. Such pavilions 
would protect the seismic stations from external 
influences (from flooding by rain or ground water, 

Figure 4. Network of regional KRAR stations in the 
Yeniseiskyiy siting area. The blue outline defines an area 
with a radius of ~ 300 km from the URL site, which was 

schematically marked with a pink square

Figure 5. Layout of NO RAO’s seismological monitoring 
stations and the calculated sensitivity of the network 

within the near field of the URL site
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from wind loads) and provide significantly higher 
level of security and protection from unauthorized 
intrusion. The seismometers were installed on con‑
crete pedestals providing maximum adhesion of 
the sensor base to the ground.

At present time, the monitoring system consti‑
tutes of ZET 048-C VER.3 seismic stations record‑
ing the rate of ground vibrations in the operating 
frequency range of 0.03—50 Hz. At all stations, the 
channel sampling frequency was set to 100 Hz 
providing reliable operation within the range of 
1—30 Hz. The built-in memory corresponds to the 
monthly operation of the stations provided with 
autonomous power sources. This frequency of sta‑
tion maintenance strikes a good balance between 
the required monitoring of the seismic station 
performance, scheduled technical inspections and 
minimized interference with station operations 
that interferes with the registration.

Early in the system operation it has been dem‑
onstrated that, according to general characteristics, 
all stations of the seismological monitoring system 
were characterized by a fairly low average level of 
microseismic noise accounting for some ~ 0.1 μm/s 
(see Table 1) thanks to a thorough evaluation of in‑
stallation sites and the application of reliable pavil‑
ion structures.

Table 1. Average background noise level at the stations 
of the seismological monitoring system in the frequency 

range of 0.1—40 Hz

Average micro seismic background, μm/s

1 2 3 4 5 6 7 8

0.05— 
0.10

0.07— 
0.12

0.08— 
0.11

0.09— 
0.15

0.10— 
0.30

0.05— 
0.10

0.09— 
0.12

0.10— 
0.20

Initial results of seismological monitoring

We will use a terminology [8], according to which 
all events with epicenters occurring within a radius 
of over 300 km from the nuclear site could be des‑
ignated as “remote”. In 2019, a total of 1470 such 
events was recorded. NO RAO’s seismic stations 
have been also recording some Altai-Sayan earth‑
quakes, events occurring on Lake Baikal, in Tuva 
and Mongolia. The corresponding seismic impacts 
on the URL site were evaluated as minor (did not 
exceed I = 1). The following expression was used 
to calculate potential quake intensity at the site: 
I = 1.5M – 3.5lgR + 3.0, where M is the magnitude, 
R is the distance from the conditional center of the 
site to the foci, km.

Regional and local earthquakes refer to an event 
[8], the foci of which is located within a radius of 30 
to 300 km or, respectively, within a radius of less 
than 30 km from the URL site. Data from local seis‑
mological monitoring system were evaluated pri‑
marily to identify such events. Seismic signals were 
detected and processed jointly by automated algo‑
rithms and an operator. The problem was solved 
using common resection method: it provided the 
best results in case of small epicentral distances. In 
parallel, the characteristics of microseismic ground 
vibrations were assessed over some extended peri‑
ods of time.

In 2019, 409 signals from regional and local seis‑
mic events were detected and identified with most 
of them that were categorized as signals caused by 
mining operations, primarily by quarry explosions.

Based on the analysis, only 26 events out of 409 
were not categorized as blasting signals. Out of 
these, for 20 events the foci were located in the im‑
mediate vicinity of the quarries operated by mining 
enterprises; however, all of them were registered 
between 8 pm and 7 am local time, when blasting 
operations are prohibited. It is possible to assume 
the technogenic nature of these earthquakes: it is 
well known that “technogenic” (or induced) seis‑
micity — earthquakes somehow associated with 
engineering activities are considered as manifes‑
tations of anthropogenic impacts on the earth's 
crust. Numerous weak earthquakes occurring as a 
result of engineering activities is seen as an ordi‑
nary event at many mining sites; such weak seis‑
mic events are usually timed to coincide with the 
front of mining operations. However, in mining, 
technogenic earthquakes are most often associated 
with underground mining operations carried out at 
great depths in massifs with a significant tectonic 
stress field component. Noticeable earthquakes as‑
sociated with rock excavation in quarries belong 
to the category of rather rare manifestations of 

Figure 6. Layout of seismic station equipment:
1 — outer cover of a pavilion, 2 — satellite communication 

antenna, 3 — seismic station, 4 — batteries
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technogenic seismicity. To prove the correctness of 
such a hypothesis further both analysis of the in‑
dustrial environment in the work area and a more 
detailed analysis of seismic signals is required. Ac‑
cording to the regulatory requirements suggesting 
the application of a conservative approach to the 
analysis of local seismicity, all these events were 
categorized as local natural earthquakes.

The remaining 6 events occurred in the southern 
part of the site and were confined to the natural 
seismicity area  (Tyva).

Figure 7 presents the time sequence for the lo‑
cal seismic signals registered during one year. It 
can be seen that the mass of the recorded events is 
uniformly distributed in time; this testifies to the 
continuous operation of the observation system 
without any noticeable sensitivity losses.

To evaluate the performance of the established 
monitoring system in more detail and to assess 
its sensitivity under real conditions, constructed 
was a dependence between the magnitudes of the 
specified seismic events and the distance from their 
foci to the URL site (Figure 8), as recommended 

by relevant regulatory provisions [8]. The red line 
in Figure 8 refers to the minimum level of reliably 
recorded seismic events during a year of network 
operation; blue line refers to the sensitivity level 
accounting for single seismic events. It should be 
noted that this estimate accounts for all seismic 
events identified during the processing of data re‑
ferring to one year of local seismic network opera‑
tion. These are local/regional earthquakes and seis‑
mic events caused by explosions in the quarries of 
mining enterprises, and events, the nature of which 
could not be unambiguously specified, unlike their 
location which has been identified.

Given currently available equipment layout and 
its performance characteristics, the actual mini‑
mum recorded seismic event can be estimated as 
M = 1.5 at distances of up to 100 km, M = 1.8 at dis‑
tances of up to 200 km and M = 2.3 at distances of 
300 km, which corresponds to the previously ob‑
tained numerical modeling results. During the first 
year of the monitoring system operation, not a sin‑
gle seismic event was recorded in the near field (up 
to 30 km from the URL site): the foci of the nearest 
one with M ~ 1 (an explosion in an open pit) was 
identified at a distance of 50 km from the site. This 
may be due to the absence of events with magni‑
tudes of M ~ 0.5—1 in the nearby region. However, it 
may be also due to the insufficient sensitivity of the 
monitoring system, since given sufficient sensitiv‑
ity of the equipment, weak seismic events of differ‑
ent genesis are recorded almost everywhere.

Figure 9 presents spatial distribution of local foci 
for the seismic signals recorded by the NO RAO’s 
seismological monitoring system and regional 
stations from November 15, 2108 to December 31, 
2019 within a radius of 300 km from the URL site. It 
can be seen that the local monitoring system and 
regional stations do not duplicate, but do comple‑
ment each other.

Prospects

Seismological observations are viewed as a direct 
method that can be used to specify the current ac‑
tivity of the identified faults. Thus, the seismologi‑
cal monitoring system should be focused not only 
on the general study of the monitored territory, but 
mainly on the area involving zones with the high‑
est risk of seismic event occurrence, i.e., the fault 
zones. The urgency of this task has been repeatedly 
emphasized in the course of various discussions fo‑
cused on this issue that involved Rosatom and SEC 
NRS representatives. This approach is provided 
for by relevant regulatory provisions: “The obser‑
vation system is recommended to be as sensitive 
as possible in the area of the dynamic influence 

Figure 7. Time sequence of local signals recorded 
by the seismological monitoring system

Figure 8. Dependence between the magnitude of recorded 
local events and the distance to their foci. The red line marks 

the minimum magnitude of the recorded seismic events 
accounting for a year of network operation; blue line shows 

the registered magnitude of single events
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(within a radius of about 4 km) associated with the 
main geodynamically active structure representing 
potential seismic hazard for a NF site [8], since the 
confinement of shallow tectonic earthquakes to al‑
ready known fault zones has been generally recog‑
nized to date [20].

High performance of the seismological moni‑
toring system arranged by NO RAO by the end of 
2018 has been demonstrated based on the results 
of relevant observations. However, in the near field 
of the URL siting area (up to 30 km), no seismic 
events were recorded over more than a year of its 
operation. This, to some extent, demonstrates the 
tranquil geodynamic regime of the territory. The 
observation period is clearly insufficient to make 
any major conclusions and it should be taken into 
account that, presumably, at a distance of several 
kilometers to the east and northeast of the URL site, 
there are some tectonic faults, the activity of which 
was confirmed by instrumental geodetic observa‑
tions [18]. Therefore, it seems feasible to further 
increase the sensitivity of the established seismo‑
logical monitoring system mainly in this area.

To provide much higher accuracy in the identi‑
fication of seismic source location and to improve 
the overall sensitivity of seismological monitoring 

in the URL siting area not only a denser network 
is required, but also a comprehensive evaluation of 
all data recorded in the Yeniseiskiy siting area, i. e., 
the data from the NO RAO’s seismological network, 
a small-aperture group arranged by MCC at the URL 
siting area [21], regional stations. This approach is 
also provided for by relevant regulations [3, 8].

Undoubtedly, upon addressing the task associ‑
ated with the registration of weak seismic events, it 
would be necessary to provide maximum accuracy 
in the identification of their location, thus, increas‑
ing the reliability in the assessment of fault zone 
occurrence.

Perhaps, to provide more uniform azimuth cov‑
erage of the monitoring system, several additional 
stations could be arranged for to the east and the 
north-east of the URL site. Moreover, such a layout 
would increase the network density in the area as‑
sumed as having active tectonic faults.

Conclusion

The long-term DDF RW safety assessment de‑
pends on many factors with the seismic hazard 
level of the considered facility siting area being 
viewed as one of them. To provide most reliable as‑
sessment of the parameters relevant to a seismic 
process, continuous seismological monitoring [3] 
should be arranged for with the actual sensitivity of 
the selected observation system being constantly 
evaluated [8].

Such seismological monitoring systems should 
be established and further upgraded with due ac‑
count of modern scientific ideas and achievements 
objectively outstripping the regulatory process. In 
the recent decades, the sensitivity of seismological 
monitoring systems has greatly increased: modern 
monitoring systems record from hundreds to sev‑
eral thousand events per year, which meets the re‑
quirement on gathering statistically representative 
data samples. Weak seismicity is recorded by dense 
networks or groups of seismic stations, including 
those buried at a depth of over 100 m. At the same 
time, in global seismological practice, the coordi‑
nates of even weak earthquakes can be identified 
with a small error in case of highly dense layout 
of seismic stations and the application of modern 
processing methods. Based on most accurate coor‑
dinates of seismic sources, the boundaries of the 
region in which active deformation processes occur 
accompanied by shallow seismicity can be identified 
with a high accuracy [22, 23 and references therein].

These approaches appear to be most advanced 
in seismically active regions (Japan, USA, Taiwan, 
etc.), for which the studies addressing the nature of 
seismicity and seismic activity are vitally important. 

Figure 9. Spatial distribution of local foci for the seismic 
signals recorded in the URL site area. On the scale shown 

in the Figure, the layout of NO RAO stations practically 
corresponds to the URL site (red square). Green triangles are 
sources of signals categorized as open pit blasts; turquoise 
icons represent sources of local events (triangles — events 

associated with the operations at the sites of mining 
enterprises; circles — local natural earthquakes); small blue 
circles represent the data from the catalog of the GS RAS’s 
Altai-Sayan branch (2003—2019); the sources of signals 

registered in the daytime (explosions?) are painted in black; 
pink circles stand for the sources of events included into the 

GS RAS catalog (1992—2019)
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There are known data from seismic networks in Ja‑
pan uniformly covering the entire territory of the 
country with a Hi-net high-precision network of 
borehole observations involving 1 250 seismic sta‑
tions located at a distance of some 20 km from each 
other; the network is designed to record the events 
with magnitudes down to zero [24]. Establishment 
of dense seismic groups in California (groups of 
more than 1 000 control points were located in the 
section of a 600 × 600 m fault zone) has demonstrat‑
ed the potential of a grouping technique providing 
a fivefold increase in the number of registered weak 
earthquakes even given already available advanced 
seismic observation layout in this seismically ac‑
tive area [25]. The system recorded seismic events 
with magnitudes down to –1.5.

Data on such observation systems provide much 
more detailed identification of active seismic struc‑
tures compared to traditional networks of stations. 
Therefore, given its further advancement, the sys‑
tem of seismological monitoring in the URL siting 
area can become more than just a tool providing 
formal confirmation of the identified seismicity 
level in the considered area. The system should be 
further advanced to obtain most reliable data, thus, 
reducing the uncertainty in our knowledge on the 
state of the enclosing massif in two ways: by reduc‑
ing the uncertainty in the assessment of a potential 
strong earthquake in the URL siting area reaching 
and exceeding Mmax and the uncertainty in the as‑
sessment (evolution) of rock mass fracturing [4, 13].

In this case, most informative and reliable cata‑
logs of seismic events are required both to imple‑
ment the methods of probabilistic predictive esti‑
mates based on statistical and mathematical seis‑
micity models and the evolving methods focused 
on physical models of an earthquake source and the 
fracture formation process [20]. And until the point 
when relevant developments in the fundamental 
science would provide certain advancements in 
these areas, a qualitative set of seismic parameters 
obtained over a long period of observations should 
be formed.

This study was performed under the Comprehen‑
sive Research Program on the Long-term Safety 
Demonstration of Radioactive Waste Disposal and 
Optimization of its Operational Parameters, ap‑
proved by the Director for Public Policy on Radioac‑
tive Waste, Spent Nuclear Fuel and Nuclear Decom‑
missioning of the State Atomic Energy Corporation 
Rosatom of January 9, 2019.
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