
ISSN 1069-3513, Izvestiya, Physics of the Solid Earth, 2022, Vol. 58, No. 1, pp. 59–73. © The Author(s), 2022. This article is an open access publication, corrected publication.
Russian Text © The Author(s), 2022, published in Fizika Zemli, 2022, No. 1, pp. 67–82.
The Khuvsgul Earthquake of January 12, 2021 (MW = 6.7, ML = 6.9) 
and Early Aftershocks1

A. F. Emanova, *, A. A. Emanova, c, V. V. Chechel’nitskiib, E. V. Shevkunovaa,
Ya. B. Radziminovichb, d, A. V. Fateeva, c, E. A. Kobelevab, E. A. Gladysheva,

V. V. Arapova, A. I. Artemovaa, and V. G. Podkorytovaa

a Altai–Sayan Branch, Federal Research Center “Geophysical Survey of the Russian Academy of Sciences,”
Novosibirsk, 630090 Russia

b Baikal Branch, Federal Research Center “Geophysical Survey of the Russian Academy of Sciences,”
Novosibirsk, 630090 Russia

c Trofimuk Institute of Petroleum Geology and Geophysics, Siberian Branch, Russian Academy of Sciences, 
Novosibirsk, 630090 Russia

d Institute of the Earth’s Crust, Siberian Branch, Russian Academy of Sciences, Irkutsk, 664033 Russia
*e-mail: alex@gs.nsc.ru

Received April 10, 2021; revised June 10, 2021; accepted July 29, 2021

Abstract—The MW = 6.7, ML = 6.9 Khuvsgul (Khubsugul, Khövsgöl) earthquake occurred on January 12,
2021 in the Northern Mongolia close to the border of Russia. The earthquake caused ground shaking which
reached intensity IX at the epicenter and was perceptible in the cities and villages of the Eastern and Western
Siberia. The earthquake occurred in the region of the same-name fault and caused intense aftershock process
on a segment between two fault’s bends. The fault segment encompassed by the aftershocks goes from the lake
to the northwest. Seismic activation has involved a segment of the boundary of the ancient Tuva–Mongolian
microcontinent hosting the parallel Khuvsugul and Darkhat rift depressions and the Busingol rift depression
consisting of three linearly elongated troughs. Until the present, the region of the Busingol depression was
distinguished by high seismicity, whereas the regions of the Darkhat and Khuvsgul depressions were charac-
terized by moderate and low seismicity, respectively. The earthquake of 2021 is the largest earthquake that
occurred on the Khuvsgul fault over the entire history. In less than two months, the level of the frequency–
magnitude graph for the aftershocks has exceeded the level of the annual frequency–magnitude graph of the
earthquakes for the Altai–Sayan mountain region. The aftershock density is nonuniformly distributed along
the fault; the structure of the distribution is correlated to the unilateral block structure of the Earth’s crust
east of the activated fault segment. The seismic potential of the Khuvsgul fault was estimated at Mmax = 7–
7.5, and this earthquake, as suggested by the geological data, is not the maximum possible event. Given that
seismic activation after the 1991 Busingol earthquake has not yet ceased, we have two strong activations in the
Tuva–Mongolian block which can significantly affect evolution of its seismicity.
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INTRODUCTION
The ML = 6.9 Khuvsgul earthquake of January 12,

2021 occurred on the eastern boundary of the Tuva–
Mongolian block and caused an intense aftershock
process. This block experiences uplifting; at the same
time, rift depressions are confined to it (Aktual’nye …,
2005; Levi et al., 2009; Sankov et al., 2003). Until the
2021 earthquake, such a strong seismic event has never
occurred in the region of the western margin of Lake

Khuvsgul. The seismological network of the stations
continuously recording the Earth’s ground motion and
transferring the data to the processing centers in Novo-
sibirsk, Irkutsk, and Ulan-Bator is shown in Fig. 1.

From Fig. 1 it can be seen that a total number of
stations is large but no stations are close to the epicen-
ter. This impedes the determination of the source
depth of both the main event and its aftershocks. In
this situation, only the depth estimate is given at which
we obtain the minimum residual of the determination of
epicenter’s coordinates. The minimum residual was
obtained with a source depth of the main shock at 8 km.

1 A year ago, on January 12, 2021, a strong earthquake occurred
near Lake Baikal in the region of Lake Khuvsgul, Mongolia. In
this issue of Izvestiya, Physics of the Solid Earth, we publish two
papers devoted to this earthquake.
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Fig. 1. Map of seismological network stations and epicenter of ML 6.9 Khuvsgul earthquake of January 12, 2021. 
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Seismic data processing includes three steps: auto-
mated determination of the parameters of a seismic
event; preprocessing; and final processing using all the
existing data. All types of the processing at the Center
are conducted using the SeisComP3 software package
(Weber et al., 2007; Hanka et al., 2010). SeisComP3 is
designed to determine the entire range of basic param-
eters of seismic events: hypocenter location, energy
estimates, focal mechanisms, etc. The software pack-
age also provides a wide range of possibilities to esti-
mate the quality of the calculated parameters of seis-
mic events.

The epicenter location is calculated using LocSat
program (Bratt and Bache, 1988) in the global IASPEI91
velocity model (Kennet, 1991).

Overall, the center receives data from ~300 stations
all over the world.

AFTERSHOCKS OF THE KHUVSGUL 
EARTHQUAKE

Figure 2a shows that in the previous year, there was
almost no seismic activity in the epicentral region
(indicated by the small box).
IZVESTIYA, PHY
Figure 2b shows the map of the aftershocks of the
Khuvsgul earthquake that occurred during the first
month after the main shock. Within the larger box
there are 4900 events and within the smaller box 4556
events.

It is clear that we mainly observe the development
of the aftershock process along the fault zone; how-
ever, the seismic process has also involved the regions
extending beyond the fault zone itself.

The tectonic structure of the epicentral zone was
considered in a number of works (Aktual’nye …, 2005);
the most detailed scheme of the fault network for the
epicentral region is presented in (Parfeevets and San-
kov, 2006). It is this layout of the faults that is com-
bined with the aftershock density map in Fig. 4. The
area of the circle in the map of the aftershock density
is S = πR2 where R = 0.02°.

The source region coincides with the tectonic
deformation that goes away from Lake Khuvsgul and is
the boundary of the Tuva–Mongolian block (micro-
continent). The aftershock density along the activated
region is nonuniform. This is apparently associated
with the presence of the branch faults to the right and,
SICS OF THE SOLID EARTH  Vol. 58  No. 1  2022
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as a consequence, complex block structure of the crust
in the activated region.

It would seem that the main event is located in the
margin of the seismically activated region; however,
this question is a subject of additional studies because
of the complexity of the records of the onset of the
main shock.

Figure 4 shows the development of the aftershock
process over time with the events projected to the fault
line. It is characteristic that the main event has seismi-
cally activated the aftershock region at once along its
entire length, and even the aftershock with magnitude
6 has not resulted in the spatial development of the
aftershock region. During the initial period, numerous
earthquakes with magnitudes above 5 occur. Events
with magnitudes above 4 continue to be observed also
beyond the time interval shown in Fig. 4. Judging by
the energy and number of the aftershocks, the after-
shock process of the Khuvsgul earthquake releases
high energy level.
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 58 
Another representation of the evolution of the
aftershock process over time which does not take into
account the linear dimensions of the activated region
is shown in Fig. 5. The diagram in the magnitude–
time coordinates reflects all the earthquakes from the
smaller box in Fig. 2b.

The rate of aftershocks (the number of aftershocks
per unit time) and the number of the earthquakes with
maximum energies indicate that the aftershock pro-
cess slowly decays with time. We have fully processed
the aftershocks for January and February 2021; how-
ever, as can be seen in Fig. 5, practically no earth-
quakes with magnitudes below 1–1.5 are present in the
aftershock process. This is most likely to be due to the
incomplete recording in the epicentral region. 

Earthquake recording in this region can be consid-
ered complete starting from ML = 2–2.5. This estimate
of the completeness is based on the size of the linear
segment in the frequency–magnitude relationship of
the earthquakes (Fig. 6).
Fig. 2. Map of epicenters of Khuvsgul earthquake, its aftershocks, and insignificant background seismicity (a) from January 1,
2020 to January 11, 2021; (b) from January 11, 2021 to February 10, 2021. Boundaries of boxes are selected in accordance with
coverage by aftershock seismicity from Khuvsgul earthquake (small box) and with presence of earthquake epicenters in closest
vicinity of aftershock process during 2020–2021 (large box). Negative earthquake magnitudes were detected close to MOY station
(at distance of ~6.7 km) of Baikal network; events did not pertain to closest zone of aftershock activity.
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Fig. 2. (Contd.).
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Figure 6 shows the frequency–magnitude graph for
the aftershocks of the Khuvsgul earthquake. Due to
the high rate of the aftershock process, it was possible
to accumulate within two first months a sufficient
number of the events for obtaining a log-linear fre-
quency–magnitude distribution typical of a period of
steady seismicity. The aftershock activity in the epi-
central region is continuing and, judging by the after-
shocks of the other earthquakes in Central Asia, can
continue for years and even decades (Oparin et al.,
2008). At the same time, the seismic process caused by
the 1991 Busingol earthquake continues up to this day
in the form of pulsing activation. The active period of
the aftershock process of the Ureg–Nur earthquake
lasted about five years and developed with the activa-
tion along a transverse fault, which resulted in the sub-
stantial deviation from the Omori law for the after-
shock process overall. The aftershock activity of the
2003 Chuya earthquake continues up to the present
and involves activation of the adjacent geological
structures up to the occurrence of the new large earth-
quakes (Aigulak earthquake of 2019) giving rise to the
strong aftershock processes (Emanov et al., 2021).

The Gutenberg–Richter b-value (–0.72) is close
to that in the similar relation for the Sayan–Altai
IZVESTIYA, PHY
region based on the entire historical and instrumen-
tal data (–0.77) and fully coincides with the b-value
for the seismicity in the Altai–Sayan region for 2016.

The location of hypocenters and determination of
the focal mechanisms of the earthquakes were carried
out using modern software packages based on the up-
to-date methods of digital data processing. Namely,
this is the Hypoinverse-2000 software for event loca-
tion in the multilayer velocity model and the FPFIT
software for the calculation and visualization of the
focal mechanisms of the earthquakes.

The Hypoinverse-2000 has several specific fea-
tures. In particular, it includes a module of distance-
based weighting which changes the weights of the
phases depending on the obtained residuals. As the
event location procedure only uses the first arrivals,
the program is well suited for determining the hypo-
centers based on the data of local networks. In cases
when the vicinity of earthquake epicenter is fairly
densely covered by seismic stations, most other pro-
grams yield comparable results. Main discrepancies
are observed in the case when there are insufficient
stations and they nonuniformly cover the epicentral
region. Thus, the accuracy of the absolute location of
the epicenter is determined by several factors: the
SICS OF THE SOLID EARTH  Vol. 58  No. 1  2022
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Fig. 3. Map of aftershock density of Khuvsgul earthquake over January–March 2021. Faults are indicated in accordance with
(Parfeevets and Sankov, 2006).
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geometry of the observational network, the arriving
phases, the arrival-time picking accuracy, and knowl-
edge of the velocity model of the crust. When deter-
mining the accuracy of the source depth, the last fac-
tor among the above ones is most significant.

The main parameters of the focal mechanisms of the
earthquakes (the positions of two nodal planes and
stress axes) are determined from the first-motion polar-
ities using FPFIT software designed by P. Reasenberg
and D. Oppenheimer (USGS). “The FPFIT software
finds the double-couple solution to construct the fault
plane which best fits the series of observations of the
first-motion polarities for an earthquake. The inver-
sion is accomplished through a two-step grid search
procedure minimizing the normalized weighted sum
of discrepancies in the first-motion polarities.”
(Reasenberg and Oppenheimer, 1985). The minimi-
zation includes two weighting factors: one reflecting
the supposed variant of the data and another based on
the absolute value of the theoretical amplitude of
P-wave discrepancy. The last weighting yields the least
weight for the observations in the vicinity of the nodal
planes. In addition to finding the solution with the
minimum discrepancy, FPFIT finds an alternative
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 58 
solution that also corresponds to the minimum dis-
crepancy. The specific solution can only be selected
after the analysis of the probable data errors, the unac-
counted refractions, and the a priori known tectonic
setting. For each constructed focal mechanism, FPFIt
formally estimates the error in the parameters: in the
strike azimuth, dip angles, and the slips of the nodal
planes.

Figure 7 shows the focal mechanisms of the after-
shocks that occurred before March 1, 2021 and for
which the most reliable data on the orientations of the
nodal planes have been obtained. The main event is
almost pure normal fault but only with a small strike-
slip component. The tension axis is horizontal and the
pressure axis is gently inclined, which is quite consis-
tent with the existing tectonic setting of rifting in the
region of the Khuvsgul depression. The obtained
mechanisms are comparable with the mechanisms
determined by other organizations (Table 1). The
mechanisms of the strongest aftershock with M = 6
also has a significant normal fault component which
practically passes into vertical normal faulting without
horizontal extension, whereas the weaker events
reflect stress redistribution on the branch faults and on
 No. 1  2022
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Fig. 4. Development of aftershocks (the latter are reduced to the line along fault zone). 
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Fig. 5. Development of aftershock process of Khuvsgul earthquake over time. 
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the lower-order block structure, and their focal mech-
anisms are distributed more chaotically.

TECTONICS AND PREVIOUS SEISMICITY 
OF THE EPICENTRAL REGION

In the seismicity analysis, the Khuvsgul graben sys-
tem of Northern Mongolia as a whole is typically con-
sidered (Khilko et al., 1985; Kochetkov et al., 1993;
IZVESTIYA, PHY
Molnar et al., 1995). It includes the seismicity of the
Busingol graben composed of three linear depressions,
the Darkhat graben, and the Khuvsgul graben.

The Khuvsgul neotectonic zone comprises the
Khuvsgul depression, the Darkhat and Busingol
depressions parallel to it, and the uplifts separating
these depressions (Parfeevets and Sankov, 2006). The
Lake Khuvsgul depression is a half-graben with a steep
western and a gently sloping eastern wall. The walls of
SICS OF THE SOLID EARTH  Vol. 58  No. 1  2022



THE KHUVSGUL EARTHQUAKE OF JANUARY 12, 2021 65

Fig. 6. Frequency–magnitude graph of earthquakes in
region of Lake Khuvsgul over period from January 1 to
February 28, 2021. (1) incomplete data; (2) complete data.
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the Khuvsgul depression are framed by the faults of
different orientation. The stress-tensor analysis based
on the geological data characterizes this region as a
zone of transpression (compression with shear)
(Parfeevets and Sankov, 2006).

The map in Fig. 8 shows epicenters of the earth-
quake with М ≥ 4 that occurred in the Khuvsgul zone.
The largest earthquakes closest to the epicenter are the
1950 Mondy and the 1991 Busingol earthquakes with
magnitudes 7.0 and 6.5, respectively. The Mondy
earthquake occurred in the structure of the Tunkin (or
Tunka) Depression where, according to the geological
data, the strike-slip displacement components com-
bine with or even dominate the normal-fault compo-
nents (Molnar et al., 1995). The Mondy earthquake is
spatially close to the Khuvsgul earthquake but it
occurred in a different structure and in the different
stress conditions. The 1991 Busingol earthquake hit
within the Tuva–Mongolian block in the system of rift
depressions of Northern Mongolia. This earthquake
was followed by the intense pulsing aftershock process
that has been going on for almost three decades
(Emanov et al., 2005; 2006). However, the main shock
has not occurred on the main Busingol fault stretching
along the depression of the same name but on a branch
fault going into the Shishkhid Plateau. The pulsing
regime is associated with the propagation of the acti-
vation along the branch fault off the Busingol depres-
sion (Emanov et al., 2010).

Before the Khuvsgul earthquake, no large events
and intensely developing seismic activations were
observed within the Darkhat depression and the Khu-
vsgul depression. The Darkhat depression is host to
the earthquakes with М = 4. Within the Khuvsgul
depression, rare earthquakes with magnitude 5 were
observed in the northern and southern parts, whereas
the central part of the depression and, particularly, the
epicentral zone of the 2021 earthquake were seismi-
cally not active.

The region of the aftershocks of the 2021 Khuvsgul
earthquake covers the fault going toward northwest
from the lake. The diversity of the focal mechanisms of
the aftershocks is associated with a complex fault net-
work in the epicentral zone and different orientations
of the faults (Fig. 4) (Parfeevets and Sankov, 2006).

The block structure of the epicentral zone is pre-
sented in (Sankov et al., 2003). The aftershock process
covers the region of the interblock fault exactly within
the segment where the block boundary goes off Lake
Khuvsgul towards the northeast. It should be noted
that the velocity field of recent movements for the epi-
central zone is rather low. Based on the studies (San-
kov et al., 2003) it is stated that the collision of Hindu-
stan and Eurasia only determines the part of the intra-
continental deformations that is localized west of the
105° E meridian. The main change in the directions of
GPS surface displacement vectors occurs in the inter-
val 98°–102° E (Lukhnev et al., 2010).
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 58 
For the region of the Khuvsgul depression, based
on the analysis of the seismological and geological
data, a model is created and physical modeling is car-
ried out to refine the stress state and the pattern of its
evolution (Sankov et al., 2003; Parfeevets and Sankov,
2006). Based on the seismological data it was estab-
lished that seismicity is characteristic of the northern
part of the Khubsuigul depression and the zone of the
latitudinal Ikhkhorogol–Mondy fault to its eastern
continuation, as well as of the southern termination of
the Khuvsgul depression. The crustal block containing
rift depression of Northern Mongolia is dominated by
transpression (compression with shear). Extensional
conditions are established in the north of the Khuvsgul
depression, and compressional conditions, in the
southern end of the depression (Sankov et al., 2003).
The Ikhkhorogol–Mondy fault is mainly character-
ized by the strike-slip type of focal mechanisms (Mis-
harina et al., 1983).

The territory of the Northern Mongolia has been
studied by paleoseismological methods (Khilko et al.,
1985; Kochetkov et al., 1993; Misharina et al., 1995).
In the epicentral region of the Khuvsgul earthquake,
no signs of strong previous earthquakes have been
revealed based on both paleogeological data and seis-
mological observations (Kochetkov et al., 1993). In
1986–1987, the network of temporary stations
recorded several weak earthquakes on the fault that
hosted the 2021 earthquake considered in this work
(Kochetkov et al., 1993). Overall, Kochetkov et al.
 No. 1  2022
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Table 1. Focal mechanism parameters of the sources of the Khuvsgul earthquake of January 11, 2021 according to the data
of the Altai–Sayan Branch of the Federal Research Center “Geophysical Survey of the Russian Academy of Sciences”
(ASB FRC GS RAS) and international centers

No. Center Date To,
hh:mm:ss

Hypocenter
MW

Nodal lanes

StereogramNP1 NP2

φ0 N λ0 E h, km STK DP SLIP STK DP SLIP

1 IPGP 11.01.2021 21:32:58 51.241 100.443 13 6.84 237 62 –52 358 46 –139

2 USGS 11.01.2021 21:32:59 51.281 100.438 11.5 6.74 16 32 –110 219 60 –78

3 Geofone 11.01.2021 21:32:59 51.21 100.47 18 6.7 226 51 –60 4 47 –121

4 ASB FRC 
GS RAS

11.01.2021 21:32:58 51.13 100.28 8 6.7 30 40 –110 235 53 –74

Fig. 7. Focal mechanisms of main shocjk and some aftershock of Khuvsgul earthquake. Stereograms of focal mechanisms are
shown in projection on lower hemisphere: (1) magnitude; (1–6) neotectonic faults according to (Parfeevets and Sankov, 2006):
(2) thrusts; (3) normal faults; (4) strike-slip faults; (5) hidden; (6) inferred. 
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Fig. 8. Map of large earthquakes within Tuva–Mongolian block before 2021 Khuvsgul earthquake: (1) magnitude; (2) state bor-
der; (3) seismic station; (4) neotectonic fault according to (Trifonov, 1999); (5) neotectonic fault according to (Parfeevets and
Sankov, 2006); (6) epicenter of ML 6.9 Khuvsgul earthquake of January 12, 2021. Roman numerals: I, Busingol graben; II, Shish-
khid plateau; III, Darkhat graben; IV, Khuvsgul graben; V, Tunkin depression. 
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(1993) characterize the seismicity of the Tuva–Mon-
golian block as follows. Within the block, two latitudi-
nal seismic zones are distinguished: the northern zone
stretched along the Tunkin depression and the south-
ern zone corresponding to the Bolnai fault parallel to
the northern zone. Three submeridional rift depres-
sions extend in the North–South direction from the
northern to the southern sublatitudinal zone. The
Busingol system of depressions is seismically active,
especially after the Busingol earthquake of 1991. The
Darkhat depression is characterized by weak seismic-
ity along the central part of the depression. The Khu-
vsgul depression is practically aseismic relative the two
structures parallel to it. In (Kochetkov et al., 1993) it
was concluded that in the region of the Khuvsgul fault
extended along the western wall of the depression of
the same name, the process of energy accumulation
takes place, and the occurrence of the large earth-
quakes along this fault is probable.

The data about the earthquakes presented in Fig. 8
are fully consistent with the results of the previous
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 58 
works. By 2021, no significant changes in the seismic-
ity of the structures in the region are observed com-
pared to the 1990s.

The 2021 Khuvsgul earthquake caused seismic
activation of one element of a long fault of the same
name. The activated segment is located between two
bends of the fault and spans the fault segment extend-
ing from the lake in the northwestern direction.

The system of rift depressions of the Tuva–Mon-
golian block holds a special place in the geodynamical
processes of the Baikal Rift zone and Altai–Sayan
folded area. If in the Altai–Sayan folded area earth-
quakes are concentrated in the mountain framing of
the depression, then in the Baikal Rift zone they are
predominantly occur within depressions (Emanov
et al., 2005). The system of the Busingol depressions is
characterized by the combination of seismicity within
depressions and within their mountain framing, with
alternating development of the seismic process
(Emanov et al., 2006). The 1991 Bussingol earthquake
with Ms = 6.5 occurred on a branch fault extending in
 No. 1  2022



68 EMANOV et al.

Fig. 9. Attenuation of (a) peak ground accelerations (PGA); (b) peak ground velocities (PGV), and (c) instrumental ground shak-
ing intensity IPGA×PGV versus epicentral distance. Red lines correspond to regression equations (2)–(4).
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the northeastern direction from the same name
depression towards inside the Tuva–Mongolian block.
It is the development of this fault that is a pulsing acti-
IZVESTIYA, PHY
vation process which has been continuing for more
than two decades (Emanov et al., 2010; 2021). The
seismicity of the Darkhat depression, according to the
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recent seismological observations, corresponds to the
Baikal type of seismicity development (Emanov et al.,
2005) when the depressions are active whereas the
mountain framing is not (Florensov, 1978). The devel-
opment of the aftershock process of the Khuvsgul
earthquake follows the same pattern as that of the Bus-
ingol earthquake—from ythe depression towards its
mountain framing, but in the northwestern direction.

STRONG MOTION 
AND MACROSEISMIC DATA

The data on strong ground motion induced by the
earthquakes with relatively high magnitudes are
important for seismically active regions of Siberia, pri-
marily for seismic hazard assessment and seismic zon-
ing. Therefore, the strong Khuvsgul earthquake whose
magnitude is estimated in the Global CMT Catalog at
МW = 6.7 is of particular interest.

The strong motions from the Khubsuguil earth-
quake were recorded by the seismic stations of the
Altai–Sayan and Baikal branches FRC GS RAS and
by the stations of the Mongolian seismic network. The
dynamic parameters of strong ground motion
recorded at hypocentral distances ranging from 57 to
551 km are presented in Table 2.

The highest PGA value (54.6 cm/s2) was recorded
by seismic station “Mondy” (MOY) at a distance of
57 km from the epicenter. Such PGAs are relatively
rare for the South Baikal region, which makes the
MOY record a substantial contribution to the strong
motion database for East Siberia. As hypocentral dis-
tances increase, the recorded PGA and PGV values
gradually decrease; and at a distance of 551 km, at
Onguren station, the PGA value is as low as 1.5 cm/s2

(Figs. 9a, 9b).

Interestingly, the PGA values at stations “Orlik,”
“Kungurtug,” and “Irkutsk” are very close despite the
substantial difference in the hypocentral distances
140, 218, and 284 km, respectively (Table 2, Fig. 9a).
Besides the epicentral distance, the amplitudes of
ground motion are also affected by soil conditions and
the structure of the upper part of the section (Pav-
lenko, 2009; Kalinina et al., 2017; Graizer and Kalkan,
2016; Aleshin, 2017, etc.). The more intense ground
motion at the stations “Irkutsk” and “Orlik” are prob-
ably associated with the peculiarities of frequency
responses of the upper part of the section (Drennov
et al., 2010). The relatively high PGA value recorded
at station “Kungurtug” is probably due to the lower
attenuation in the western azimuths from the epicen-
ter. We also note that the maximum PGVs have been
recorded by stations “Mondy” and “Orlik” (Fig. 9b).
It can be hypothesized that the enhancement of
ground motion at station “Orlik” is associated with the
focal mechanism of the earthquake and determined by
the directivity of seismic radiation from the source.

The frequencies corresponding to the maximum of
the Fourier spectrum of accelerations (fSA) at the clos-
est to the epicenter stations “Mondy” and “Orlik” are
4.1 and 3.9 Hz, respectively; at other stations, fSA
range from 1.3 to 2.8 Hz. The Russian Federation
Building Regulation Code SP.286.1325800.2016
“Building Objects of High Criticality. Rules for
Detailed Seismic Zoning” recommends estimating
the dominant period T of accelerations using the fol-
lowing formula:

(1)

where R is the hypocentral distance, coefficient С1 =
–0.20 for underthrusts, –0.10 for thrusts, 0.00 for
strike-slip displacements and 0.10 for normal fault dis-
placements.

The comparison shows that the dominant period of
the accelerations T = 1/fSA recorded in the Khuvsgul
earthquake within the error agrees with the values cal-
culated by formula (1) for normal faulting earthquakes
with Ms = 6.7 at ten stations; the discrepancy at MOY
and ORL stations is 0.25 and 0.33 logarithmic units,
respectively.

Based on the recorded PGA and PGV values, one
can calculate instrumental shaking intensity from the
product PGA × PGV. In the opinion of F.F. Aptikaev
and O.O. Erteleva, instrumental intensity IPGA × PGV is
the best characteristic of seismic impact (Aptikaev and
Erteleva, 2016). The PGA, PGV and IPGA × PGV depen-
dences on hypocentral distance (Fig. 9) are described
by the following regression equations:

(2)

(3)

(4)

where PGA is the peak ground acceleration in cm/s2;
PGV is the peak ground velocity in cm/s; Δ is the epi-
central distance in km; and H is the source depth in
km. We note that to date, many formulas for estimat-
ing the amplitudes of velocities and accelerations in
the different earthquake–prone regions depending on
magnitude and distance have been proposed. The dif-
ference in the estimates based on different formulas
can reach 100% (Steiberg et al., 1993), therefore it is
preferable to use regional empirical equations.

The instrumental intensity estimates calculated
from IPGV, IPGA, IPGA × PGV using formulas proposed in
the new seismic intensity scale ShSI-17 (GOST …,
2017) are presented in Table 2. In this context, it is
interesting to compare the ground-shaking intensity
estimates based on the instrumental records and the
observed macroseismic effects.

The Khuvsgul earthquake was perceived over a very
large area (Fig. 10) spanning the territory of North
Mongolia and several objects of the Russian Federa-

( )= + + − ±log 0.15 0.25 log 1 1.9 0.2 ,ST M R C

= +Δ− ±2 2logPGA 4.61 1.58log 0.20,H

= − Δ + ±2 2logPGV 3.01 1.25log 0.25,H

× = − Δ + ±2 2
PGA PGV 12.9 3.77log 0.50,I H
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Fig. 10. Macroseismic manifestations of Khuvsgul earthquake of January 12, 2021. Red cross indicates instrumental epicenter.
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tion. The maximum observed shaking intensity esti-
mated at VI–VII was noted at Mondy at the epicentral
distance of 57 km. To the west of the epicenter, per-
ceptible ground shaking propagated to Novosibirsk
(1230 km, intensity II) where it was felt on the upper
floors of high-rise residential buildings. In the eastern
direction, macroseismic effects of the earthquake are
detected at a distance of 900 km in Chita (intensity III).

Together with the instrumental intensity estimates,
Table 2 also shows the estimates based on the real
macroseismic data. As follows from the presented
data, the macroseismic effects observed at Orlik,
Talaya, Irkutsk, and Tyrgan sites best agree with the
instrumental intensity calculated from PGV. In these
cases, the discrepancies are at most 0.5 of intensity
unit. At Mondy and Aradan stations, the fullest corre-
spondence between the instrumental and macroseis-
mic estimates is observed with the PGA-based calcu-
lations. The instrumental intensity calculated from the
PGA × PGV product highly accurately coincides with
the macroseismic estimate at the Kungurtug site; a
good agreement in this case is also noted when using
peak accelerations (PGA) alone. A relatively good
consistency of the estimates is observed for the List-
vyanka locality. The instrumental and macroseismic
estimates agree worst at the town of Zakamensk where
the discrepancy in the ground shaking intensity esti-
IZVESTIYA, PHY
mated by different methods may reach one intensity
unit. Overall, we may state a fairly good consistency
between the instrumental and macroseismic intensity
of shaking induced by the Khuvsgul earthquake. Thus,
the obtained data support the applicability of the
equations proposed in ShSI-17 scale for calculating
shaking intensity from instrumental data in the condi-
tions of South Siberia. However, making more sub-
stantiated conclusions requires further accumulation
and comparison of the macroseismic information and
the data on strong ground motions from the earth-
quakes in a wide range of magnitudes.

It is also interesting to compare ground motion
attenuation in the case of the Khuvsgul earthquake
with data for other relatively strong earthquakes in the
Southern Baikal region. For instance, the attenuation
of the ground motion induced by the Bystrinskoe
earthquake (MW = 5.5, n September 21, 2020) in the
range of distances from 17 to 351 km is described by
the following formulas (Gileva et al., 2020):

(5)

(6)

The slower attenuation of the ground motion from
the Khuvsgul earthquake compared to that from the
Bystrinskoe earthquake can be attributed to the lower

= − Δ +2 2logPGA 4.67 1.75log ,H

= − Δ +2 2logPGV 2.84 1.50log .H
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Table 2. Ground motion parameters and shaking intensity from the earthquake based on the instrumental data

Detailed data on the subsoil, instruments, and coordinates of seismic stations are presented in (Zemletryaseniya …, 2020).
PGV are peak ground velocities; PGA are peak ground accelerations; fSA is frequency corresponding to the maximum of
the Fourier spectrum; IPGV, IPGA, IPGA × PGV is instrumental shaking intensity calculated from PGV, PGA and the product
PGA × PGV, respectively, using the equations proposed in ShSI-17 seismic intensity scale (GOST …, 2017); Imacr is the
shaking intensity from macroseismic data. Velocity waveforms from acceleration waveforms and vice versa are obtained by
the integration and differentiation in frequency domain with the allowance for frequency responses of seismometer chan-
nels; the Fourier spectra are calculated in DeepSoil software (Hashash et al., 2020).

Station Code Δ, km Instrument PGV, 
cm/s

PGА,
cm/s2 fSA, Hz

IPGV,
ShSI-17

scale

IPGA,
ShSI-17

scale

IPGA × PGV, 
ShSI-17

scale

Imacr,
macroscopic 

scale

Mondy MOY 57 OSP-2M 4.35 54.60 4.1 6.1 6.2 5.9 VI–VII
Orlik ORL 140 OSP-2M 4.75 13.90 3.9 6.2 4.7 5.2 VI
Kungurtug KNGR 218 Guralp CMG-5T 3.19 15.20 2.8 5.8 4.8 5.0 V
Talaya TAL 227 OSP-2M 1.01 6.40 1.6 4.8 3.9 3.9 IV–V
Zakamensk ZAK 228 OSP-2M 0.62 10.30 4.2 4.3 4.4 3.9 V–VI
Irkutsk IRK 284 Guralp CMG-5T 1.64 13.00 1.7 5.2 4.7 4.6 V
Listvyanka LSTR 311 Guralp CMG-5T 0.55 2.30 1.7 4.2 2.8 2.9 III–IV
Todzha TDJR 320 SKM 0.34 5.60 2.0 3.7 3.8 3.2 I
Tosontsegel TSCM 334 Guralp CMG-6T 0.38 3.40 1.3 3.8 3.2 2.9 –
Tyrgan TRG 435 OSP-2M 0.68 2.30 2.0 4.4 2.8 3.1 IV
Kabansk KAB 437 OSP-2M 0.59 4.10 1.8 4.2 3.4 3.3 –
Aradan ARDR 496 Guralp CMG-6T 0.52 1.66 2.0 4.1 2.4 2.7 II
Onguren OGRR 551 OSP-2M 0.33 1.50 1.7 3.7 2.3 2.4 –
frequencies of the motions. The data suggesting an
increase in the dominant period of the motions with
magnitude are presented by many authors. For exam-
ple, Graizer and Kankan (2007; 2009; 2011) analyzed
the spectra of the earthquakes with magnitudes from
4.9 to 7.6 and established the shift of the dominant
period from 0.15 to 0.5 s. The influence of structural
peculiarities of the medium on the propagation of seis-
mic oscillations is also not excluded.

Unfortunately, reliable information about macro-
seismic effects in the epicentral zone of the Khuvsgul
earthquake is absent because the territory is unpopu-
lated. Nevertheless, epicentral shaking intensity can
be approximately estimated based on Eq. (4) and mac-
roseismic field equation proposed by N.V. Shebalin
(1972):

(7)
where I0 is the epicentral shaking intensity; M is earth-
quake magnitude; H is the source depth in km; b, v,
and c are empirical coefficients.

Assuming the magnitude МS = 6.7, source depth
H = 8 km, and coefficients b, v and c for the Baikal
region equal to 1.5, 4, 4, respectively (Novyi …, 1977),
we obtain the intensity estimate I0 = 10.4 from the
macroseismic equation (7) and 9.6 from Eq. (4).
These values appear to be significantly overestimated
and inconsistent with the real situation. If we assume
the source depth at 14.3 km in accordance to GCMT,
the epicentral intensity estimated from the macroseis-

= − +0 log ,I bM H cv
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mic equation will be 9.4 and that from Eq. (4) will be
8.6. Thus, the calculations of epicentral intensity show
that the source depth of the earthquake appears to be
underestimated.

The ground shaking intensity at the epicenter can
also be calculated from the equation for the Mongo-
lian–Baikal region proposed in (Seismicheskoe …,
1977)

(8)
Equation (8) provides a more realistic estimate

according to which the epicentral intensity of the
shaking is 9.1.

CONCLUSIONS
− The MW = 6.7, ML = 6.9 Khuvsgul earthquake of

January 12, 2021 occurred in the region of the same
name fault and caused intense aftershock process on a
fault segment between two bends. The fault segment
encompassed by the aftershocks extends from the lake
towards the northwestern direction.

− The seismically activated fault is characterized as
the eastern boundary of the Tuva–Mongolian micro-
continent associated with the formation of the system
of subparallel rift depression perpendicular to the
other depression of the Baikal Rift zone.

− According to the seismic zoning data, the fault is
characterized as a zone of earthquake sources occur-
rence (earthquake source zone) prone to the earth-

= +0 1.33 0.2.I M
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quakes with magnitudes 7–7.5 (Kochetkov et al.,
1993).

− Neither instrumental nor paleogeological data
suggest high seismic activity in the epicentral zone of
the Khuvsgul earthquake. Based on the analysis of
seismicity evolution in the vicinity of the Bussingol
and Darkhat rift depressions, the forecast about the
preparation of a large earthquake in the region of the
Khuvsgul fault was made (Kochetkov et al., 1993),
which was validated by the 2021 earthquake.

− The aftershocks of only the first two months after
the main shock (a total of ~5000 events) allow us to
conclude that the areal development of the aftershocks
is nonuniform and that there is a connection with the
one-sided system of feathering (branch) faults which
provides the block structure of the epicentral region.

− Based on the strong motion and macroseismic
data for the Khuvsgul earthquake and based on the
regional macroseismic equation for the Baikal Rift
zone, the shaking intensity at the epicenter is esti-
mated at 9. It is noted that the spatial attenuation of
the ground motions from the 2021 Khuvsgul earth-
quake is slower than from the 2020 Bystrinskoe earth-
quake, which is due to the differences in the frequen-
cies of oscillations.
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