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Abstract—The active tectonics of northern Central Mongolia is studied between two largest W—E-trending
left lateral fault zones: the Khangai Fault and the Tunka—Mondy. These strike-slip zones are part of a single
ensemble of active faults in the Mongol—Baikal region, formed under conditions of maximum northeastern
compression and maximum northwestern extension. Their ENE-trending Erzin—Agardag and Tsetserleg
faults with a dominant sinistral component extend between these zones. A series of the N-trending graben
basins (Busiyngol, Darkhat, and Khubsugul) are located between the eastern end of the Erzin—Agardag
strike-slip fault and the western part of the Tunka—Mondy strike-slip zone. The basins form a sinistral defor-
mation zone, which is kinematically similar with the strike-slip faults, which follow the latter. In contrast to
the largest boundary strike-slip faults, this structural paragenesis formed under conditions of N—S-trending
relative compression and N—S-trending extension. A change in the orientation of the axes of the principal nor-
mal stress may be caused by the rotation of the block between the boundary faults. The area of graben-shaped
basins is located above the top of a vast volume of low-velocity mantle, which we have identified as the Khangai
plume. The lithospheric mantle above this rise is reduced; the remaining part of the lithosphere is heated and
softened. The large active strike-slip faults are located above areas of subsidence of the low-velocity top of the
mantle. Our trenching of the active faults showed that strong earthquakes repeated in the area of graben-shaped
basins more often than in the large strike-slip zones, but they were characterized by lower magnitudes.
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INTRODUCTION

The studied region spans northern Central Mongo-
lia and neighboring areas of Southern Russia: the
Khangai Highlands, the mountain systems of Eastern
Tyva and Cis-Khobsgol, the southern slopes of the
East Sayan, the Tunka and Ubsu-Nur basins and the
Great Lakes Depression (Fig. 1).

The elevation of the relief varies from 4000 m in the
south of the Khangai Highland to 700—750 m in
Tunka and Ubsu-Nur basins. At the same time,
throughout a significant part of the territory, except
for Southern Siberia and Mongolian Altai, the relief is
noncontrasting due to its relatively weak dissection.

In the west of the Khangai Highlands, outcrops of
the Precambrian basement, which underwent Early
Paleozoic tectonomagmatic reworking, dominate; to
the east, Early Paleozoic folded-thrust complexes

dominate. They are relics of the Paleoasian Ocean,
which developed from the Late Precambrian to the
Early Paleozoic [22]. The crust was consolidated near
the Silurian—Devonian boundary; in the eastern part
of the highlands it was affected by the Late Paleozoic
and Early Mesozoic tectono-magmatic reworking due
to impact of the Mongol—Okhotsk Ocean.

Continental conditions established in the consid-
ered region since the Late Paleozoic and Early Meso-
zoic. In the Jurassic and Early Cretaceous, there was a
structural relief, the formation of which in the east of
the region can be associated with the closure of the
Mongol—Okhotsk Ocean. The Khangai Highlands
was a provenance area of clastic material since the
Jurassic. This is evidenced by Jurassic coarse-grained
proluvial-type deposits in the Khan-Khukhiy Ridge
north of Lake Khirgis-Nur. The transportation of clas-
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Fig. 1. Topographical map of Western and Central Mongolia and adjacent part of Southern Siberia.

tic material from the Khangai Highlands in the Juras-
sic and Early Cretaceous is also evidenced from the
composition of deposits filled the early grabens of
Transbaikalia [2].

The period from the Late Cretaceous to Early Oli-
gocene was characterized by planation and relatively
weak tectonic movements; the peneplain was partially
covered by weathering crust [17, 21]. In the considered
region, a denudation peneplain with the relicts of
more ancient relief was formed, while to the south, in

Gobi Altai and neighboring depressions and plains, an
accumulative peneplain with a thin cover of fluvial and
lacustrine deposits formed [8, 9]. At the same time,
intensive subsidence of the South and Central Baikal
basins occurred [16, 35].

The main features of the regional neotectonics
were formed from the Late Oligocene and Neogene
(Fig. 2).

The Khangai Highlands were formed as an isometric
dome-shaped structure, elongated in the N—S direc-
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Fig. 2. Neotectonic map of northern Central Asia. Active faults: Bi, Bidj; Bo, Bogd; Gb, Gurvan-Bulag; Ms, Main Sayan,;
Dd, Dzun-Dgirgalant; Ko, Kobdo; Ob, Obruchev; St, Sayan—Tuva; Te, Teregtiin; Ukh, Umusion-Khairkhan; Kha, Khangai;
Tssh, Tsagan-Shibet; Tse, Tsetserleg; Sha, Shaptal; Ea, Erzin-Agardag; Er, Ertai; Sta, South Tannu-Ola; Fault zones: Go, Gobi-
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Altai; Ka, Kaakhem; Tm, Tunka-Mondy; Grabens: Bg, Busyngol and Belin, Da, Darkhat, Khu, Khobsgol. (/) Summit plane of

the basement surface on uplifts and the cover bottom in depressions (m); (2) sedimentary and volcanic filling of Cenozoic basins
and grabens; (3) boundaries of linear troughs, Selenga—Vitim and southeastern Mongolia; (4—§&) active faults: () major faults
with displacement rate of =1 mm/yr: (a) confirmed, (b) inferred; (5) other faults with displacement rate of <1 mm/yr: (a) con-
firmed, (b) inferred; (6) normal faults; (7) thrusts and reverse faults; (&) strike-slip faults; (9) epicenters of earthquakes with mag-

nitudes: (a) My="7-7/9, (b) M;=8.
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tion, most elevated in the south and lowered towards
Cis-Khobsgol in the north. A C-shaped belt of inter-
montane basins, including the Tunka and Tuva
basins in the north, Ubsu-Nur Basin and the Great
Lakes Depression in the west, and the Valley of
Lakes in the south, formed around the Khangai
Highlands. The thickness of Cenozoic deposits that
had accumulated since the Upper Oligocene
increases to the north from 370 m in the Valley of the
Lakes, 500 m in the Great Lakes Depression, and
700—800 m in the Ubsu-Nur Basin, to 2400—2500 m
in the Tunka Basin [8, 20, 25, 65].

Linear fold-and-block uplifts of East Sayan, Tuva,
Mongolian, and Gobi Altai were formed on the outer
side of the belt of basins. Smaller linear uplifts devel-
oped between the belt of depressions: the Tannu-Ola
Ridge between the Tuva and Ubsu-Nur basins and the
Khan-Huhiy Ridge between the Ubsu-Nur Basin and
the Great Lakes Depression. The significant similarity
between the Upper Miocene sections on the northern
slopes of the Ubsu-Nur Basin and the Great Lakes
Depression makes it possible to suggest that they were
deposited in a single sedimentary basin. This means
that there was still no extended Khan Huhiy Ridge,
which formed later, in the Pliocene—Quaternary.

The increased heterogeneity of the relief in the
Pliocene is indicated by the occurrence of coarser flu-
vial deposits in the marginal parts of the Great Lakes
Depression [8]. The uplift of the Khangai Highlands
in Pliocene—Quaternary is also evidenced by the stair-
way of terraces up to 250 m high in the Selenga, Chu-
lutu, and Orkhon river basins that cut into the north-
eastern slope of the highlands.

In the Pliocene—Quaternary, a network of active
faults was formed in Central Mongolia [31, 32, 37, 46].
Most faults with signs of Late Pleistocene—Holocene
activity are structurally interconnected and can be
interpreted as elements of a single system of deforma-
tions caused by the interaction of lithosphere blocks.
Some elements of this system are inherited from earlier
stages of development up to the Paleozoic. However,
faults as an integral system became pronounced only
since the Early Pleistocene. Active faults limit and
crosscut various elements of the neotectonic structure.
The predominance of a strike-slip component in faults
is a common feature of the fault system.

Northern Central Mongolia is bounded by two
major W—E-trending sinistral strike-slip zones, the
Khangai in the south and Tunka—Mondy in the north
(Fig. 2), with the Erzin—Agardag and Tsetserleg active
faults between them. In the north of the region, there
are three N—S-trending grabenlike depressions (from
west to east): the Busiyngol Basin, which continues to
the north as the Belina, as well as the Darkhat and
Khobsgoll basins, the marginal faults of which also
bear signs of Late Quaternary activation.

The present paper aims to characterize the major
active faults of the region between the Khangai and

Tunka—Mondy zones of active sinistral strike-slip
faults and determine their relationships and correla-
tions with the neotectonic and deep structure of the
region.

MATERIALS AND METHODS

To determine the location, structural pattern, and
kinematic parameters of active faults and fault zones,
the published data, including those presented in [51],
were refined using remote sensing data and detailed
elevation models created on their basis. More accu-
rate data on some of the known faults were obtained
and new faults were identified during field work using
unmanned aerial vehicles (quadcopters) such as
DJI Mavic Air Pro 2.

Recent seismic ruptures associated with earth-
quakes of 20th—21st centuries, amplitudes and direc-
tions of earlier displacements along the faults, geologic
and geomorphologic position of the displacements
were determined in the field.

To study the structure of seismic ruptures induced
by earthquakes of 20th—21st centuries, as well as to
identify and parameterize paleoearthquakes, trench-
ing was carried out in the Tsetserleg and West
Khobsgol fault zones and in the south of the Darkhat—
Khobsgol interdepression bridge in the valley of the
Belemiyn-Gol River. In addition, the previously
obtained data on paleoearthquakes in the Khangai
fault zone were reinterpreted [30].

Radiocarbon dating of 16 samples of carbonaceous
deposits collected in the fault zone were performed in
the Laboratory of Isotope Geochemistry and Geo-
chronology of the Geological Institute of the Russian
Academy of Sciences (Moscow, Russia) (analyst
M.M. Pevzner). The conversion of laboratory dates
into calendar ones was performed using the OxCal
software [48] based on the IntCall3 calibration curve
[60]. Samples of carbonaceous deposits collected
during the field works in 2021—2022 were studied in
the laboratory of the Institute of Archaeology and
Ethnography of the Siberian Branch of the Russian
Academy of Sciences (Novosibirsk, Russia). The cali-
bration of radiocarbon ages obtained was performed
on the basis of the IntCal20 calibration curve [61].

A structural map of the roof of the Khangai plume
was compiled from the 8Vp = —0.5% isosurface based
on the MITPOS velocity model [55].

ACTIVE FAULTS IN THE STUDY AREA
Khangai (Bolnai) Fault Zone

This zone extends for a distance of more than
500 km, crossing the Khangai Highlands and continu-
ing westward along the Khan Huhiy Ridge (see Fig. 2).
In the west, the fault zone is adjacent to the Tsagan—
Shibety N—NW-striking obliquefault (dextral with
reverse component), which is the northern fault in the
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eastern active fault zone of Mongolian Altai. In the
Khangai fault zone, numerous Quaternary sinistral
strike-slip displacements of landforms with amplitudes
ranging from a few meters to 4 km were detected [32].

The conjugate Khan Huhiyn (Teregtiyn) according
to [64]) dextral oblique-slip fault 80 km long departs
from the Khangai Fault in the southeastern direction.
The conjugate Bayan-Dungan dextral strike-slip
fault follows from the area of convergence of the
Khangai Fault with the Tsetserleg fault to the north
and further to the north-northeast being traced for a
distance of 34 km.

The strong Bolnai earthquake occurred in the Khan-
gai fault zone on July 23, 1905 (M, > 8) [23, 36, 37]. The
earthquake epicenter was located near the conjunction
zone of the Teregtiyn and Khangai faults, seismogenic
displacement propagated along the Khangai Fault lat-
erally, more to the east than to the west [64] (Fig. 3).

The Bolnai earthquake induced sinistral displace-
ments with amplitudes up to 5—6 m [6]. The activated
part of the fault zone (about 375 km) has been studied
in detail [32]. The seismic rupture usually coincides
with the active fault zone or deviates from it by up to
20 m. The deviation increases to 0.7 km near Lake
Bust Nur and to 1.7 km near Lake Urtyn Nur.

The seismic rupture is expressed either as a compact
strike-slip fault, or as en echelon series of NE-striking
extension fractures up to the first tens of meters long,
or as a zigzag-shaped combination of such extension
fractures with NW-striking hummocks and extrusion
ramparts.

According to [32], the westernmost signs of the
1905 seismo rupture were found near the village of
Tsagan-Khairkhan. The strike-slip amplitude rapidly
increases to the east up to 2—2.5 m up to the junction
with the Teregtiyn Fault near the village of Under-
Khangai.

To the east of the junction, the strike-slip ampli-
tude sharply increases to 3.5—4 m near Dzun-Khangai
village. To the east, it reaches 5.5 = 0.5 m and
remained unchanged for 200 km until the fault crosses
the Jarantayn Gol River valley.

Further east, the strike-slip amplitude decreases
toward Lake Sangiin-Dalai-Nur. Then, 20 km east of
the lake, the seismic rupture attenuates. Vertical dis-
placements are variable and significantly smaller than
lateral displacements. In most cases, the southern side
is uplifted. Seismic ruptures are vertical or inclined
toward the uplifted side not less than 75°. This is evi-
dence of overthrust kinematics of the vertical displace-
ment. Analysis of detailed satellite images showed that
the total length of the segment of the Khangai Fault
activated in 1905 reaches 388 km [50].

Simultaneously with the Khangai Fault, the Tereg-
tiyn Fault with dextral displacements up to 1.5—2 m
was activated in 1905. The vertical component of dis-
placement is variable, but in most cases the northeast-
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Fig. 4. Bayan-Dungan seismic rupture, 1905 year (photo from quadcopter).

ern wall is uplifted by 0.2—0.5 m. The fault is NE-dip-
ping at angles of 65°—75°, indicating overthrust kine-
matics of vertical displacement. The 1905 slippage
along the fault followed earlier displacements of the
same kinematics.

The Bayan—Dungan fault is expressed on the Qua-
ternary accumulative plain by a zigzag-shaped combi-
nation of nonextended extrusion ramparts and exten-
sion ruptures filled with latest deposits (Fig. 4).

The good preservation of these landforms suggests
that it was also activated by the 1905 seismic events.
The amplitude of the 1905 dextral strike slip is esti-
mated at 0.3 m. Earlier 3.5—4-m strike-slip displace-
ments, indicating recurring movements, have also
been detected.

The first attempt at determining the average strike
slip velocity along the Khangai Fault in Holocene was
made in [30]. The revision of these materials made it
possible to revise the estimates of the average velocity
of Late Holocene lateral displacements and their cor-
relations with strong earthquakes.

To identify paleoseismic events, we used the
method proposed by R. Wallace [67] to identify dis-
placements along the San Andreas Fault during the

California earthquake of 1857. Wallace pointed out
that there is a series of 9—12 m displacements related
to this earthquake among the total number of small
streams displaced along this faults. Larger amplitude
maxima of displacements may be the result of the
summation of displacements during the California
and previous large earthquakes.

To apply such approach, the sections of the Khan-
gai Fault to the southeast of Dzun-Khangai village were
investigated in detail for a distance of 10 km and on the
northern slope of the Dagan-Del Ridge for 15 km,
where displaced streams and other landforms are
especially numerous (see Fig. 3).

In total, 106 landforms displaced by up to 52 m
were investigated in these sections of the Khangai
Fault. It was revealed that the distribution of displace-
ment values is irregular: 38 landforms were displaced
by 5—6 m, obviously during the 1905 earthquake. Six
more maxima of displacements as a multiple of this
value were identified:

— ~11 m (3 landforms);
— 16—17 m (22 landforms);
— ~22 m (3 landforms);

GEOTECTONICS  Vol. 58 No.2 2024
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Fig. 5. Schematic sections of pits in Khangai Fault zone (after [30], modified). For position of pits, see Fig. 3. (/) Modern soil;
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— 28—29 m (7 landforms);
— ~33 m (5 landforms);
— ~39 m (5 landforms).

We interpreted these as a sequential buildup of total
displacement by movement at another previous seis-
mic event. The total displacement at the seven events
being identified reaches ~39 m.

Tracing the 1905 displacement along the Khangai
Fault showed that the seismic ruptures were located in
en echelon relative to each other. Small pool-apart
depressions filled with lacustrine-marsh deposits
appeared between them. The damming of small streams
due to seismogenic slip caused a similar effect. We sug-
gested that such local depressions were created or deep-
ened at strong earthquakes. In eight pits dug in the
depressions, we found peat horizons (pit 1) or loam (all
other pits) enriched with sapropel-type organic matter,
which accumulated under lacustrine—bog conditions,
probably after subsequent deepening of depressions
during strong earthquakes (Fig. 5).

During the time intervals between the accumula-
tion of these OM-bearing deposits, the depressions
were filled with slope and deluvial detrital deposits. In
addition, the flowal depressions were also filled with
alluvial deposits. Sixteen radiocarbon dates of carbo-
naceous deposits were obtained (Table 1).

If calendar dates similar in age were obtained for
the material from at least two pits, we interpreted the

GEOTECTONICS Vol.58 No.2 2024

time intervals including these dates as upper age limits
of paleoseismic events that caused deepening of
depressions. Two dates obtained were excluded from
consideration:

— no. 3290 in pit 2 because the uncertainty interval
of the date was too large;

— no. 3296 in pit 6 because the date was not
repeated in other pits.

As a result, we identified six time intervals that
characterize strong paleoseismic events that caused
deepening of depressions (Fig. 6).

When estimating the age of these seismic events,
the location of radiocarbon sampling site within the
carbonaceous horizon was taken into account. For
event II, dates for two samples were obtained (see
Table 1):

— 836 = 60 BP for sample 3264 of pit 7;
— 1012 % 58 for sample 3033 of pit 8.

The second date was obtained for the sample,
which was collected closer to the lower boundary of
the horizon and, accordingly, became preferable for
dating. Sample 3032 taken from the upper part of the
carbon-bearing horizon in pit 8§ was not taken into
account.

As a result of complex analysis of the obtained data,
seven strong seismic events were identified. The ages
of the paleoearthquakes may be slightly older than the
radiocarbon dates because not in all cases the sample
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Table 1. Results of radiocarbon dating (in years) of carbon-bearing horizons in sections of pits in Khangai Fault zone

Calendar dates, calculated in 2023
Pit no. Sample GIN RAS no. Laboratory date, years

date date ranges

7 3264 920 £ 60 (1983) 836 = 60 776—896
8 3033 1090 + 50 (1982) 1012 = 58 954—1070
5 3266 1300 = 250 (1983) 1230 + 255 975—1485
2 3288 1400 = 100 (1983) 1318 £ 105 1213—1423
2 3290 1780 £ 200 (1983) 2020 = 920 1100—2940
1 3293 2360 + 100 (1983) 2443 £ 156 2287—-2599
8 3262 2370 + 80 (1983) 2461 £ 136 2325-2597
8 3032 2690 + 110 (1982) 2809 + 147 2662—2956
6 3297 2950 = 150 (1983) 3118 = 179 2939-3297
8 3265 2990 + 90 (1983) 3160 + 123 3037—3283
6 3296 3280 £ 180 (1983) 3526 + 230 3296—3756
7 3034 3720 £ 160 (1982) 4094 + 223 38714317
2 3291 3870 £ 180 (1983) 4298 + 255 4043—4553
3 3274 4210 + 80 (1983) 4726 £ 110 4616—4836
4 3035 4280 = 250 (1982) 4865 + 343 4522—-5208
2 3295 4340 + 20 (1983) 4902 + 37 4865—4939

was taken at the lower boundary of the carbonaceous
horizon. We believe, however, that these differences
are insignificant.

As seen in Table 1, there were different time inter-
vals between earthquakes:

— ~250 years (between events I and 111);

— ~700 years (between events IV and V and events
VI and VII);

— ~900 years (between events I and II);
— ~1000 years (between events V and VI);
— ~1200 years (between events I1I and IV).

Note that large time intervals preceded the events
expressed by the largest number of displaced land-
forms, i.e., manifested over a significant extent of the
fault zone. The average recurrence interval of strong
earthquakes is ~800 years. Over the last ~5000 years,
sinistral displacement accumulated by ~39 m, result-
ing in an average strike-slip rate of 7—8 mm/yr.

Later, the shear rate for a longer time interval was
estimated at 2.5 mm/yr by the 'Be method [63].

Tunka—Mondy Fault Zone

This zone bounds a chain of Tunka basins from
the north: Mondy, Khoitogol, Tunka, Tora, and
Bystrinskaya from west to east (Fig. 7).

The basins are separated by bridges, and the
Bystrinskaya Basin is separated by the Kultuk bridge
from the western end of the South Baikal Basin. Judg-
ing from the volcanosedimentary section of the largest
Tunka Basin, the belt of basins developed from the Late

Oligocene to the present. Geological and geomorpho-
logic data available indicate the asymmetry of the
depressions and the prolonged development of a fault
zone with a normal fault component of displacements
and a lowered southern flank along the northern side of
the basins belt [17]. It is possible that this long-lived
fault zone had a sinistral strike-slip component of
movements. The active Tunka-Mondy fault zone fol-
lows this older zone.

Numerous left lateral displacements were detected
along the Tunka-Mondy zone of active faults. The fault
zone is segmented. The western segment is represented
by the Mondy Fault, the western part of which is the
northern boundary of the Khobsgol graben. In the west
of the Khoitogol basin, the Mondy Fault is substituted
from the north by the Tunka Fault, which in the east is
adjacent to the southeastern segment of the Main Sayan
Fault. The total length of the active fault zone exceeds
400 km. In the east this zone adjoins the active faults of
South Baikal.

The strike-slip rate along the Mondy Fault was
estimated at 1.1—1.5 mm/yr, with an thrust compo-
nent rate of ~1 mm/year [4, 42, 49]. The subsequent
detailed works within the Mondy depression [45] con-
firmed the uplift of the southern flank of the fault and
the southward inclination of a fault plane at angles of
65°—75°. This is evidence of the presence of an reverse
component of displacements opposite to the vertical
displacement at earlier stages of development.

The sinistral slip rate has been determined as
~1.1 mm/yr. The uplift rate of the southern flank is

GEOTECTONICS  Vol. 58 No.2 2024
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Fig. 7. Tunka—Mondy fault zone and Tunka system of depressions (after [45], modified). Lower hemisphere projection of
focal mechanism of Mondy earthquake (1950) (after [52]); kinematics of faults (after [40, 41, 62]). Depressions: Mon, Mondy;
Khoi, Khoitogol; Tun, Tunka; Tor, Tora; Bys, Bystrinskaya; bridges: KhB, Khara-Daban; BB, Bystrinskiy; spurs: NS, Nilovskiy;
ES, Elovskiy. Paleoseismic dislocations (Arabic numerals): 1, Arshan; 2, Tora; 3, East Sayan. /, normal faults; 2, thrusts and

reverse faults; 3, strike-slip faults.

~1.0 mm/yr; and that in the direction of the motion
vector, ~1.5 mm/yr over the last 13 ka.

Along the Tunka Fault, the strike-slip rate increases
to 1.5 mm/yr with a vertical component rate of 1 mm/yr
[43]. In the most active southeastern part of the Main
Sayan Fault, the sinistral rate reaches 1.4 = 0.1 mm/yr
and decreases northwestward of the junction with the
Tunka Fault, passing to the latter [62].

The Mondy earthquake on April 4, 1950, with
M, = 6.9 occurred in the Mondy Fault zone. In the
west of the Mondy fault, traces of three paleoseismic
events with a recurrence interval of 4.1—4.6 ka were
presumably identified, while in the east of the Mondy
fault—traces of four seismic events with a recurrence
interval of 3.9—4.3 ka [45].

Along the Tunka fault and in the southeast of the
Main Sayan Fault traces of strong paleoearthquakes
were found [26, 41]:

— Arshan paleoseismic dislocation (north of the
Tunka Basin);

— Tora paleoseismic dislocation (north of the Tora
Basin);

— East Sayan paleoseismic dislocation (in the
southeast of the Main Sayan Fault).

In the Tora and East Sayan paleoseismic disloca-
tions, traces of four strong seismic events with a recur-
rence interval of 3.9—4.2 ka have been revealed [62].
The correlation of paleoseismic events in different

parts of the fault zone shows that they are similar in
age within the accuracy of measurements. This sug-
gests that during the last 13—14 ka the Tunka—Mondy
zone has been activated throughout its entire length
during the epochs of common seismic clusters [45].

Tsetserleg Sinistral Strike-Slip Fault

Although the Tsetserleg fault is en echelon relative
to the Khangai Fault, no direct conjunction of these
two faults is observed. The Tsetserleg Fault pro-
nounced on the surface starts 21 km northeast of Lake
Oigon Nur and follows northeastward and further
eastward, crossing the Khangai Highlands and form-
ing a northwestward-convex arc (Fig. 8).

The fault consists of three segments. Each more
easterly located segment builds up en echelon a more
westerly segment from the south. The substitution of
the southwestern segment by the central segment
occurs on the right (northern) side of the Tesiin Gol
(Tes-Khem) River valley, where the ends of the seg-
ments are spaced 0.6—0.8 km apart. The Tsetserleg
earthquake occurred within the fault zone on July 9,
1905. According to [64], its magnitude was M,, = 8.0, the
epicenter was located in the southwest of the central seg-
ment, and seismic ruptures and displacements spread
over 190 km more to the east than to the southwest.

We investigated the 130-km western part of the
1905 seismic rupture zone, covering the southwestern
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Fig. 8. Active faults, epicenters of strong earthquakes after 1900, and mechanisms of earthquake sources between Khangai and
Tunka—Mondy zones of active strike-slip faults (after [51, 55, 59, 68], modified). Main faults: Kha, Khangai; Ts, Tsetserleg;
EA, Erzin-Agardag; Ka, Kaakhem; Kz, Kyzylkhem; Be, Belna; Bu, Busiyngol; WB, West Busiyngol; Ky, Kungurtug: Shi, Shish-
khidgol; Sd, South Darkhat; Nd, North Darkhat; WH, West Khobsgol; TM, Tunka—Mondy. Sites of detailed field works are out-
lined by rectangles. (/) earthquake epicenters with magnitudes: a, >8; b, 7.5-7.9; ¢, 6.5—7.0; d, <6.5; (2) active faults: (a) major
(with average displacement rates >1 mm/yr), (b) moderate (<1 mm/yr), (¢) minor.

and partially central segments of the fault zone. The
southwestern segment extends along an azimuth of
50°—60° NE. The main seismic rupture is represented
in most cases by en echelon series of extension
trenches extending in an azimuth 20°—30° NE, or by a
zigzag-shaped combination of trenches with mounds
and squeezing shafts oriented along an azimuth of
285°=290° WNW [32].

The amplitude of the sinistral displacement
reaches 3—3.3 m on the northeastern bank of the
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Tesiin-Gol River, where the fault plane is vertical. The
roots of older larch trees within the seismic rupture
zone were faulted and displaced during the earth-
quake. Younger larches show no signs of deformation
that indicates no significant displacements after 1905.

In the central segment, the amplitude of the sinis-
tral strike-slip fault at the 1905 earthquake is close to
2.5m [37]. In both segments, the shear zone is accom-
panied by uplifting the northern sides of the seismic
ruptures, which does not exceed 0.6 m in the south-
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western segment and reaches 1.5—2 m in the central
segment. In the area of the echelon substitution of the
segments, the vertical displacement is variable. In some
places, the southern sides of the seismic ruptures are
upthrown, and short echelon series of extension frac-
tures appeared south of the end of the central segment.

In the central segment of the Tsetserleg Fault,
sinistral displacements of landforms with an ampli-
tude of up to 124 m, apparently related to earlier dis-
placements along the fault were detected. In the
extreme east of the studied part of the fault (Ikhe-
Bogdo-Ula Mountain and its environs), the seismo-
genic rupture divides into a number of low-amplitude
scarps and extension fractures and becomes less
expressive.

The maximum sinistral displacement was detected
in 2022 at the intersection of the fault zone with the
Tesiin Gol River valley, where the southwestern seg-
ment of the fault is substituted with the central seg-
ment. The accumulated displacement is expressed by
two bends of the Tesiin Gol River channel along the
two indicated segments (Fig. 9a).

The total amplitude of the displacement reaches
6.75 km. To the southwest, a left tributary of the Tesiin
Gol River at the intersection with the Tsetserleg Fault
is knee-shaped leftward for ~4 km. Upstream the
crossing the valley widens considerably with signs of
damming.

On the floodplain of the right bank of the Tesiin
Gol River, the signs of the Tsetserleg Fault are partially
veiled by recent fluvial erosion, accumulation, and
permafrost processes and sediments of the Shavaryn
Gol River, that is the right tributary of the Tesiin Gol
River. The fault is traced by few echelon fractures, dry
channels and bayou extending along the fault strike,
and small wetlands confined to areas of extension in
places where the fault line is displaced to the left.

Beyond the floodplain, the 1905 seismic rupture is
more pronounced due to the occurrence of a system of
extension fractures and compression shafts reflecting
the sinistral kinematics of the strike-slip fault. In open
areas, the fractures are filled with soil material and
covered with relatively dense vegetation. The fractures
in forested arecas on slopes of northeastern exposure
still look like the fresh gaping ditches.

On the left, southwestern, bank of the Tesiin Gol
River, the Tsetserleg Fault crosscuts the terrace above
the floodplain, the flat surface of which dips gently
north-northeast to the high floodplain of the river (see
Fig. 9b).

The terrace cover consists of slope and floodplain
sandy—gravel deposits. In the northeastern part of the
terrace, a fault extends along its rear side, at the base of
a steeper eroded slope rising to the southeast. Dry
channels of temporary streams incised into the terrace
surface are displaced leftward along the rear-side line
relative to their headwaters. The maximum displace-
ment is 124 m, which reflects accumulated displace-
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ment along the fault. The minimum displacement of
4.8 m probably corresponds to the displacement
amplitude of the 1905 earthquake.

The geomorphological records of this earthquake,
represented by a set of characteristic landforms
reflecting the sinistral slip kinematics, are well pre-
served. Along the rear side of the terrace, en echelon
series of extension fractures forms a relatively narrow
zone (~15 m) extending along the Tsetserleg Fault to
the northeast along an azimuth of 55°—60°. The frac-
tures extend along azimuths of 30°—50°, i.e., at angles
of 5°—10° to 30° to the fault line. The cracks are up to
35 min length and 1 m in depth.

Southwestward, the fracture zone is traced to the
gently-dipping terrace surface, moving away from the
rear side. As a result, the zone becomes less mani-
fested. Here the width of the fracture zone increases to
40—45 m and their length increases, reaching 50—60 m
in some cases. The orientation of the fractures
becomes more consistent in the direction of 30° NE.

In this segment, a rupture up to 0.5 m deep
stretches along the fault (along an azimuth of 60°) for
430 m. The southwestern end of the rupture rests on
athe 85° ENE-trending reverse fault scarp. Its north-
ern side, opposite to the general northern slope of the
terrace surface is raised. The height of the scarp
reaches 1 m.

To the north of the reverse fault scarp, the surface
is complicated by numerous tension fractures, the
length of which increases and can reach 120 m. There
are also small extrusion ramparts in the disturbed zone.

To the southeast, a smoothed NE-striking scarp
with a slightly uplifted northwestern side was identi-
fied on the erosion slope. Its poor preservation may
indicate an older age and the manifestation of an ear-
lier seismic event.

In 2022, we cut two trenches within the Tsetserleg
Fault zone to detect traces of paleoearthquakes (Fig. 9c).

A trenching site was chosen at the rear side of the
suprafloodplain terrace on the left bank of the Tesiin Gol
River, about 30 km southwestward from the supposed
epicenter of the 1905 earthquake according to [64]. The
trenches were cut across the strike of two extension
troughs expressed in the topography.

The first trench (T-1) was cut across the “fresh”
1905 trough. It is a symmetrical minigraben about
1.5 m wide in section view, filled with recent soil (up to
0.7 m thick). No traces of previous displacements were
found.

The second trench (T-2) exposed a section of an
older tilt, represented in relief by 20—30 cm-deep a lin-
ear depression and a ~20-cm high scarp. The trench was
cut 2.5 m upslope above the 1905 rupture (Fig. 9c). The
average surface tilt increases from 15° (linear depres-
sion) to 20° (scarp) and 25° (1905 trough). Probably,
this is determined by three stages of faulting.
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Fig. 9. Tsetserleg Fault in area of its intersection with Teisiin Gol (Tes-Khem) River Valley. (a) Structural scheme of Tsetserleg
Fault (trenching site is shown by rectangle); (b) Tsetserleg Fault at trenching site; (c) general view of trenches T-1 and T-2.
(1) Fault plane on surface; (2) traces of 1905 earthquake; (3—35) seismodislocation of 1905 earthquake: (3) strike-slip seismic
trough, (4) reverse fault scarp, (5) extension fracture; (6) flood-plain; (7) ancient tectonic scarp; (&) thalweg of temporary water
stream displaced by fault; (9) location of trenches; (/0) road.
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(b)
GV-4283

Fig. 10. Transverse trench T-2 of ancient trough in Tsetserleg Fault zone. (a) Photo of trench; (b) section of trench. Ruptures (red
lines); layering of alluvial deposits (black dashed lines); sampling site for radiocarbon dating (GV-4283) are shown. Circled num-
bers: (1) steppe sandy brown soil (humic horizon), (1a) buried fragment of paleosol; (2) brown silt loams with lenses of gravel-
gruss material and rare rubble (slope deposits), (2a) redeposited loams from same horizon; (3) cross-bedded alternation of well
sorted silt sands with lenses of coarsely sorted sandy-gravel material (floodplain alluvium).

A linear trough was uncovered in the southeastern
part of the trench, formed by counterdipping stepped
normal faults (Fig. 10).

All layers of the exposed section dip stepwise. In
the graben between the normal faults, the bottom of
the recent steppe brown soil is subsided. This horizon
is underlain by sands, which encloses a fragment of
humus horizon of paleosol la (Fig. 10). A sample
from the buried soil humus lens was taken for radio-
carbon dating. A calibrated age of 3319—3506 years
ago (the radiocarbon date of 3164 * 35 years, labora-
tory code of the sample is GV-4283) was obtained for
humic acids.

It can be assumed that the paleosol was buried as a
result of seismotectonic movement, which led to the
formation of the linear trough pronounced in the

topography after the deposition of the soil layer of
3319—3506 year ago.

The younger scarp in the northwestern part of the
trench is formed by stepped normal faults that form,
the wall of an asymmetric graben. Its opposite side is
less pronounced. However, here there is a bending
rupture with vertical displacement of the base of slope
deposits. In the upper part of the section the bottom of
the recent steppe soil is observed. At the same time,
part of the brown soil horizon was buried by redepos-
ited slope sandy loam 2a, above which the sod horizon
of recent soil accumulated (Fig. 10).

It can be suggested that traces of another displace-
ment following the first one are recorded here. Thus,
the trench opens traces of two different-age single-act
displacements that occurred during the last 3319—
3506 years and preceded the 1905 earthquake.
No. 2 2024
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Erzin—Agardag Sinistral Oblique-Slip Fault

The Erzin-Agardag Fault stretches within the
Ubsu-Nur Basin 240 km west of the Tsetserleg Fault
(Fig. 8). It starts in the northern foothills of the Khan
Huhiy Ridge and crosses the Ubsu-Nur Basin in the
northeastern direction along an azimuth of about 60°,
coinciding with the strike of the Tsetserleg Fault.
Within the depression, the fault is traced for 240 km. It
crosses its northeastern boundary, outlining the
Ostrokonechny Ridge from the northwest. Further,
the fault acquires a sublatitudinal strike and is traced to
the southern end of the Terekhol Basin, which joins
the Busiyngol graben zone [1].

Despite a number of studies [1, 27], neotectonic
activity, movement rate, and cyclicity of seismic events
along the Erzin-Agardag Fault have been poorly stud-
ied to date. Throughout its entire length, the fault
bears sign of sinistral strike slip with a reverse compo-
nent in some segments. Sinistral deformations is con-
fidently established by the displacements of perma-
nent and temporary streams along the surface outcrop
of the fault plane.

The established minimum displacement amplitudes
of stream channels identified in the Mount Khairakan
area is 5—7 m, which is close to one-time displacements
at the earthquake. Accumulated strike-slip displace-
ments ranging from 280 m to 1.5 km are recorded in the
northeast of the Ubsu-Nur Basin, along the knee of the
Tesil Gol River (Tes-Khem) and the isolated fragment
of slope of Mount Khairakan [1, 27].

The different segments of the Erzin-Agardag have
been excavated by trenches in two places.

The first trench was cut in the southwest of the
Erzin-Agardag Fault within the Khirgis-Nur Basin [1].

The second trench was cut in the northeast of the
Ubsunur depression at the foot of Mount Khairakan [27].

The traces of seismic events and local minor verti-
cal displacements are visible in both trenches. The
main component of displacement is horizontal. The
second trench opened a complex “flower” structure
characteristic of the strike-slip kinematics of the fault
and traces of several different-age seismic events.

The dry climatic conditions of the region do not
favor the accumulation of deposits enriched with
organic matter. Due to this, paleoearthquakes are dif-
ficult to date. Thus, there is still insufficient informa-
tion for periodization of seismic events and estimation
of fault velocity.

Busiyngol, Darkhat, and Khobsgo! Grabens

The Cis-Khubsugul grabens form a the W—E-trend-
ing system of N—S-trending troughs separated by steep
and high mountain massifs (see Fig. 8). These struc-
tural landforms are very contrast: Lake Khobsgol is as
deep as 262 m, while the mountain massifs rise steeply
1500—2000 m above the depressions and represent
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typical highlands, often with alpine landforms. The
knowledge of the sedimentary cover of these depres-
sions is based on gravity, seismic, and drilling data [15,
34, 54, 57]. The Cis-Khobsgol troughs are filled with
facies variable lacustrine, alluvial, proluvial, glacial,
fluvioglacial, and aeolian deposits. The deepest well
penetrated the sequence of the Late Pliocene—Qua-
ternary lacustrine deposits in the Darkhat Basin to a
depth of 211 m [15].

The sediment thickness, size, and morphological
expressiveness of the Cis-Khobsgol troughs decrease
from east to west with distance from the Baikal Basin.
The thickness of the sedimentary cover in the depres-
sions is as follows:

— 500—700 m (Khobsgol) [34];
— 450 m (Darkhat) [15].

The Busiyngol graben and the Belina graben
located northward are slightly filled with sediments.
Starting from 5.5—6 Ma, the formation of sediments of
Lake Khobsgol marks the beginning of the neotec-
tonic (late orogenic) stage [34]. The lacustrine depos-
its of this age overlie alluvial deposits and basalts dated
t0 9.5 Ma [58].

The spore—pollen date older than 4 Ma also pro-
vides insight into the lower age limit of the initial stage
of the neotectonic activation in the Cis-Khobggol,
when the existing sedimentation regime was violated
and the exposed Pliocene strata became the object of
denudation [10].

The onset of the late-orogenic tectonic stage is
fixed by the latest stage of basaltic volcanism in the
Lake Khobggol area (5—4 Ma), which was preceded
by several stages of volcanic activity: 8—12, 12—16, and
18—22 Ma [58]. The age of the “valley” basalts is the
Early Pliocene (4.93—4.18 Ma), in addition to the age
of lava complexes of small shield edifices (5.84—
5.10 Ma), allows us to presumably estimate the age of
the onset of the emplacement of the Darkhat Basin as
the Late Miocene—Early Pliocene [38].

The Busiyngol graben and continuing it to the
north Belina grabens are considered the main
magma-providing structure at the recent stage of vol-
canism in East Tyva [28]. This structure determines
the location of almost all volcanic centers of the East
Tyva lava highlands. The age of basaltic lavas here is
considered the youngest for the Cis-Khobsgol Basin
system: 2.8—2.1, 1.6, 1.2, 0.76—0.725, 0.6—0.56, 0.35—
0.29, and 0.048 Ma [28].

On the western wall of the Darkhat Basin, basalt
lava filled the Shishkhid Gol River valley and formed
awell pronounced terrace. The height of this terrace is
only a few meters, whereas within the adjacent moun-
tain massif from the west, its height gradually increases
to 80—90 m [10], fixing the absence of significant faults
in the western side of the basin. The Miocene basalt
plateau at the low, weakly deformed eastern side of the
Khobsgol Basin has a similar structure [58]. This mor-
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phology determines the pronounced asymmetry of the
Khobsgol and Darkhat basins.

The Busiyngol Basin has a less clearly pronounced
asymmetric structure, since the eastern tributaries of
the Busiyn Gol River, unlike the western tributaries,
are sharply bent when flow out of the mountain massif
due to tectonic scarps of hanging valleys [5]. The rea-
son of the asymmetry of the Busiyngol Basin is that its
western side does not have such a sharp boundary as
the eastern one. According to remote sensing data, the
faults along the western side of the depression are
characterized by smaller values of the Late Cenozoic
displacements and form a series of relatively short
(10—15 km) segments that cut glacial landforms and
Holocene river terraces.

The Belina trough was described by V.V. Vdovin [5]
as a narrower bilateral graben. The reason for its differ-
ence from the Busiyngol trough could be an active
W-—E-trending strike-slip fault separating these struc-
tures and tracing along the Kyzyl-Khem and Shish-
khid Golriver valleys [5]. The frequent traces of cracks
and rockfalls on slopes are considered traces of strong
earthquakes.

Busiyngol Basin. A system of fault scarps as long as
20 km, which cut young cones and moraine deposits,
was mapped along the eastern wall of the Busiyngol
Basin based on aerial photographs [37].

The Busiyngol earthquake with M, = 6.5 occurred
on December 27, 1991, in the mountain frame to the
east of this depression. This seismic event led to seis-
mic activation in the region unique in duration and
pulsating mode [11]. The focal mechanism is consid-
ered a strike slip, dextral on the N—NW-striking plane
or more probable sinistral on the E—NE-striking plane.

According to the distribution of aftershocks, the
earthquake focal zone is confined to the E-NE strik-
ing auxiliary fault adjacent to the Busiyngol depression
at an acute angle. This fault continues en echelon to
the north the Kungurtug active fault in the northern
side of the depression of the same name, connecting
the Belina—Busiyngol graben zone and the Erzin-
Agardag Fault.

Darkhat Basin is the least seismically active struc-
ture over the last 100—110 years among the Cis-
Khobsgol basins. At the instrumental stage of seismic
survey, only weak earthquakes with magnitude M, < 5
were recorded here [59]. Along the eastern side of the
Darkhat Basin, the same-name fault zone divided into
two segments by morphology stretches.

In the North Darkhat Fault zone, the Jaragol sys-
tem of fault scarps with a height of 1.0—2.5 m and a
minimum length of ~5 km was found [15, 37]. The
recent morphotectonic and paleoseismic studies
allowed to estimate the velocity of vertical (normal
fault) displacements along the North Darkhat Fault at
0.3—0.6 mm/yr over the last ~8.4 ka, and to parameterize
two paleoearthquakes with magnitudes M, = 7 and an
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average period of recurrence of 3.5 ka [44]. The emplace-
ment age of the Darkhat Basin (6.5—3.3 Ma) deter-
mined using the rates obtained is generally consistent
with other data.

Khobsgol Basin. On the western wall of the
Khobsgol Basin, triangular tectonic facets are clearly
manifested along the West Khobsgol Fault zone. The
facets are most fully developed in the northwestern part
of the depression. In the southern direction the facets
decrease in height; in the southernmost part of the
basin the river valleys are incised into the upper level of
the interbasin bridge, armored by Miocene basalts.

This is evidence of a decrease in tectonic activity in
the southern direction. The normal fault activity at the
northwestern segment is emphasized by a scarp, at the
foot of which Late Holocene rockslides and ruptures at
least 1000 years old were recorded. No distinct traces of
later seismotectonic rupturing were found [15]. Apart
from the well pronounced vertical component, remote
sensing methods revealed dextral displacements of
valleys along the Khobsgol fault zone by 30—50 and
100 m along N'W-striking segments parallel to the lake
shore [3]. Sinistral displacements of valleys and rock
crests by up to 50 and 300—400 m, respectively, were
detected along the NE-striking segments.

The Khubsugul earthquake with M, = 6.7 and cal-
culated intensity /,= 9 MSK occurred in the northwest-
ern part of the basin on January 12, 2021 [12]. During
field seismotectonic studies using ESI-2007 scale, an
epicentral zone with intensity /,= 8 MSK was localized
based on parameters of secondary disturbances [24].

At the condensation site of secondary distur-
bances, the earthquake source was found on the sur-
face as a seismotectonic rupture oriented in the direc-
tion 340°—350° SSW and diagnosed as a dextral
oblique fault with displacement by up to 20 cm in ver-
tical and horizontal directions.

An earthquake epicenter was recorded in the Lake
Khubsugul area at 18—19 km to the southeast from the
earthquake source exposed on the surface [12]. The
latter corresponds to the line with sharp change of
interference pattern based on satellite radar interfer-
ometry data [29, 47, 56].

According to these data, the generalized model of
the seismic fault represents the NW-striking plane
(340°—350°) dipping in the eastern direction at angle
of 45°-54° (i.e., toward the hypocenter). The fault
plane reaches a depth of 18—24 km, with a vertical dis-
placement at the surface of up to 20 cm. The short
length of the traced rupture (~250 m) is apparently
due to the small displacement magnitude, resulting in
its preservation only in the central segment. Neverthe-
less, it was possible to identify a smoothed tectonic
scarp with a height of ~1 m, formed due to previous
movements and rejuvenated during the 2021 earth-
quake (Fig. 11).
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Fig. 11. Seismic rupture of 2021 Khubsugul earthquake. (a)—(b) northern wall of trench: (a) section, (b) panoramic photo;
(c¢) reconstruction of succession of displacements; (d) location scheme of a seismotectonic rupture in Khubsugul earthquake
source, a trench, and tectonic scarps. Circled numbers (a)—(b): (1) sod horizon of recent soil profile; (2) buried peaty horizons
of paleosoils; (3) loose silt loams with rubble and grus (slope deposits), (3a) same, with boulders (colluvium), (3b) same, massive,
lumpy, gleied; (4) grayish-green loams with rare rubble and gruss (finely-dispersed weathering crust); (5) rubble, boulders with
sandy-loam matrix (clastic weathering crust); (6) ultramafic, highly fractured bedrocks, (6a) same rocks, weathered to clay state.
(c) Cuccession of seismotectonic displacements (Roman numerals). (/) Fracturing in bedrock; (2) ruptures; (3) position of sub-

sided fragments of Earth’s paleosurface (displacement amplitudes are shown in centimeters in (c)).

In the trench section, the scarp clearly corresponds
to a normal fault east-dipping at an angle of 50°—70°.
At the edge of the scarp, the rupture displaces the mod-
ern soil surface by 10—15 cm. Ruptures of previous
earthquakes, which successively involved all new areas
on the side of the ridge in subsidence were revealed at
the base of the scarp. In the section, such areas corre-
spond to two buried peat horizons of paleosols (dis-
placements by 25 and 20 cm) and a 15-cm sod horizon
of recent soil split by a lens of slope material.

These horizons mark deformed fragments of the
ancient earth surface. They are bounded by different-
age faults and buried by slope material redeposited
from the upthrown side. This indicates that the forma-
tion of each rupture was a one-act seismotectonic pro-
cess. The younger rupture was emplaced to the west of
the previous one, i.e., closer to the mountain massif.
Thus, there was expansion of the basin with successive
involvement of the adjacent part of the mountain
uplift in the subsidence.

Among the samples taken for radiocarbon analysis,
carbon date was obtained only for the lowest layer of
peaty paleosol opened by the trench. Its calibrated age is
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958—1176 years (radiocarbon date of 1139 * 33 years,
laboratory sample code is GV-4280) (see Fig. 11).

The humic acid date obtained is much younger,
836 * 33 years. The paleosol dated with radiocarbon
method was buried due to the displacement event (1I).
After this displacement (II), there were three more
events: the displacement and burial of two paleosol
horizons and the rejuvenation of the already existed
rupture in 2021 (Fig. 11).

Consequently, four rupture-forming earthquakes
have occurred over the last 958—1176 years with an
average period of recurrence of 240—250 years. A total
vertical displacement of 70 cm occurred at an average
rate of 0.6—0.7 mm/yr over the last 958—1176 years.
This estimate is slightly higher than the vertical dis-
placement velocity along the North Darkhat Fault
(0.3—0.6 mm/yr over the last ~8.4 ka [44]). This may
be due to a shorter averaging time and/or increasing
displacement rate with time.

The 2021 seismotectonic rupture is part of a system
of tectonic scarps mapped in the foothills of the
mountain massif in the northwest of the Khobsgol
Basin. The scarps are of Late Holocene age. They dis-
turb the surfaces of river terraces, moraines and glacial
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Fig. 12. Scheme of active faults between Darkhat Basin and Beltesiin Gol River valley. Faults with confirmed displacements of
recent landforms are shown by solid lines; inferred faults based on remote sensing data are shown by dotted lines; sites with con-
firmed deformation of recent landforms are numbered in red (in circles).

troughs of the last large glaciation in the river valleys.
Between river valleys the scarps are represented by a
discontinuous chain of triangular tectonic facets. It is
still unclear what segments of the fault zone identified
in the trench, were affected by the previous ruptures.
Accordingly, this makes it difficult to determine the
magnitudes of paleoearthquakes.

Khobsgol— Darkhat interbasin bridge. In the north-
ern part of the Khobsgol—Darkhat interbasin bridge,
N.V. Lukina [18] interpreted the extended canyonlike
erosional incision of the Maly Yenisei River with a
tributary of the Kyzyl-Khem River as a manifestation
of the active Kaakhem Fault (Kyzylkhem Fault,
according to [51]). This fault is, a western, en echelon
northward-displaced structural continuation of the
Shishkhidgol Fault, which continues the Tunka—
Mondy active fault zone with en echelon displacement
to the south.

In the southern part of the Khobsgol—Darkhat
interbasin bridge, the most striking manifestations of
active tectonics are found east of the termination of the
South Darkhat Fault, from which a fault zone with
approximately W—E-trending, represented by several
branches, branches off to the east. A tortuous tectonic
scarp is traced along the main, most extended, branch,
along the entire segment between the Darkhat Basin
and the Beltesiin Gol River valley (Fig. 12).

In the bedrock section on the right wall of the
Beltesiin Gol River valley, it is represented by an over-
thrust (dip angle 25°—30° in the NW direction) with a

scarp on the surface of the 12-m high first above-
flood-plain terrace (Figs. 13a, 13b).

It can be suggested that the height of the scarp
directly reflects the magnitude of the vertical displace-
ment along the fault, but the total displacement, given
the gently dipping fault plane, is much greater. To the
east of the Beltesiin Gol River, the scarp with the same
sign dams up a small water catchment area, a marshy
depression at the head of the stream (Figs. 13c, 13d). The
strike of the scarp in this section is 300°—310° WNW.

The young age of displacement is confirmed by a
rampart completely blocking the ruptured valley of a
river, which has not had time to erode the tectonic
dam and to incise a new channel since the last move-
ment. In addition to the vertical component, a dextral
shear component of displacement, by 36 m along the
dry bed in the water catchment area, is observed.

To the south, an arcuate, very gentle, asymmetric
rampart of up to 300 m wide with a steep southern
slope was studied. The rampart separates the foothill
base, a sloping plain, composed of young fluvial
deposits, from the south. This plain is framing the foot
of the mountain massif and is involved in a recent tec-
tonic uplift. The structure of the southern, steep slope
of the rampart was studied in a special clearing made
in a temporary stream slope (Fig. 14).

A series of lenses/nappes, bounded by subhorizon-
tal thrust faults, along which bedrock shales and dia-
bases overthrust successively the variegated weather-
ing crust, was uncovered at the base of the section.
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Fig. 13. Tectonic deformations of recent landforms in Beltesiin Gol River valley and its environs. Active faults are shown by
dashed lines. (a)—(b) Right side of Beltesiin Gol River valley (point 14 in Fig. 12): (a) digital elevation model based on aerial pho-
tography data; (b) a general view (photo) and profile of scarp based on results of ground measurements and on digital elevation
model; (¢)—(d) tectonic dam and dextral strike slip of a dry channel (p. 13 in Fig. 12): (c) aerial photograph from drone, (d) digital

elevation model.

Younger slope deposits were also involved in later
thrusting. It is important to note the bending of the
alluvial—proluvial strata (2), conformal to the thrust-
related anticlinal fold in the diabases, which making
up the hanging wall of the thrust, and the bending of
the surface of the first above-flood-plain terrace
(Fig. 14). One can assume that the arcuate rampart
was formed due to thrust-related bending of young
deposits.

RELATIONSHIP OF ACTIVE FAULTS,
NEOTECTONIC STRUCTURE, AND DEEP
STRUCTURE OF THE STUDY AREA

System of Active Faults as a Structural Paragenesis

The considered region is bounded by two W—E-trend-
ing sinistral strike-slip zones: the Khangai in the south

GEOTECTONICS Vol.58 No.2 2024

and the Tunka—Mondy in the north. The Erzin—
Agardag and Tsetserleg sinistral oblique-slip faults are
auxiliary to the Khangai Fault in the north and
extend north-northeast. En echelon series of the
Busiyngol, Darkhat, and Khobsgol grabens are
located at the east-northeast extension of the Erzin—
Agardag Fault, which in the northeast is attached to
the southern end of the Busiyngol graben, the west-
ern member of the series.

The northern end of the Khobsgol graben, the east-
ern member of the en echelon series, meets with the
western end of the Tunka—Mondy zone. The normal
faults, which bound the Khobsgol graben in the west,
are traced southward almost to the Tsetserleg Fault
zone. To the east of their convergence zone, manifes-
tations of the Tsetserleg Fault activity become less pro-
nounced; at ~100 km, traces of fault activity disappear.
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(a)

(b) Bench edge of first terrace
rising above floodplain

Fig. 14. Photo (a) and sketch (b) of thrust fault in right side of Beltesiin Gol River valley at site 10 where neotectonic deformation
landforms were confirmed. For position of site 10, see Fig. 12. Arabic numerals in circles: (1) humus horizon of modern soil pro-
file; (2) semi-rounded pebbles, boulders with sandy-gravel matrix (proluvial-alluvial deposits); (3) layered debris, rare boulders,
sometimes semi-rounded, with brownish-gray sandy loam matrix (proluvial—slope deposits); (4) layered debris (mostly shales)
with brown sandy loamy matrix (slope deposits); (5) flattened rubble, less frequently blocks of various rocks with brownish-brown
loamy matrix (slope deposits); (6) pebbles, rubble with loamy-sandy-gravelstone matrix (proluvial—colluvial deposits, filling ero-
sional incision or extension fracture); (7) rubble, blocks of bedrock diabase (redeposited detrital weathering crust), (7a) same,
with sandy loam matrix; (8) weathered, strongly fractured clayey shales, which lie as large fragments in variegated loams; (9) var-
iegated (brown, with gray spots) lumpy loams with rubble and rare blocks of various rocks (weathering crust); (10) rubble, gruss
(weathered, strongly fractured clay shales); (11) dark gray clay shales, brecciated, mylonitized; (12) strongly fractured, crushed
diabase; (13) dark-green clay gouge with rubble and grus of bedrocks. 1, ruptures (a); 2, fracturing along foliation in diabases;

3, stratigraphic contacts; 4, ruptures (b).

Thus, the active faults of the region form an intercon-
nected system.

Active thrusts, reverse faults and small fault-related
folds of sedimentary strata of W—E and northwestern
strike are associated with N—S-trending faults of en
echelon series of grabens in the south. They are
found between the southern ends of the Darkhat and

Khobsgol graben troughs at the eastern end of the
Erzin-Agardag Fault.

Such a combination of normal faults as manifesta-
tions of extension with thrusts, reverse faults, and fault-
related folds as manifestations of horizontal compres-
sion is characteristic of strike-slip deformation zones.
In this case, they form a sinistral zone of deformation
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located between the ends of two sinistral strike-slip
faults, the Erzin—Agardag Fault and the Tunka—Mondy
zone, which plays the same kinematic role.

To understand the geodynamic conditions of the
development of the structural paragenesis described
above, it is important to elucidate the origin of the
Khangai and Tunka—Mondy W—E-trending sinistral
strike-slip zones.

P. Freund [53] divided the strike-slip faults into
transform and transcurrent ones. Paying attention to
the kinematic features, we distinguished displacement
and rotational strike-slip faults, which are similar in
characteristics to the transform and transcurrent faults
of Freund [53], respectively, and supplemented these
two types with squeeze strike-slip faults, which are
formed when rocks lying between two fault zones are
squeezed towards less horizontal compression [31].

The displacement strike-slip fault is characterized by
sustained strike and displacement amplitude and the
presence of compensating compression or extension
structures at the ends of the fault. It develops at a large
radius of rotation of sides of the fault with the center
extending beyond the limits of the faulted tectonic area,
within of which is understood as the result of transla-
tional displacement of one side relative to the other.

Displacements along a rotational strike-slip fault
are less sustained and attenuate toward its termina-
tions. A shear develops when there is a rotational com-
ponent in rock movement, with the center of rotation
close to the fault. The study of natural strike-slip faults
shows that the features of the above types are often
combined.

The Khangai and Tunka-Mondy sinistral fault
zones are parts of a more extensive system of parage-
netically related active faults of Mongolia and South-
ern Siberia. Therefore, they can be considered as dis-
placement strike-slip faults [33]. This system is char-
acterized by the orientation of relative horizontal
compression from southwest to northeast and exten-
sion from northwest to southeast, with compression
dominating in the west and center of Mongolia and
adjacent parts of Southern Siberia and extension in
the northeast of the region, in the Baikal Rift Zone,
and in Transbaikalia.

At the same time, the structure of the Khangai
Fault zone has signs of rotational shear. They are man-
ifested in the fact that in the east the fault zone degen-
erates without transferring the strike-slip amplitude to
compensating structures. In the west, the strike-slip
amplitude decreases and the zone divides into several
branches with no direct connection with faults of Mon-
golian Altai. This suggests that under transverse com-
pression, strike-slip movements along the Khangai and
Tunka—Mondy fault zones were partially caused by
clockwise rotation of the block located between them.

The rotation of the interfault block changed the
position of the principal axes of normal stress in it.
Relative compression became N-—S-trending, and
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extension, W—E-trending, manifested in the east-
northeast strike of the Erzin—Agardag and Tsetserleg
Strike-slip faults and the N—S orientation of the gra-
bens of en echelon series.

Comparison of Active Faults
with Neotectonic Elements

The considered region encompasses two major ele-
ments of the neotectonic structure: the Khangai dome-
shaped uplift and the western and northern parts of the
C-shaped belt of intermontane basins flanking the
uplift. The investigated part of the C-shaped belt
includes Tunka Basin in the north, Ubsu-Nur Basin in
the west, and the Khan-Khuhiin Ridge between this
basin and the Great Lakes Depression located south-
ward. The southern part of the Khangai dome-shaped
uplift, uplifted to 4000 m, is higher than its northern
part, uplifted to 3000 m, and is separated from the latter
by a smooth tectonic scarp up to 500—700 m high [33].

The northern part connects with the mountain
structures of East Tyva in the north. No major recent
faults have been detected at the boundary between
the Khangai uplift and the belt of depressions. They
are present at the outer boundaries of the belt of
basins: the Tunka Basin at the boundary to the East
Sayan and Tunkinskie Goltsy, Great Lakes Depres-
sion, and Valley of Lakes at the boundaries to Mon-
golian and Gobi Altai.

The time of onset of the formation of the neotec-
tonic structure in the region can be considered Late
Oligocene, when depressions of the C-shaped belt
were appeared around the Khangai uplift, although
the latter itself began to rise earlier [33]. The contrast
between the vertical movements of the Khangai dome-
shaped uplift and the neighboring basins increased
with time.

The structural pattern formed by the above ele-
ments of the neotectonic structure and their fault
constraints differs from that formed by active faults.
At the same time, some large active faults partially
inherit elements of the neotectonic structural pat-
tern. This is primarily related to faults of the eastern
front of Mongolian Altai [9]. The geological evolu-
tion of the Khangai Fault is less certain. Its western
part extends along the northern slope of the uplift of
the Khan-Khuhiin Ridge, which was appeared no
later than the Pliocene, while the eastern part of the
fault follows the tectonic scarp separating the more
uplifted southern part of the Khangai dome-shaped
uplift from its northern part.

In both parts of the fault, the vertical component of
Late Quaternary movements coincides with that of
earlier movements. During the Late Quaternary stage,
the vertical component is many times inferior to the
strike-slip component of movements. There are no
grounds to assume similarly significant lateral move-
ments at earlier stages of development. The Tunka—
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Mondy zone of active faults inherits the fault zone,
which bounds a chain of the Tunka basins in the north.
However, the direction of vertical movements along
active faults is opposite to the movements at the bound-
aries of basins during sedimentation [43]. The extent of
strike-slip movements in that epoch is unclear.

Active faults between the Khangai and Tunka—
Mondy strike-slip zones (Erzin—Agardag and Tsetser-
leg faults, grabens of en echelon series) are discor-
dant with respect to the elements of the neotectonic
structure and appear to complicate it. The relative
subsidence of the southern wall of the Tsetserleg
active fault is consistent with the subsidence of the
surface of the Khangai dome-shaped uplift between
the Khangai and Tsetserleg faults. The flat Muren
Basin confined to this depression is filled with Upper
Pliocene—Quaternary deposits up to 100 m thick [15].
Deposits of different stages of Pleistocene and prob-
able analogs of the Upper Pliocene Ocherous For-
mation of the Tunka Basin were uncovered on the
sides of the Darkhat and Khobsgol troughs. Appar-
ently, the graben-shaped basins of the Cis-Khobsgol
region appeared in the Pliocene.

Thus, in addition to signs of inheritance of active
faults, there are signs of structural rearrangement of
the early elements of the neotectonic structure that led
to the formation of the recent network of active faults
in the region. The first signs of transformations asso-
ciated with the paragenesis of active faults date back to
the Late Pliocene. The subsidence of the Tunka
Depression and, consequently, subsidence of the
southern flank of the Tunka—Mondy zone lasted until
the Early Pleistocene and ended not earlier than the
basaltic volcanism with an age of ~1.6 Ma in the upper
half of the sandy formation crowning the section of the
depression [25, 65].

Consequently, changes in the direction of vertical
movements in this zone occurred later; i.e., rearrange-
ment of the neotectonic structure that led to the final
formation of the active fault system was completed not
earlier than the end of the Early Pleistocene. This does
not exclude the fact that the elements of the structural
paragenesis of active faults, and the paragenesis repre-
sented by the Khangai dome-shaped uplift and the
framing belt of basins, could have developed simulta-
neously, being associated with different geodynamic
sources [33].

Comparison of Active Faults with the Structure
of the Earth’s Crust and Upper Mantle

The crustal thickness of the considered region was
estimated from gravity data [13—15]. According to cal-
culations, the crustal thickness under the Siberian
Platform is estimated at 39—43 km. It increases to 44—
45 km beneath the Great Lakes Basin and 46—52 km
under East Sayan and Cis-Khobsgol, decreasing by 5—
6 km beneath the Darkhat and Khobsgol grabens and

TRIFONOV et al.

reaching 60 km beneath Southern Khangai and Mon-
golian Altai.

Interpretation of the gravity data revealed the exis-
tence of large volumes of abnormal (decompressed)
mantle beneath Mongolia and Transbaikalia, the roof
of which can rise to depths of 40—50 km, partially or
completely replacing the mantle part of the litho-
sphere and reaching the crustal basement in some
places [13, 14].

The use of the MITPO0S8 seismotomographic model
[55], which shows the deviation of P-wave velocities
from the average values for the corresponding depths,
made it possible to refine the distribution of different
velocity volumes in the upper mantle and identify and
delineate the complex Khangai plume ascending from
a depth of ~1300 km [33].

We present a structural map of the roof of the
Khangai plume along the 8Vp = —0.5% isosurface,
based on the MITPOS velocity model (Fig. 15).

Above the main body of the plume, the roof of the
low-velocity mantle rises to depths less than 67 km.
This rise of the low-velocity mantle extends from the
Beishan Mountains to the north, encompassing the
ridges of the Eastern Tien Shan, Gobi Altai, the Valley
of Lakes, the Great Lakes Depression, and the South-
ern Khangai uplift, to the Khangai Fault.

Northward, there is a smaller area of uplifting of
low-velocity mantle, falling within the Darkhat and
Khubsugul graben troughs and their mountain frames.
It is separated from the main uplift by the Muren
bridge bounded by the Tsetserleg Fault and the eastern
part of the Khangai Fault. Under the bridge, the roof
of the low-velocity mantle is located at a depth of at
least 100 km.

Rises of the top of the low-velocity mantle (decom-
pacted and, probably, abnormally overheated) are sur-
rounded by areas where the mantle top descends. This
is especially sharp and contrasting to a depth of about
250 km, in the northern part of the region at the
boundaries with Mongolian Altai, the Ubsu-Nur
Basin, the mountain structures of East Tyva, East
Sayan, and Khamar-Daban, and the eastern slope of
the Khangai dome-shaped uplift. Beneath the Sibe-
rian Platform, the high-velocity mantle is traced from
the crustal basement to a depth of 1100 km and there
are no signs of a plume.

All major active strike-slip zones are either
located in the areas of lowered top of the mantle
plume or, more often, at the boundaries of plume
protrusions, where its top descends. Thus, strike-
and oblique-slip faults in Mongolian Altai extend
along the western boundary of the main low-velocity
mantle protrusion.

The Khangai Fault in the western part is located at
the northern boundary of the main protrusion, while
in the eastern part, it forms the southern boundary of
the junction between the main protrusion of the low-
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Fig. 15. Comparison of active faults of Western and Central Mongolia and adjacent part of Southern Siberia with position of top
of low-velocity mantle on 5Vp= —0.5% isosurface (based on MITPO0S8 velocity model [55]). (1) active faults; (2) state border.

velocity mantle and the small protrusion of Cis-Khub-  are located in areas where the top of the mantle plume
sugul. The Tsetserleg strike-slip fault forms the north-  descends. In contrast, the Darkhat and Khobsgol gra-
ern boundary of this bridge. The Erzin—Agardag benlike depressions are located within a small low-
oblique-slip fault and Tunka-Mondy strike-slip zone velocity mantle protrusion.
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DISCUSSION

Comparison of active faults with the position of the
top of the low-velocity mantle on the 8V, = —0.5%
isosurface shows that all faults with a dominant strike-
slip component of displacement are located in parts of
the region where the top of the low-velocity mantle
has subsided to the extent that a significant portion of
the lithospheric mantle is preserved above it. In stating
this, we realize that the 6V, = —0.5% isosurface con-
strains the mantle region with obviously lower P-wave
velocities, where the strength of rocks is reduced.
Above this surface, there may be volumes of mantle
rocks, also decompacted, with less reduced P-wave
velocities.

In areas where the —0.5% isosurface is not deeper
than 67 km, the mantle part of the lithosphere is sig-
nificantly reduced or absent, and the Earth’s crust is
exposed to the anomalous mantle. Probably, due to
this, the Erzin—Agardag strike-slip fault and Tunka—
Mondy strike-slip zone are replaced above the low-
velocity mantle protrusion between them by the zone
of strike-slip deformation, which is represented by a
number of grabens. Significant extension of the crust
of the grabens, comparable to the strike-slip magni-
tude, is indicated by a 5—6-km decrease in crustal
thickness beneath the grabens [15].

The epicenters and focal zones of the strongest
earthquakes, the Bolnai (M,, = 8) and Tsetserleg
(M, = 8), in the considered region covered different
elements of the neotectonic structure. Thus, the epi-
center of the Bolnai earthquake was located in the Khan
Huhiy Ridge between the Great Lakes Depression and
the Ursu-Nur Basin, i.e., within the C-shaped belt of
basins, and the focal zone of not less than 375 km in
length, marked by seismic ruptures along the Khangai
Fault and conjugated faults spreading from the epicen-
ter both to the west and east, towards the Khangai
dome-shapes uplift.

The epicenter of the Tsetserleg earthquake and its
190 km-long focal zone are located in the northern
part of the Khangai dome. Given such large sizes of
the focal zones of both earthquakes, it is reasonable to
assume that they were not limited to the seismogenic
upper crustal layer, but also encompassed deeper lay-
ers of the lithosphere up to its mantle part.

It is shown that focal zones of both earthquakes are
located in areas where the top of low-velocity mantle
descends and allows preservation (at least partial) of
mantle part of lithosphere, which is quite consistent
with propagation of the focal zone up to these depths
(Fig. 15).

In contrast to these strongest earthquakes, the ori-
gin of the Khubsugul earthquake (M, = 6.7) on Janu-
ary 12, 2021 is located above the low-velocity mantle
protrusion, where the mantle part of the lithosphere is
extremely reduced or absent. This constrains the depth
of the source area to the upper crustal layer, which is

TRIFONOV et al.

consistent with the source area at a depth of 18—24 km
calculated by comparing seismic ruptures exposed on
the Earth’s surface, the inclination of a seismogenic
fault, and the position of the earthquake epicenter [29,
47, 56].

The presented ideas about dependence of lateral
sizes of the earthquake focal zone and magnitude on
the depth, to which the focal zone extends, contradict
the data on the Gobi—Altai earthquake (1957), which
activated the 180-km Dolinoozersky segment (Bogd
Fault) of the Gobi—Altai active sinistral oblique-slip
fault zone. The amplitude of earthquake-triggered
strike-slip fault was 5 m, locally up to 8 m [7, 19, 32].
The magnitude of the earthquake was M= 8.

The focal zone of the earthquake, marked by seis-
mic ruptures, is entirely located above the low-velocity
mantle protrusion of the Khangai plume, where the
mantle part of the lithosphere is highly reduced or
absent, and the lower part of the crust could have soft-
ened under the effect of the plume. Thus, the focal
zone did not extend beyond the upper crustal seismo-
genic layer.

It is possible to explain the occurrence of the stron-
gest earthquake with a shallow focal area by assuming
temporal heterogeneity of the stress field with a peri-
odic or aperiodic increase om stress, at which large
volumes of the crust in active zones can be subjected
to simultaneous destruction.

The possibility of such an increase in stress with
simultaneous reorientation of the stress axes was
demonstrated with examples of the El Gab northern
segment of the Dead Sea Transform and Talas—Fer-
gana faults [66]. Probably, the Gobi-Altai seismic
event is similar to the East Anatolian earthquake on
February 6, 2023, with M, = 7.8, the focal zone of
which spread, as evidenced from the appeared seismic
ruptures to 361 km along the East Anatolian sinistral
fault zone with a hypocentral depth of ~10 km [39].

CONCLUSIONS

The active tectonics of northern Central Mongolia
and the adjacent part of Southern Siberia is governed by
movements along two W—E-trending sinistral strike-
slip zones: the Khangai Fault and the Tunka—Mondy
zone. The strike-slip rate along the Khangai Fault is a
few mm per year; along the Tunka—Mondy zone—1.1—
1.5 mm/yr. These faults are part of a uniform ensemble
of the largest active faults in the Mongolia—Baikal
region, formed under conditions of northeastern max-
imum compression and northwestern maximum
extension.

The E—NE-striking Erzin—Agardag and Tsetserleg
faults, with a dominant sinistral strike-slip component
of displacements are auxiliary to the Khangai Fault
and stretch between these two fault zones. Between the
eastern end of the Erzin—Agardag strike-slip zone and
the western part of the Tunka—Mondy strike-slip

GEOTECTONICS  Vol. 58

No.2 2024



ACTIVE FAULTS OF NORTHERN CENTRAL MONGOLIA 173

zone, there is a series of N—S-trending asymmetric gra-
benlike troughs (Busiyngol, Darkhat, and Khobsgol).
This series forms a sinistral zone of strike-slip deforma-
tion that plays the same kinematic role as the faults at
the continuation of the series.

The faults that developed between the Khangai
Fault and Tunka—Mondy zone form a structural par-
agenesis, which differs in geodynamic parameters
from those of the main boundary faults and evidence
its formation under conditions of N—S-trending rela-
tive compression and W—E-trending extension. The
change in orientation of the axes of the main normal
stresses may be due to clockwise rotation of the block
between the boundary faults.

In the mantle, beneath the considered area, there is
a volume of reduced seismic wave velocities, which we
consider the Khangai plume. The decrease in velocity
may reflect heating and decompaction of mantle
rocks. The top of the significantly decompacted man-
tle above the axial part of the plume is located above a
depth of 67 km, which reflects thinning (in some
places up to complete disappearance) of the litho-
spheric mantle and may be responsible for the decom-
paction of its preserved part. Active strike-slip faults in
the region developed along the periphery of the low-
velocity mantle uplift, where the thickness of the
strong lithosphere increases. In the axial part of the
uplift, strike-slip faults are replaced by a zone of strike-
slip deformation represented by grabenlike depres-
sions. As our trenching has shown, the recurrence of
strong earthquakes was more frequent here than in the
strike-slip zones, but they were characterized by
smaller magnitudes.
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