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Abstract: We have compiled and analyzed earthquake focal solutions for the territory of Mongolia and its surroun-
dings in order to reveal a spatial variability of stress orientation and stress regimes of the crust. According to the
stress inversion results, the SHmax is turning from W-E in the eastern Mongolia to SW-NE in the Gobi Altay and the
central Mongolia, and then to S-N in the western part of the region. Comparison with data derived from GPS mea-
surements shows that directions of the strain axes revealed by the geodetic and seismological observations are ge-
nerally consistent. A contradiction is found for the Bolnai zone where results of GPS estimation indicate the predomi-
nance of extension (in the SE-NW direction), whereas earthquake data for the longer period of seismic observations
reveal compression. Compression in this zone is mainly due to the Tsetserleg-Bolnai earthquakes contribution;
however, a part of the recent data on focal mechanisms fits an extensional stress field with the NNW orientated exten-
sion axis. These data are in accordance with some published works which suggest a transtensive field from some
structural geology studies in the eastern part of the Bolnai zone.

The paper is supplemented with a list of M>4.5 earthquake fault plane solutions and unpublished focal mecha-
nisms for some M<4.5 earthquakes of the northern Mongolia and the southern Baikal region.
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AHHoTanus: BBesgeHue. MexaHU3Mbl 04aroB 3eMJIETPSICEHUH HapsLY C reo/ie3UYeCKUMU U JPYTUMU JAHHBIMU CI1y-
)KaT UCTOYHUKOM MHGOPMALMU O HaPSHKEHHO-/eOPMUPOBAHHOM COCTOSIHMM 3€MHOM KOpbI. 3a/jJa4M OLEHKH TeK-
TOHUYECKOI'0 PEXKMa U CKOPOCTH AedOpPMHUPOBAHUsI 0COGEHHO aKTyasbHbl [l BHYTPUIUIMTHBIX 06J1aCTEH, Xapak-
TEePHU3YIOIMUXCS BBICOKUM YPOBHEM celicMuuHOCTH. OJHOU U3 TaKUX o6JiacTell siBisieTcss MOHIo/1Ms], HA TEPPUTOPUU
KOTOPOU u3BecTHBI 3eMiieTpsiceHUs: ¢ M=8.0 (puc. 1). B npejcraBiisieMoit pa6oTe cO6paHbl U NPOAHATU3UPOBAHBI
MeXaHU3MBbI 04aroB 3eMJIeTpsicCeHUH ¢ M>4.5 c 1je/1bI0 NPOC/IeAUTb NPOCTPAHCTBEHHYI0 U3MEHYMBOCTD 110JI HAalpH-
»KeHU 3eMHOU KOpBI.

JaHHble. Ony6JMKOBaHHbIE JaHHbIE 0 POKATIbHBIX PELIEHUSIX MOXKHO pa3Zie/IuTh Ha JiBe TPYIIIbl B 3aBUCUMOCTH
OT NPUMEHSEMBIX JUIS1 UX ONpeJesieHusl MeToioB. K nepBoi rpynme oTHOCATCS MeXaHU3MbI, I0JIyYeHHbIE MO/EJHU-
pOBaHMEM BOJIHOBBIX GOpPM Ha yAaJeHHbIX U PerHOHaJIbHBIX CTAaHLMsX. BTOpas rpynna pelleHui nojy4eHa npu uc-
M10JIb30BaHUHU METO/1A NOJIIPHOCTH MEPBBIX BCTYIJIEHUH BOJIH. JJaHHBIM MeTO/| LIMPOKO PUMEHSIJICS JJ1s1 yMEPEHHOH
CUJIBI 3eMJIETPSICEHUH ceBepHOH yacTu MoHrosinu v F0xHo#i Cu6upH, 4TO 06yCJI0BJIEHO 60JIee IIJIOTHBIM NOKPBITHEM
3TOT0 pervoHa celCMoCTaHLUAMU. Mcrosb3yeMble /Il aHaIM3a B JaHHOW paboTe pelleHUs NpeJCcTaB/IeHbl B Tab-
Jaule (B pasgese «/lonosHUTe/bHbIE MaTepUabl») U Ha KapTe (puc. 2).

MeTobl. /)11 HHBEPCUH 110J1s1 HANPSPKEHUH MCII0J/Ib30BAJIMCh JiBA NOJX0/a. [l/is 3eMJIeTPsICEHUH OCHOBHBIX Ceil-
cmuyeckux 30H (bBosinali, F'o6uiickuit Antait, Moroz u T.4.) npuMeHsiiack nporpamma Win-Tensor [Delvaux, Sperner,
2003], B koTopo#i peann3zoBaH MeToz right dihedra [Angelier, 1984]. Jns nosyyeHus 6oJiee CraXKeHHOH 110 BCel Tep-
PUTOpPHHY KapTHHBI OPUEHTAIMU OCel HanpshKeHUH Hucnosb3oBasiack nporpamMma SATSI [Hardebeck, Michael, 2006],
MUHUMU3UPYIOIAs PasHUIY MeXJy COCeJHUMHU «UHAUBHUAYaJbHBIMU» CTPecC-TeH30paMH [JJIi CeMCMOaKTHUBHBIX
obJiacteit. [lis1 60/1ee KOPPEKTHOTO CPaBHEHUSI CEMCMOJIOrMYECKUX JJAHHBIX C pe3yibTaTaMu GPS-n3mepenuii u Bu-
3yaJn3alMMi CECMOTEKTOHHNYECKUX JedopMaliuil NpecTaB/JeHbl CTepeorpaMMbl CpeiHUX POKaJbHBIX MEXaHU3MOB
[Nikitin, Yunga, 1977; Yunga, 1990].

Pe3synbTaThl. [losydeHHbIe pe3y/bTaThl MOKA3bIBAIOT, YTO QOKAIbHbIE pelleHUs] 3eMJeTPsICEHUH I0’KHOH, 3a-
NaJiHOM ¥ BOCTOYHON 4acTH MOHTOJIMU OJHOPO/HBI U NpeJiCTaB/IeHbl I[JTaBHbIM 06pa30M CABUIOBBIMH U B36POCOBBI-
MU NOJBIKKaMU B oyarax. bosbmyM pasHoo6pa3reM KMHEeMaTHYECKHUX THUIIOB Pa3pbIBOB XapaKTepHU3yeTcsl TeppH-
TOpHA K ceBepy oT bosiHalickoro passioma. [y HenocpeAcTBeHHO BosiHalickoM 30HBI He y/a10Ch NOJIYYUThb €JUHOT0
cTpecc-TeH30pa. Beibopka paszenuach Ha rjaBHble ToTYKY (BosiHalickoe u Lpuapaarckoe 3emierpsiceHus 1905 r.),
cocTosilMe U3 CyOUCTOYHUKOB, U COOBITHS, 3aperuCTPpUPOBaHHbIEe B EPHUOJ UHCTPYMEHTaIbHbIX Hab ogeHNH. [lo-
c/leiHME TIOKA3bIBAIOT HaJIMUKe B BBIGOPKe pelleHUH, Y/J0BJIeTBOPSIOIUX PeXUMY pacTsKeHus. B nesom, Haboa-
eTcsl U3MeHeHHe opueHTauuu ocd SHmax oT HanpaBsieHus 10-C B 3anmagHo# yactu Mourosuu g0 H03-CB B 'o6uit-
CKOM AJITae Y B LieHTPa/IbHOH YaCTH CTPAHBI U /10 IIMPOTHOI0 HallpaBJjieHUs B BocTrouHoit MoHromu.

O6cyxaeHue pe3yabTaToB. O4eBHHO, YTO OCHOBHBIE XapaKTEPUCTUKH 110151 HaNpsHKEHUH Ha NpeJiCTaBIeHHON
TEPPUTOPUH y3Ke BBISIBJIEHBI U ONMCAHbI B IPeAIIECTBYIOIUX paboTax [Zhalkovskii et al, 1995; Petit et al, 1996; Del-
vaux et al., 1998; Melnikova et al, 2004; Melnikova, Radziminovich, 2005; San’kov et al, 2005; Gol'din, Kuchai, 2007;
Radziminovich et al, 2007; Parfeevets, San’kov, 2010; San’kov et al, 2011; Parfeevets, San’kov, 2012; Rebetsky et al,
2013; Tataurova et al, 2014; Kuchai, Kozina, 2015; Karagianni et al, 2015; u dp.]. Bce yBenu4yuBarouiuiicsas o6'beM
HOBBIX JJAaHHBIX, C OJIHOM CTOPOHBI, IOATBEPKJAET C/eJaHHble paHee BbIBOJbI, a C APYrod — MO3BOJISIET BbIIBUTD
HEKOTOpbIE JIeTalH.

Pe3ysibTaThl, NOJyYeHHBIE 110 CEHCMOJIOTUYECKUM JIJaHHBIM, COTJIACYIOTCS C JAHHBIMY, [T0JIyYEHHBIMHU B XO/I€ T€0-
JIOTO-CTPYKTYPHBIX paboT [Parfeevets, Sankov, 2012] v GPS-uamepenuti [Calais et al, 2003; Loukhnev et al.,, 2010]. Bbi-
Jessiercs: BosiHalickast 30Ha, KOTopasi M0 reoZle3UYECKUM pacyeTaM XapakTepusyeTcs JgedopMalyeidl yAJWHEHHUs
3eMHOH KOpBl WJIM PACTSPKEHHEM. Bhlllle 0TMe4asnoch, YTO YacTb GpOKaJIbHBIX MEXaHU3MOB COOTBETCTBYET TaKOMY
MOJII0 HampsikeHUH. Bosiee Toro, 3aMepbl TPEILIMHOBATOCTH TaKKe NMPUBOAAT aBTOPOB [Parfeevets, Sankov, 2012] k
BBIBOJIy O PEXHMe TPAHCTEHCUH B BOCTOYHOW 4YacTH BoJIHAWCKOHM 30HBI, CBI3aHHOM, BEPOSITHO, C JUBEpPreHuHeH
EBpasuiickoit 1 AMypckoit muut [Petit, Fournier, 2005]. XapakTep U3MeHeHUH ceHCMOTEKTOHHNYECKHUX edpopMannii B
3TOM paioHe MO3BOJIMJ aBTOpaM pabotel [Kuchai, Kozina, 2015] BbljeUTh, XOTh U B LIMPOKUX NpeJieax, TPaHULy
AMypCKO¥ NJIMTBIL.

[Io paHHBIM O 3eMJjeTpsiceHHsX ¢ M>7.0 6blia paccyuTaHa CKOpocThb Jedopmanuu mno ¢opmyse Kocrposa
(Tabs. 2). [lns BpeMeHHoro uHTepBasa B 100 yieT oHa coctaBua 1.12x1020 N m yr-1, 4To sIBJISIETCS BICOKUM 3Haye-
HUeM [JI1 BHYTPUKOHTUHEHTA/bHBIX 06/1aCTel 110 CPaBHEHUIO C MOZeJIbHBIMU 3HaYeHUAMU [Holt et al, 1995, 2000].
OueBH/IHO, ITO CBSA3AHO C CUJIbHEHLINMHU 3eMJIeTPSACEHUAMU PerHoHa, TPoU3oLIeJIIMMH Ha MPOTXKeHUH He6OoIbLIo-
ro MHTepBaJla BpeMeHHM.

3akaoyeHue. Kapra ¢oka/bHbIX MeXaHM3MOB W Pe3yJbTaTbl MHBEPCHH MOJIA TEKTOHUYECKHUX HaNpshKeHUH
MOTYT GBITb I10JIE3HBI NIPU CEHCMOTEKTOHUYECKOM U reoJJMHAaMHU4ecKoM aHajuse lleHTpanbHON Asuu. B pasgene
«/loNOJIHATe/IbHbIE MaTepHa/bl» NpUBeJileHa KOMIMWJIALMOHHAA TabJulja MeXaHW3MOB O4YaroB 3eMJETPsCeHHH c
M>4.5 1 paHee HeollyGJIUKOBaHHblE MeXaHU3Mbl 04aroB 3eMJeTpsiceHUi CeBepHoil MoHrosuu u HxHoro [1pu6aii-
KaJbs ¢ M<4.5.

KimodeBble c1oBa: MoHroJ1us1; 3eMJleTpsiCEHHe; MEXaHU3M 04ara; 1oJie TeKTOHUYeCKUX HallpshKeHUH;
GPS-nsmepenus

On-line supplementary materials: Focal mechanisms solutions / Focal_solutions.xls
Supplementary materials explanations / Explanations.pdf



1. INTRODUCTION

Data on stress regimes and strain rates for intracon-
tinental domains are of particular interest for under-
standing intraplate seismicity. In this respect, Mongolia
is an appropriate region for research because of its lo-
cation far from the plate boundaries, active tectonics,
high level of seismic activity, and geodynamic position
in Central Asia. It has been accepted that active defor-
mation of the western part of Mongolia is related to the
India-Eurasia collision [Tapponnier, Molnar, 1979;
Zonenshain, Savostin, 1981; and others], although the
stress transfer mechanism is under debate [Avouac,
Tapponnier, 1993; Peltzer, Saucier, 1996, England,
Molnar, 1997; and others]. The eastern part of Mongo-
lia, which is characterized by the moderate level of
seismic activity and diffusive seismicity type, might be
influenced by the Pacific subduction process [Barth,
Wenzel, 2010; and others]. This part is also assumed to
belong to the Amurian block or plate, although the
existence of this plate is doubted by some researchers
[De Mets et al, 1990; Calais et al, 2003; and others]. At
the same time, local mantle anomalies, such as one un-
der the Khangay dome, whose uplift is thought to be
resulting from hot mantle upwelling [Windley, Allen,
1993; Priestley et al, 2006, and others] should not be
excluded from consideration.

Earthquake focal mechanisms along with geodetic
and other data are important information to solve the
problems concerning the mechanism and mode of the
lithosphere deformation. However, much attention has
been traditionally given to large earthquakes. Indeed,
based on the data on largest earthquakes of Mongolia
(M>7 and even M>8), the principal types of movements
on the main fault zones were revealed, but these data
cannot provide insight into the spatial stress variability
and/or heterogeneity. These issues are essential for
Mongolia since the question about the balance between
local mantle dynamics and far-field forces in this region
is still open.

At present, there are a lot of current stress studies
based on earthquake focal mechanisms for the Central
Asia, including Mongolia. Different approaches have
been used to constrain the present-day stress and
strain state of the crust, among which are widely used
stress inversion procedures [Petit et al, 1996; Delvaux
et al, 1998; Déverchere et al, 2000; San’kov, Parfeevets,
2005; Parfeevets, San’kov, 2010, 2012; Karagianni et al,
2015; and others], the method of seismotectonic de-
formation estimation [Zhalkovskii et al, 1995; Melniko-
va et al, 2004; Melnikova, Radziminovich, 2005; San’kov
et al, 2005; Gol'din, Kuchai, 2007; Radziminovich et al.,
2007, 2008; San’kov et al, 2011; Tataurova et al.,, 2014;
Kuchai, Kozina, 2015; and others], and the method of
cataclastic analysis [Rebetsky et al, 2013; Leskova,
Emanov, 2014; and others].
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In this study, we have compiled and analyzed fault-
plane solutions for M>4.5 earthquakes available for the
region study since 1900 (until 1960 it concerns only
large earthquakes with M>8). Furthermore, unpubli-
shed focal mechanisms for some M<4.5 earthquakes of
the northern Mongolia and the southern Siberia are
given in the Supplementary Materials. These solutions
were not involved in the analysis due to the lower
magnitude and possible hierarchical mode of the crust
stress state. The main aim was to trace a spatial varia-
bility of stress orientation and stress regimes through-
out the territory of Mongolia and its surroundings. For
that, a stress inversion was applied to the data as well
as seismotectonic deformation estimation. Then, the
obtained results were compared with the geodetic
measurement data for this region.

2.DATA

The published data on focal mechanisms of the
Mongolian earthquakes can be categorized into two
groups according to an approach to their determina-
tion, namely waveform modelling and first motion po-
larity methods. Different techniques of surface and
body waves modelling using teleseismic records were
applied to study both large and moderate earthquakes.
Moreover, fault plane solutions for some large earth-
quakes (Fig. 1), such as the 1905 Tsetserleg-Bolnai
earthquakes, the 1931 Fu Yun earthquake, the 1950
Mondy earthquake, the 1957 Gobi-Altai earthquake,
the 1967 Mogod event, and the 2003 Chuya event were
confirmed by the surface ruptures reports [Vosnesen-
sky, 1962; Florensov, Solonenko, 1963; Okal, 1976, 1977;
Khilko et al, 1985; Huang, Chen, 1986; Baljinnyam et al,
1993; Kurushin et al, 1997; Bayasgalan, Jackson, 1999;
Bayasgalan et al, 2005; Schlupp, Cisternas, 2007;
Ulziibat, 2006; Emanov, Leskova, 2005]. A significant
part of the solutions comes from the Global Centroid-
Moment-Tensor Project (former Harvard CMT Project)
[http://www.globalcmt.org]. The first motion approach
has been widely used for the northern part of Mongolia
and the neighbouring regions of Russia due to denser
seismic stations covering these regions. The main con-
tribution to the first motion solutions of the earth-
quakes was made by A.V. Solonenko and co-authors
[1993] who re-estimated the solutions from their ear-
lier reports and presented the revised focal solutions in
the international format (in terms of parameters of
nodal planes and axes rather than cosine or sinus to the
poles of the planes). Now, a regular source of infor-
mation on focal solutions is the annual catalogue
“Earthquakes of the Northern Eurasia” (former “Earth-
quakes in the USSR”) published by the Russian Geo-
physical Survey. For the territory of China, only focal
mechanisms from the world seismic agencies are taken
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because the regional sources of data are not readily
available.

For earthquakes that occurred from 1996 to 2008,
we examined both the analogous and digital seismo-
grams of the Baikal, Mongolian and Altay-Sayan regio-
nal networks to constrain the focal mechanisms using
polarity of Pn and Pg arrivals. A part of the solutions
was published in annual issues of “Earthquakes of the
Northern Eurasia”; here a list of solutions for weak
earthquakes is presented. A compilation of earthquake
fault plane solutions is given in Supplementary Mate-
rials.

Most of M>4.5 earthquake mechanisms were shown
in the map issued in 2011 [Map of focal mechanisms...,
2011; Radziminovich et al, 2011; Sodnomsambuu et al,
2011]. This map with additions is given in Fig. 2. In the
event that both first motion and CMT solutions are
available, the former is preferably shown. Although the
geometry and kinematic types of fault planes deter-
mined by different authors are similar in most cases,
mechanisms for some earthquakes differ (Fig. 3). The
most important variation case for understanding of re-
gional seismotectonics is the 1950 Mw 6.9 Mondy
earthquake. Its final solution is given in [Delouis et al,
2002]. Figure 3 also shows a rare case of focal solutions
determined for an earthquake of the Transbaikalia re-
gion. This is the 2006 Mw 4.5 Balei earthquake for
which the published mechanisms also vary. The fault
plane solution obtained from the first motion polarities
[Melnikova et al, 2011] is of reverse-fault type, whereas
the seismic moment tensor inverted from the phase and
amplitude spectra of body and surface waves shows a
pure strike-slip motion [Barth, Wenzel, 2010]. The third
available solution, which we accept as the most reliable
one, was derived in [Radziminovich et al, 2012] by using
the surface wave amplitude spectra along with the first
motion polarities at the local stations. This focal mecha-
nism suggests a reverse slip with a strike-slip compo-
nent on NW and N-S planes that is consistent with the
structural position of the source.

3. METHODS

In our study, two approaches were used to inverse
the regional stress field. The first was to divide the
region into the subareas corresponding to the major
structural units as well as the main zones of seismicity,
and to invert the focal mechanisms of the earthquakes
of each subarea for stress. For inversion a program
Win-Tensor [Delvaux, Sperner, 2003] was used that
implements the right dihedra method [Angelier, 1984]
and a dynamic rotational optimisation procedure. In
this software package, the graphical right dihedra
method was developed for estimating stress ratio
R=(02-063)/(c1-03).
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The second way was to obtain the stress field over
the whole region provided by the data, since the sub-
area data sampling may be incorrect and, moreover, it
does not allow tracing the spatial stress variations. To
meet this objective, we applied SATSI software, which
is a damped inversion devised by [Hardebeck, Michael,
2006]. This method is based on the linear inversion
technique [Michael, 1984] and minimizes the difference
in stress between adjacent subareas where a single
stress tensor was obtained. As noted by the authors of
this method, damped inversion removes stress varia-
tion artifacts and resolves stress rotations more ap-
propriate in comparison with a simple smoothed mo-
del or a moving-window inversion. For damped inver-
sion, a scalar damping parameter that controls the rela-
tive weighting of the data misfit and the model length
in the minimization should be set. To choose the dam-
ping parameter, we examined the trade-off curve be-
tween misfit and model length for a range of damping
values and selected value e=0.6 (Fig. 4) that was near
the corner of the trade-off curve, i.e. where both the
model length and data variance were relatively small.

Probably, it is more reasonable to compare GPS
strain patterns not with stress inversion results but
with seismotectonic strain. For this, we visualized the
averaged focal mechanism for each subarea applying
the method of seismoteconic deformation described in
[Nikitin, Yunga, 1977; Yunga, 1990]. Unlike the stress
inversion, this approach takes into account the magni-
tude of earthquakes in samples; thus, a contribution of
each event to the strain is determined by its magnitude.
Strain patterns from GPS measurements were derived
using horizontal GPS velocities within the Baikal-Mon-
golian network [Lukhnev et al, 2010]. Strain parame-
ters were calculated according to the formulae taken
from [Turcotte, Shubert, 1985]. Correctness of computa-
tion results was tested on the data from Tables 1 and 2,
and Fig. 2 from the above mentioned paper [Lukhnev et
al, 2010).

4. RESULTS

The first conclusion evidently inferred from the map
is that the focal solutions of earthquakes in the south-
ern Mongolia are rather homogeneous, whereas in the
northern part they are widely variable (see Fig. 2). In-
deed, the earthquakes in the major part of the Mongoli-
an territory and the neighbouring regions of China are
characterized by strike-slip and reverse movements.
The strike-slip compressive stress regime (following
the classification by [Delvaux et al, 1997]) with SHmax
azimuth 220° was deduced for the Gobi Altai area
(Table 1). The same regime was found for the Mongo-
lian Altai, but the orientation of the SHmax here was
determined as 195°. The pure strike-slip regime was
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Fig. 2. The map of focal mechanisms of earthquakes in Mongolia and its surroundings [Map of focal mechanisms..., 2011, with additions].

SRTM files [Jarvis et al, 2008] were used to make topography in Mercator projection, WGS 84. Seismicity data (from 1964 to 2010) were taken from the regional catalogs issued by the Baikal
Division of the Siberian Branch of the Russian Geophysical Survey, the Altay-Sayan Division of the Siberian Branch of the Russian Geophysical Survey, and the Mongolian national network.

Puc. 2. KapTa MexaHM3MOB 04aroB 3eMJIETPsSICEHU MOHI0JIMU U coNpefie/IbHBIX TeppuTopuii [Map of focal mechanisms..., 2011, ¢ [ONIOJTHEHUAMHU .

HUcnonb3oBanbl ¢anabl SRTM [Jarvis et al, 2008] pnsi usobpakeHusi penbeda B npoeknud Mepkatopa, WGS84. InuueHTps! 3emieTrpsiceHuit (1964-2010 rr.) B3sITbl U3 perdOHaNTbHBIX
KaTaJsioroB Baiikanbckoro ¢unnana Cubupckoro otaesnenus: Poccuiickoit reodusndeckoit cauyx06nl, Antae-CassHckoro ¢unnana Cubupckoro othesieHus: Poccuiickoil reopusnveckoit ciayx6bl
1 MOHT0JIbCKOM HallMOHAJIbHOM CETH.




Focal mechanisms of earthquakes and stress field of the crust in Mongolia...

N.A. Radziminovich et al.:

‘goYoxIrou

XIIHhUIreed WOMHBRLIOETIOIDU J el e ‘Unwedolrde HWIIHERd XIIHHORAI OII .ESI@E@Q OMIIfOMI9H BILIOWH X19doLOoM BIrY .EEI@UWQFQ:.Ewm 40Jeh0 IINEUHEXIIN "€ "dUd

'sayoeo1dde JuaIdyyIp YIIm PUE SIoYINe JUaISYJIp Aq PIUIULIZIDP SUONN[OS BY) UT SUOHBLIEA SWIOS Y)IM saxenbylres ay) Jo swsiueydaw [ed04 °¢ “Siq ||

0LOZ ‘[9ZUsp\ pue  zioz “lB18  LLOZ e 18 G00Z'eAo¥sa pue
UHES yomoulwizpey  BAONIUIS 1AD Aouewg
,\ M ) ﬂ; @ D
? / * / \ \\, \ 7 4
. ' W Ny -
90/10/900¢ LL/11/€002
0102 ‘|9ZUsp pue 1AD 5002 “[e e 1LND  ¢66l "B IO 1ND €661 B9 500z “le e 1ND  ¢66l "l 10 1ND €661 “[E1® 1LND  ¢661 “leld
ypeg uejebseleg 0)usuo|0S 0)uauo|0S uejebseleg 0)usuo|oS [ VEI ][I 0o¥uauo|os
L] ° )
. N Y ' N 7 N\
62/10/666 1 €¢/,0/8861 0€/90/8861 ¥70/11/9861 ¥2/¥0/9861
LD WD WBASGNS T Jensansis).  JueAeqns Pz JUsASans 1) gge) ‘1S _—
1661 49soq €661 “lele €661 “[e1d 9861 ‘usyp oyt £ ¢ “ 1661 4osoQ €661 e e
03UBUOIOS OMUSUOI0S uejebseleg pue Bueny A ._m._M__m_w_amM.m_. +661 4esoq mmmﬁwmc_w_wm ojuauojog
. A - D
L]
\. - _ N g Ny
91/80/1861 GL/CL/0861 9¢/20/cl6l
¥0/L0/v .61
S00Z“IB18  9B6LUSLD ougbue | 8161 - SL6L I 1661 19S0Q G861 ‘B 1 1661 19500 €661 “I2 10 ; : SI6LUEWD 2L g0t
uefebseAeg  pue BuenH g oqqe’  BUMISON  weluuleg Sl tousios 200z ‘snojaQ 1661 4es0a LN I eueysin M\A:m_um_cmmm“hm\m
— N S T~
)
3 \ ,///\ N N A _4 \\
0Z/1.0/2961 01/50/9961 2c¢/10/2961 v0//0/0S6 1



03 50
®10
5
026 42
16
§ 1.4
& 022 o 12
= 1
g ’00.9
% 018 o’ 07
g .
05
0’6 A4 04 03 02 0.1
0.14 - ® o . .
0.1
0 0.1 0.2 03 0.4 05 0.6

model length
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variance for the full range of possible values of damping
parameter e. Numbers indicate values of e.

Puc. 4. I'paduk a5 BbIGOPA ONTUMAJIBHOIO 3HAYEeHHUs Ma-
paMeTpa criaaxuBaHus e. KprBas nokasblBaeT COOTHOIlIE-
HUe MexXxy AJUHOW MOoJeJIu U AUcliepcruel JaHHbIX. Ynucaa
YKa3bIBAlOT 3HAYEHHUE €.

revealed for the Mogod seismic area, named so after
the 1967 Mw 7.1 earthquake. The eastern part of the
studied region is poorly provided by focal mechanisms,
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[Barth, Wenzel, 2010], show the compressive strike-slip
regime with 262° of the SHmax orientation (Fig. 5).

The more complex pattern is observed in the area to
the north of the Bolnai zone where the stress regime is
converted from compression resulted from the India-
Eurasian collision to local extension of the Baikal rift.
The central part of the Baikal basin is characterized by a
pure extension in the NW-SE direction, whereas earth-
quakes located at its southern termination have a signi-
ficant strike-slip component along with normal faulting,
and this gave grounds to conclude that this area is sub-
ject to transtension [Radziminovich et al, 2006]. Com-
pression becomes stronger westward so that the Sayan
Mountains are under the strike-slip field and Tuva
region is under the compressive strike-slip regime.

The Bolnai area encompasses the rupture zones of
the Tsetserleg-Bolnai M 8.0 earthquakes. While making
inversion, we revealed that the sample contained too
diverse solutions to yield a satisfactory result, so it was
divided into several subsets. The 1905 mainshock
subset consisting of several subevents [Schlupp, Cister-
nas, 2007] clearly shows the strike-slip compressional
regime with SHmax azimuth 22°. As to the earthquakes
recorded by the regional networks for the last 50 years,
their focal mechanisms are very heterogeneous, and
the low quality of the stress solution for the whole sub-
set resulted in separating it into two opposed stress

tensors fitted the data, namely compressional and ex-
tensional ones (Table 1).

although it is still seismically active. The available solu-
tions, which are mainly GCMT ones and the data from

Table 1.Stressinversion results for different areas using the method and stress regime classification
by D. Delvaux

Ta6nuuga 1. Pe3yabTaTbhl HHBEPCHU TEKTOHUYECKUX HANPsXKeHUH A1 pa3HbIX PailOHOB, OJIyYeHHbIE 110 METOAY

A. JeabBo
Area N o1 02 03 R R F1 Q Regime
Baikal 24 76/140 01/234 14/324 0.56 0.56 16.5 B pure extensive
Bolnai 1 8 01/022 03/293 87/131 0.02 2.02 9.8 A strike-slip compressional
Bolnai 2 11 07/296 08/205 79/069 0.71 2.71 19.0 B pure compressional
Bolnai 3 8 78/216 08/085 09/354 0.36 0.36 25.6 C pure extensional
Eastern Mongolia 12 07/262 79/033 07/171 0.27 1.73 25.7 C compressive strike-slip
Goby Altai 13 00/220 12/130 78/310 0.05 2.05 15.0 B compressive strike-slip
Mongolian Altai 35 00/015 19/285 71/105 0.19 2.19 43.3 C pure compressive
Mogod 15 03/059 63/155 27/327 0.62 1.38 23.1 C pure strike-slip
Sayan 8 16/077 72/229 08/345 0.42 1.58 39.6 C pure strike-slip
Tuva 18 07/031 62/286 27/125 0.12 1.88 54.2 C compressive strike-slip
Ubsu Nur 20 07/203 46/106 43/299 0.29 2.29 75.4 C pure compressive

N o t e. N - number of focal solutions in a sample; o1, 62, 03 - orientation (inclination/azimuth) of the principal stress axes (maximum, in-
termediate, and minimum compression, correspondingly); Q - tensor quality rank (from A (best) to E (worst)); R - stress ratio (ranges from
0 to 1); R’ - stress regime index; F1 - slip-shear misfit angle; Regime - stress regime. Bolnai 1 is the 1905 mainshock subset, Bolnai 2 and
Bolnai 3 are the subsets representing the recent earthquakes.

[IpuMedyanue N- KOJINIECTBO PelIeHNH MeXaHU3MOB 04aroB 3eMJIETPSICEHUH J/Is1 JaHHOH BBIOOPKY; 01, 02, 03 — OpUeHTaLus (yroJ
HaKJIOHA / a3UMYT) IVIaBHBIX OCel HaNpsHKeHUH (MaKCHMaJsbHOe, CpeZiHee 1 MUHUMaIbHOe CKaTHe, COOTBETCTBEHHO); Q — KayecTBO pelle-
Hud (ot A (nyqwee) po E (xyzmee)); R - koadpdunmeHT, mokaspIBalOUMi COOTHOIIEHHE OCel HampspkeHUH (B AuamasoHe oT 0 go 1); R'-
[OKa3aTeJsb peXXuMa HanpspkeHUd; F1 - yros Mexxay BEeKTOPOM CKOJIBXKEHUSI M TeOpeTUYeCKUM HallpaBJIeHHeM CKasblBaHus. bosiHait 1 -
JlaHHble 10 IJIABHOMY celicMuueckoMy co6biThio 1905 r.; BosHaii 2 U 3 - AaHHbIE N0 3eMJIETPSICEHUSAM UHCTPYMEHTAJBLHOTO Mepuoja
Hab6JII0IEHUH.
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Fig. 5. Stress inversion results for the main active domains (in circles) and after the damped stress inversion for 1°-spaced
grid.
Vectors give the orientations of maximum (red) and minimum (blue) compressional horizontal stress SH and Sh. An arrow length depends

on the inclination to the horizon. Inversion results obtained by Tensor program (in circles) show also intermediate axis orientations
(green). Names of the main active domains and the inversion results correspond to Table 1.

Puc. 5. Pe3y/ibTaTbl MHBEPCHH TEKTOHHUYECKUX HANPSKEHUH, oJlyyeHHble [J/11 OCHOBHBIX aKTHBHBIX 06J1acTel (B Kpy»x-
Kax) U B X0/ie IMHEHHON UHBEPCHUU CO CTJIXKMBAHUEM JIJIsl CETKH C 11arom 1°.

BekTopaMu NokKa3aHa OpHeHTalMsl MAaKCHMaJbHbIX (KpacHble) U MUHHUMAaJbHBIX (CUHME) FOPU30HTAJNbHbIX HapshkeHUH oxatusa SH u
Sh. /liMHa cTpeJIoK 3aBUCUT OT yrJia HaKJOHA K FOPU30HTY. Pe3y/ibTaThl MHBEPCUH, NOJYYeHHbIE C NOMOLIbI0 nporpaMMbl Tensor (B
KpPY>KKax), IOKa3blBalOT TAKKe OPUEHTALMI0 IPOMEXYTOYHON ocH (3esieHOro 1BeTa). HasBaHUS OCHOBHBIX aKTHUBHBIX 06Js1acTel U pe-

3yJbTAaTbl HHBEPCHUU COOTBETCTBYIOT JaHHbBIM Ta6J'II/ILLbI 1.

Another complex area is the territory to the west
and north from the Ubsu Nur Lake. It is subject to the
S-N compression; nevertheless, diversity of focal solu-
tion types here resulted in the largest misfit angle.

The damped inversion results are more smoothed
when compared to the stress tensors for subareas. It
should be noted that in the outermost SW part of the
region, within the China territory, SHmax suddenly be-
comes oriented in the SE-NW bearings. Such orientation
(more precisely, NNW) of the compression axis was in
one fault plane solution among others mechanisms; fur-
thermore, the available focal solutions in this area are
solitary while the method requires adjacent data. Thus,
this is an artefact due to the limited data set for this
area. As a whole, the results show that SHmax is turning
from the W-E direction in the eastern Mongolia to
NE-SW in the Gobi Altay and the central Mongolia, and
then to S-N in the western part of the region (Fig. 5).

5. DISCUSSION

The regularities revealed on the recent seismologi-
cal data are generally consistent with the Late Cenozoic
tectonic stress features inferred from a structural
analysis of the active fault zones [Parfeevets, Sankov,
2010, 2012], as well as with the recent geodetic data.
The GPS velocity field shows two main trends (Fig. 6):
the NE trend within Jungaria, the Mongolian Altay, and
the Great Lakes Valley, and the SE trend for the central
and eastern Mongolia [Calais et al, 2003; Lukhnev et al,
2010]. The change between these trends spatially coin-
cides with the Khangay dome and the Bolnai zone,
being the northern boundary of the dome.

Figure 7 shows the strain patterns within the
Baikal-Mongolia GPS network and the stereograms of
average mechanisms that actually represents seismo-
tectonic strain. The stereograms were obtained for the
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Fig. 6. The field of GPS horizontal velocities with respect to Eurasia for 1994-2007.

Red arrows show directions and velocities (mm/yr) with 95% confidence limit; light grey arrows show vectors averaged on a 30'x30’
regular grid. The map is based on the data from Table 1 in [Lukhnev et al, 2010]. 1 - abbreviated station name and velocity (mm/yr);
2 - direction and velocity with 95% confidence ellipse.

Puc. 6. [1os1e ropru3oHTaIbHBIX CKOpOCTel N0 AaHHBIM GPS oTHOcuTesibHO EBpasuu ¢ 1994 o 2007 r.

HampaBnenust u ckopoctu (MM/rox) ¢ 95%-HbIM JOBEpHUTEbHBIM UHTEPBAJIOM IOKa3aHbl KPACHBIMU CTPEJIKAMH; CBETJIO-Cepble CTpeJ-
KH M0Ka3bIBAIOT BEKTOPbI CKOPOCTEH, MHTEpNoMpoBaHHbIe o ceTke 30'x30’. KapTa 6a3upyeTcs Ha JaHHbIX U3 TabJIuIbI 1, 0ny6IHKO-
BaHHOMU B [Lukhnev et al, 2010]. 1 - cokpallleHHOe Ha3BaHHe CTAaHIIUU U CKOpOCThb (MM/ToA); 2 — HampaBJIeHHe U CKOPOCTb € 95%-HbIM

AOBEPHUTEJIbHBIM 3JIJIUIICOM.

main seismic zones (like the stress inversion subareas)
so that they do not coincide fully with the geodetic tri-
angles. Nevertheless, the general features can be com-
pared. For the southern and western areas, where
strong earthquakes occurred like the 1957 M 8.3 Gobi-
Altay earthquake or the 1931 M 8.0 Fu Yun earthquake
in Mongolian Altay, the strain patterns obtained from
GPS and seismological data are consistent, whereas the
above mentioned Bolnai zone shows a contradiction.
The results of GPS estimation indicate the predomi-
nance of extension (in the SE-NW direction), while
compression was revealed for the longer period of
seismic observations. Yet, the seismotectonic strain

shows compression that was provided mainly by the
Tsetserleg-Bolnai earthquakes; however, we noted
above that a part of the recent data on focal mecha-
nisms fits an extensional stress field with the NNW ori-
ented extension axis. The diversity of the recent focal
solutions might be caused by postseismic relaxation or
stress perturbation after the mainshocks or it could
reflect the different scale of the considered earthquake.
In addition, there is an ambiguity related to compari-
son between GPS and seismicity data on account of dif-
ferent spatial and time domains to be compared, and
complexity of the rupture kinematics in case of a large
earthquake.
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Fig. 7. Strain patterns within the Baikal-Mongolia GPS network.

Red and blue arrows show principal shortening and stretching strain axes derived from the GPS velocity data from Table 1 in [Lukhnev et
al, 2010]. Seismotectonic strain is visualized by yellow stereograms, which are the averaged focal solutions for the main seismic zones

outlined by thin black lines.

Puc. 7. OpueHTaL s U CKOpOCTh AedopMalii 3eMHOM KOphbI B Ipeenax balikano-MoHrosbckoro GPS-nosuroxa.

OcH yKOpO4YeHHUs U YAJIUHEHNs], yCTaHOBJIeHHbIe 10 AaHHbIM GPS-BekTopoB (Tabsiuna 1 [Lukhnev et al, 2010]), noka3aHbl KPacCHBIMU U
CUHUMH CcTpesikaMU. CeficMoTeKTOHHYecKHe JedopMalMy NMOKa3aHbl Ha CTepeorpaMMax (PKeJITblH) Kak ycpeJHEHHbIe pelleHUs MeXa-
HU3MOB 04aroB 3eMJIeTPSCEHUH /IJI1 OCHOBHBIX CEICMUYECKUX 30H, OKOHTYPEHHBIX TOHKOM YepHOH JIMHUEH.

However, another confirmation of the transtensive
field existence in the eastern part of the Bolnai zone
comes from Quaternary fault-slip data [Parfeevets,
Sankov, 2012]. The extension here is supposed to be
related to the divergent motions between the North
Eurasia and Amurian plates [Petit, Fournier, 2005].
Changes in seismotectonic deformations in this area
were also reported by O.A. Kuchai and M.E. Kozina
[2015] who outlined there the boundary of the Amu-
rian plate.

The complexity of focal solutions is also observed in
the NW part of the study region. Despite this area is
subjected to the S-N compression, normal fault earth-
quakes are rather numerous there. This area is also
distinguished by the fact that seismicity is mainly con-

fined to the ridges and uplifts rather than to basins
(e.g., Tuva basins, Great Lake basin, Ubsu-Nur basin).
S.V. Gol'din and 0.A. Kuchai [2007] explained these two
observations by the block structure of the Altay-Sayan
area, and, more precisely, by “the hierarchic systems of
rigid and plastic blocks (rheological structure)”. In
other words, the basins are supposed to be aseismic
rigid block; as to normal slip focal solutions found here,
they are thought to occur in regions of strain shadow.
We roughly estimated the strain rate for the territo-
ry of Mongolia using the widely known Kostrov's for-
mulae [Kostrov, 1974] as summed moment tensors of
earthquakes divided by shear modulus, volume and
time interval of observations. Only earthquakes with
M>7.0 (the Mw 6.9 Mondy event was also included)



Table 2.Components ofthe seismotectonic strain
rate tensor

Tab6auma 2. KoMOOHeHTHI TeH30pPa CKOPOCTH
celicMOTEeKTOHMYECKOil AedopManumn

&ij, (yr1)
-3.80 10-°

Exx Eyy €2z Exy Eyz Exz
0.89 -4.04 3.13 -424  2.03

N o t e. Elements of the symmetrical strain rate tensor obtained by
summing moment tensors of earthquakes with M>7.0 and dividing
the results by the time interval (100 years) and the crust volume
(1200x2900x20 km). Coordinate axes X, y and z are east, north, and
up, respectively. Minus and plus indicate shortening and stretching
of the crust, respectively.

[IpumeduaHue KoMIOHEHTb CHMMETPUYHOrO TEH30pa CKO-
poctu AedopMalnuu MOJIyYeHbl MyTEM CYMMHUPOBAHUSI MOMEHTOB
TEH30pOB 3eMJIeTPSCEHUH MarHutyaod M=>7.0 u peneHusa pe-
3yJbTaTa Ha BpeMeHHOM HHTepBaja (100 seT) U 06bEM KOPBI
(1200x2900x20 kM). Ocu KOOpAMHAT X, Y U Z - BOCTOK, CEBEP,
BBEPX COOTBETCTBEHHO. 3HAKH — U + YKa3bIBAIOT HAa COKpallleHUe U
pacTspKeHUe 3eMHOM KOpbl, COOTBETCTBEHHO.

that constitute significant strain release were consi-
dered. Values of the average strain rate tensor compo-
nents are shown in Table 2. The largest value is about
42x10-% yr-1 for the horizontal shear component &,
that exceeds the shortening rate estimated for different
parts of Mongolia from GPS measurements, which ran-
ges approximately from 3x10-9 to 25x10-% yr-! [Lukh-
nev et al,, 2010]. In case of summing only scalar seismic
moments of the earthquakes, the seismic strain rate is
8.7x10-% yr-1. For the time interval of 100 years, the
seismic moment release is approximately 1.12x102° N
m yr-1. Even such rough estimates of the strain rate and
seismic moment release are rather high for the in-
tracontinental setting. It has been already noted by
W.E. Holt and his colleagues, who reported that in the
20th century the earthquake moment release rate in
Mongolia was about a factor of 4 higher than the model
long-term rate [Holt et al,, 1995, 2000]; this is obviously
due to the occurrence of several great earthquakes
close in time and space. Proximity of the four earth-
quakes with M>8 implies a possible link between them,
for example, through viscoelastic stress transfer, as
was tested in [Chery et al, 2001].

6. CONCLUSIONS

In this report, we have gathered earthquake focal
solutions for the territory of Mongolia and its sur-
roundings in order to reveal a spatial variability of the
stress orientation and stress regimes of the crust. Our
results do not bring much change in the already pub-
lished results for this territory [Zhalkovskii et al, 1995;
Melnikova et al,, 2004; Melnikova, Radziminovich, 2005;

Geodynamics & Tectonophysics 2016 Volume 7 Issue 1 Pages 23-38

San’kov et al, 2005, 2011; Gol'din, Kuchai, 2007; Par-
feevets, San’kov, 2010; Rebetsky et al, 2013; Kuchai,
Kozina, 2015; and others]| indicating that the main char-
acteristics of the present-day regional stress field are
quite steady.

The map of focal mechanisms shows that the earth-
quake focal solutions in the southern and western parts
of Mongolia and the neighbouring regions of China and
Russia are quite uniform (strike-slip and thrust move-
ments). The more complex pattern is observed in the
area to the north from the Bolnai zone where the stress
regime is thought to be converted from compression
due to the India-Eurasian collision to local extension due
to the Baikal rifting. The complicated picture of focal
mechanisms distribution in the Altay-Sayan area may be
explained by the block structure of this territory.

According to the stress inversion results, the SHmax
is turning from W-E in the eastern Mongolia to NE-SW
in the Gobi Altay and the central Mongolia and then to
S-N in the western part of the region. The regularity
can be explained by the recent geodynamics of this
part of Asia.

The strain axes directions revealed by the geodetic
and seismological observations are generally con-
sistent. As for the strain rate, clustering of large earth-
quakes in time due to mutual triggering may be an ad-
ditional factor (along with the incompleteness of seis-
mic catalogues) that complicates the comparison of
geodetic and seismic strain rate.

The data compiled and visualized in this study show
the spatial gaps to be covered by earthquake focal solu-
tions. For instance, the vast areas of the eastern part of
Mongolia and Transbaikalia remains insufficiently stu-
died that should be compensated not only ‘for the sake
of pure scientific interest’ but mainly for seismic ha-
zard assessment of the capital of Mongolia. Ulaanbaa-
tar, the largest city at the region with population about
1,200,000 people, has recently faced with increasing
the seismic activity in its vicinity. Therefore, a proper
knowledge of kinematic type of active faults under the
recent stress regime is strongly needed to constrain
potential earthquake scenarios.

We hope that the map and the stress inversion re-
sults can be a useful tool for geodynamic and seismo-
tectonic analyses of this part of Asia and it will facilitate
better understanding of spatial co-existence of dif-
ferent stress regimes.
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