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ABSTRACT

We present remote-sensing and field observations of an ~350-km-long east-west |eft-lateral
strike-dip fault (the South Hangay fault) in the Hangay M ountains of central Mongolia, an area
previoudy believed to be deforming solely by dlip on scattered, and randomly oriented, normal
faults. Theknown dip-dip faultsareshown to be short sesgmentsintroduced at bendsin themuch
longer strike-dip fault. Our observationsshow that the active faulting in the Hangay M ountains
isconsistent with theregional strain field of M ongoliaand doesnot require, assuggested in other
studies, that the faults result from stresses introduced by the locally elevated topography. Our
observations help to define the active tectonics of thisimportant part of the India-Eurasia col-
lision. The South Hangay strike-dip fault is a potential source of large-magnitude earthquakes
and congtitutes a previoudy unrecognized hazard in thispart of Mongolia.
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INTRODUCTION Hangay Mountains occupy the region betweeHowever, some of the mapped normal faults
Western Mongolia and adjacent parts ofhese two fault systems. The origin and lateend E-W or NW-SE, implying a NE-SW
China, Kazakhstan, and Siberia accommodaftgenozoic tectonics of the Hangay region are neixtension direction that is incompatible with
~10 mml/yr of the shortening between India andrell understood at present. the regional strain. The active faulting is thus
Eurasia (Fig. 1; Calais et al., 2003). Although The dome-shaped Hangay Mountains readhterpreted as a result of localized stresses
the onset of shortening in Mongolia is thoughtlevations up to 4000 m and are capped byiatroduced from surface uplift (Baljinnyam
to date from the Oligocene, many of the range®gionally extensive Late Cretaceous erosioet al., 1993; Cunningham, 2001). We present
are younger than 10 Ma (Vassallo et al., 2006%urface. Correlation of this erosion surface witimew field and remote-sensing observations that
The India-Eurasia collision appears to haveounterparts in the basins south and west of tladlow a reinterpretation of the active faulting.
propagated northward through time (BaljinnyaniHangay Mountains suggests ~2000 m of surface
et al., 1993; Vassallo et al., 2006), and offers theplift. At present, there are narfi data on the SOUTH HANGAY STRIKE-SLIPFAULT
chance to study both the temporal and spatiduration and timing of this uplift, though an In the following section, we describe the evi-
evolution of a continental collision. We focus orincrease in clastic sedimentation in surroundindence for a previously unidenéfi left-lateral
the active faulting within the central Mongoliabasins in the mid-Oligocene (ca. 25—-30 Ma) istrike-slip fault in the Hangay region (Fig. 1B).
Hangay Mountains, an enigmatic dome-shapadferred to mark the onset of the Hangay Mounthe strike-slip fault forms a continuous system
range often thought to result from dynamic upliftains as a sediment source (Yanshin, 1975). Tleetending for ~350 km between long 95.5°E and
above a hot upwelling mantle. As well as helperigin of the elevated topography of the Hanga§00.5°E and shows clear evidence for move-
ing to defne the active tectonics of this importanis not clear. The presence of a hot upwellinghent in the late Quaternary.
part of the India-Eurasia collision, we investigatenantle is suggested on the basis of widespreadPerhaps the clearest evidence for active left-
whether active faulting in the Hangay region iliocene—Quaternary basaltic volcanism (e.glateral faulting is seen near the village of Bayan
consistent with the regional straielfi of Mon- Windley and Allen, 1993). However, there is ndBulag, where Cunningham (2001) idertifisev-
golia or whether the faults result from stressasdication of the corresponding gravity anomalyeral short faults. These faults have clear scarps
introduced by the locally elevated topography. that would result from dynamic support from arin bedrock and alluvium with striations showing
North-south shortening in western Mongoliaupwelling mantle (Bayasgalan et al., 2005). Aralmost pure normal faulting. However, detailed
is accommodated by a combination of rightalternative explanation for the elevated topoganalysis of advanced spaceborne thermal emis-
lateral strike-slip and counterclockwise verticataphy of the Hangay Mountains is the presena@on and reéiction radiometer (ASTER) satel-
axis rotation of crustal blocks within the Altay of underplated magmatic rocks (e.g., Petit et alite imagery reveals that these short normal
Mountains (Baljinnyam et al., 1993; Calais et al.2002; Bayasgalan et al., 2005), though thifaults are actually part of a much larger fault
2003; Bayasgalan et al., 2005). Global positiorhypothesis has yet to be tested. system (Fig. 2A). A south-facing normal fault
ing system (GPS) measurements show centralActive normal faults were mapped withinscarp is visible 1.5 km north of Bayan Bulag.
Mongolia to be moving eastward with respect tthe Hangay region (e.g., Zorin et al., 1982The topographic expression of this fault ends at
Siberia (stable Eurasia). The resulting E-W leftBaljinnyam et al., 1993; Cunningham, 2001)~98°6" E. However, the fault continues farther
lateral shear is manifested in tBalnay strike- Most of the mapped normal faults are orientedast as a series of right-stepping depressions
slip fault in the north of the country and faultsNE-SW. The NW-SE extension on these faultaligned obliquely to the local 80° trend of the
of the Gobi-Altay in the south (Fig. 1A). Theis compatible with the regional straireffi. fault (Fig. 2A). Figure 2C is a close-up of the
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as a discontinuous dark line on the imagery,

continues ~2 km to the south of, and parallel

to, the main Bayanbulak normal fault. There

[ is very little topography across this previously
unidentifed strand of the Bayanbulak Valley
fault, which therefore appears to have a main
strike-slip component. It is likely that normal
and strike-slip components of slip are spatially
separated (partitioned) onto separate surface
structures that meet at depth. A similar spatial
separation is likely to occur along the normal
fault identified directly north of Bayan Bulag,
though in this case the parallel normal and

~ strike-slip strands are separated by only ~10 m

- at the surface. Partitioning of dip-slip and strike-
slip components onto separate structures at the
surface has been noted in other localities, such
as the 2001 Kokoxili earthquake in Tibet (King
et al., 2005; Klinger et al., 2005).

Spectacular evidence of left-lateral faulting is
also preserved ~10 km west of Bayan Bulag at
Hushuut Nuur (Fig. 3A). Alternating sag ponds
and pressure ridges track across an otherwise
featureless plain. The sag ponds are typically
10-20 m in diameter, though some are larger
(Fig. 3B). Most are almost circular in shape,
though a slight elongation at an azimuth of 80°
was seen in some cases, which is roughly paral-
lel to the trend of the fault as a whole. Hushuut

| Nuur, which translates as Monument Lake, is
KnoT'e(ers 1 ] : - | a large, ~500-m-diameter sag pond formed at
— a left step in the fault trace (Fig. 3A). Pressure

45N

95E 96E 97E 98E 99E 100E

ridges are between some, though not all, of the
Figure 1. A: Shaded relief Shuttle Radar Topography Mission (SRTM) topography (Farr sag ponds. We visited one of the ridges (vis-
and Kobrick, 2000) of western Mongolia and surrounding parts of China and Russia. Black ible in the background of Fig. 3B). The ridge is

lines—active faults. Black arrows—global positioning system velocities of points measured

relative to Irkutsk in Siberia. Fault-plane solutions of earthquakes are from Bayasgalan et al. <10 m high and is elongated along an azimuth

(2005, and references therein). Gray solutions represent those from Harvard CMT (centroid of 100°-110°, slightly oblique to the cha_l 80°
moment tensor) catalog. Black solutions represent those where source parameters are trend of the fault. In contrast to the Iigd fis-
delimited by P and SH body-wa\{eform mo_deling._ Four red_solutions represent the four M >8 sures identiéd at Bayan Bulag, the size of the
earthquakes that have occurred in Mongolia and its immediate surroundings in the twentieth geomorphic features idengfi at Hushuut Nuur

century. Box represents the region shown in B. B: Shaded relief SRTM topography of South

Hangay strike-slip fault. White rectangles—major towns and locations referred to in text. suggests that they are composite features result-

ing from more than one earthquake.
East of Bayan Bulag, the faulting continues
as E-W-striking parallel scarps that eventually
ASTER image showing the fault trace. Figure 2BASTER satellite imagery (Fig. 2A). Series ofbend NW-SE and join the Bayan Hongor fault
shows a ®ld photograph of the right-steppingsmall ponds and springs, along with the lack afone (Fig. 1B). The active faults can be traced
depressions where they cross the Bayan Bulégpography across the fault, suggest strike-sligasily on satellite imagery and in theldi, and
River. We interpret these depressions as thmotion. This southern strike-slip fault tracesare manifest either as continuous scarps or as
preserved remains of tensionasfires gener- eastward toward the Bayanbulak Valley scarps, series of alternating sag ponds and pressure
ated by slip on the fault. The nearesttire in  which were identied as normal faults by Cun-ridges. Our ®ld investigation did not extend
the photograph is 15-20 m long, 2-3 m wideningham (2001) on the basis of downdip striawest of long 97°E. However, indications of
and is oriented at an azimuth of 65°. It is almogtons preserved on granites exposed in the scagztive left-lateral strike-slip faulting visible in
completely infiled and identiéd only by the The normal faults are clearly visible in ASTERsatellite imagery continue for a further ~100 km
relatively lush green vegetation within it. Theimagery. The ASTER satellite imagery alsdo long 95.5°E, where the faults join with a sys-
orientation of the right-steppingsBures with reveals more details of the active faulting. Théem of NW-SE thrust faults (Fig. 1B).
respect to the local trend of the fault is indicativeouthwest of the two Bayanbulak Valley fault
of left-lateral slip. Thesedsures are similar in segments trends ~ENE. However, a low scarBAYAN HONGOR AND OTGON FAULTS
appearance and scale to paleo-earthquake rugith a trend of ~100°, can be seen continuing We have shown that many of the known nor-
tures observed in many places around Mongoleastward from the end of the previously mappeatal faults of the southern Hangay region are,
(Baljinnyam et al., 1993; Walker et al., 2006). fault (Fig. 2D). Alluvial fans have been upliftedin fact, only small parts of a large left-lateral
A second strand of the fault passes just to trend incised on the north side of the scarp (Figstrike-slip fault. The NE-SW trend of these nor-
south of Bayan Bulag, and is clearly visible or2A, 2D). Farther east, the fault, which is visiblamal faults is consistent with their situation at
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Figure 3. A: Close-up
advanced spaceborne ther-
mal emission and refl ec-
tion radiometer (ASTER)
imagery (acquisition date
2006:02:21, bands 3n,2,1)
of faulting at the Hushuut
Nuur releasing bend (see
Fig. 1B for location).
B: Field photograph look-
ing west of sag ponds
aligned along the fault
trace. Car in distance is
parked on a low-pressure
ridge. Larger version of
photograph is included
as Figure DR1B (see foot-
note 1).

Figure 2. A: Advanced spaceborne thermal
emission and refl ection radiometer (ASTER)
image (acquisition date 2003:09:25, band
3n,2,1) of South Hangay fault at Bayan Bulag
(see Fig. 1B for location). Active faults are
marked by black arrows. B: Field photo-
graph looking west along the fault north
of Bayan Bulag (see Fig. 1A for location).
Right-stepping tension cracks show left-
lateral slip. Larger version of photograph is
included as Figure DR1A (see footnote 1). C:
Close-up ASTER image of the fault north of
Bayan Bulag (see A for location). D: Close-
up ASTER image of the fault east of Bayan
Bulag (see A for location).

<
<

releasing bends along the strike-slip fault. Two
other fault systems within the southern Hangay
region are described in further detail, including
detailed images andefd photos, in the GSA
Data Repository.

The sense of slip on the Bayan Hongor and
Otgon faults has major implications for the
interpretation of active faulting in the Hangay.
These faults are two of the few known faults in
the Hangay region with a NW-SE trend. The
Bayan Hongor fault has been interpreted either
as a thrust (Baljinnyam et al., 1993) or a nor-
mal fault (Cunningham, 2001). If it is a normal
fault, its NW-SE trend is not compatible with a
regional E-W left-lateral shear.

From analysis of satellite imagery, and brief
field investigation (see footnote 1), we are con-
fident that the Bayan Hongor fault is a thrust
fault forming at a restraining bend at the eastern
end of the South Hangay strike-slip system. The
sense of slip on the NW-SE Otgon fault is less
clear. The fault appears to have components of
both dip slip and right-lateral strike slip. From
our field observations, we could not distinguish
whether the dip slip results from a normal or
reverse component. However, the southern part
of the fault is located at a restraining bend on the
left-lateral E-W South Hangay system (Fig. 1B),
and it presumably accommodates shortening
within this restraining bend. The orientation and
suggested sense of slip on the Otgon fault are
somewhat similar to the Teregtiyn (reverse and
right lateral) and Dungen (right lateral) ruptures
branching from the main E-W left-lateral sur-
face breaks of the 1905 Bulnay earthquake (e.g.,
Balyinnjam et al., 1993). Presumably the Otgon
fault is related to the South Hangay fault in a
similar way that the Dungen and Teregtiyn seg-
ments are related to the Bulnay fault.

!GSA Data Repository item 2007191, description
of the Bayan Hongor and Otgon faults, and support-
ing maps and éld photographs (Figs DR1-DR4), is
available online at www.geosociety.org/pubs/ft2007.
htm, or on request from editing@geosociety.org or
Documents Secretary, GSA, P.O. Box 9140, Boulder,
CO 80301, USA.
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DISCUSSION quakes in the twentieth century in MongoliaKing, G., Klinger, Y., Bowman, D., and Tapponnier,
We have shown that the previously identiand its surroundings (Fig. 1A; Baljinnyam P 2005, Slip-partitioned surface breaks for
figd normal faults of the south Hangay _Moun_et.al. 1993; _Kur_ushin et al., 1997). The south g‘;s'\;'qv(‘;lgé?czfosloléggngez:Tt]r;ciiucaakeéuC”:;ri]:_
tains are connected by an ~350 km strike-sliplangay region is relatively densely populated g5 p. 731738, doi: 10.1785/0120040101.
fault system. That the South Hangay strike-slifor Mongolia; there are several towns and vilKlinger, Y., Xu, X., Tapponnier, P., Van der Woerd,
fault has not previously been described is pelages situated along the fault. Further inves- J., Lasserre, C., and King, G., 2005, High-
haps no surprise; strike-slip faults are, by theiigation of the record of past earthquakes is 'esolution satellite imagery mapping of the

L : . . ; surface rupture and slip distribution of the M
very nature, more diffult than dip-slip faults to required to fully estimate the hazard posed by J;.S 14 l,il%\ljember 20'81 'KOLOL:(;” earthquak\(lav

identify because they produce less topographthe South Hangay fault. Kunlun fault, Northern Tibet, China: Seismo-
The presence of the South Hangay fault has two logical Society of America Bulletin, v. 95,
major implications. ACKNOWLEDGMENTS p. 1970-1987, doi: 10.1785/0120040233.

; At : We thank everyone involved in the 200&idiexpe- Kurushin, R.A., Bayasgalan, A., Olziybat, M.,
First, the realization that active faults of thedition. Discussior¥s with W.D. Cunningham, J.-F? Ritz, Enhtuvshin, M., Molnar, P., Bayarsayhan, Ch.,
Hangay accommodate E-W left-lateral sheaf,q i Priestley helped various aspects of this work. ~ Hudnut, K., and Lin, J., 1997, The surface rup-
is important for descriptions of the active tecSome of the images were made using the GMT soft-  ture of the 1957 Gobi-Altay, Mongolia, earth-
tonics. The previous interpretation of scatteredyare of Wessel and Smith (1998). J. Jackson provided ~ quake: Geological Society of America Special
randomly oriented, normal faulting Cannolcomment%og sn Earlli\clar draIftEof the papethundinlg it PZDEI;D?QO, 1;13 p. 1 Caluis. E. Sarkow E

s as provide the Natural Environment ResearcRetit, C., Deverchere, J., Calais, E., Sankov, E.,
accommodate thg pattern of d|str|b.uted E'Vgoun?:il (NERC)yin the form of a postdoctoral fellow- and Fairhead, D., 2002, Deep structure and
left-lateral shear in central Mongolia shownghip to Walker, a studentship to Nissen, and by the ~mechanical behaviour of the lithosphere in the
by GPS measurements (Calais et al., 2008[ERC-funded Centre for the Observation and Model- ~ Hangai-Hovsgol region, Mongolia: New con-
see Fig. 1A). The inconsistency between th@‘% oé Earthq:Jakers] ar|1(d :]'eclt:?nicT (SCO_MET)f. \(Valléer sttraintg from grfvtity modellig?: Ea\it?r:;\rlc:1 glzén-_

; ; nd Bayasgalan thank the Royal Society of London  etary Science Letters, v. , p. —149, doi:
obsgrvgd pattern of faulting .and the reglona‘gnd the Mongolian Academy of Sciences for an earlier =~ 10.1016/S0012-821X(02)00470-3.
strain feld was thought to arise from stressegarq to initiate collaborative research in Mongolia. Ritz, J.-F., Brown, E.T., Boules, D.L., Philip, H.,

local to the Hangay Mountains, the obvious Schlupp, A., Raisbeck, G.M., Yiou, F., and
candidate for these stresses being the elevaREFERENCES CITED FnlfhtUVSh_in, 3-6199_5H Slip rates along active
topography (Baljinnyam et al., 1993; CunningBalinnyam, 1., Bayasgalan, A., Borisov, B.A., aults - estimated with cosmic-ray-exposure

pography (Baljinny g Cisternas, A., Demyanovich, M.G., Ganbaatar, ~ dates: Application to the Bogd fault, Gobi-

ham., 2001). The presence of scattered normal L., Kochetkov, V.M., Kurushin, R.A., Molnar, Altai, Mongolia: Geology, v. 23, p. 1019-1022,
faulting has hence strongly suggested that dom-  p ' pjjip H., and Vashchilov, Y.Y., 1993, Rup-  doi:  10.1130/0091-7613(1995)023<1019:
ing of the Hangay region is ongoing (Cunning-  tures of major earthquakes and active deforma- ~ SRAAFE>2.3.CO;2.

ham, 2001). Our new results show the faults tion in Mongolia and its surroundings: Geo|og-VaSSEl||O, R., _Jollvet, M., Ritz, J_.-F., Braucher, R.,
are entirely consistent with the regional strain _ical Society of America Memoir 181, 62 p. Arzhannikova, N., Arzhannikov, S., Chauvet,

. A . . Bayasgalan, A., Jackson, J., Ritz, J.-F., and Carretier, A., Larroque, C., Sue, C., and Todbileg, M.,
field. The faulting in the Hangay area is stilP S., 1999, ‘Forebergs', diver structures, and 2006, Chronology and uplift rates of the relief

noticeably different from that observed within the development of large intra-continental in the Altay and the Gobi-Altay mountain
the Gobi-Altay to the south, where moun-  strike-slip faults: The Gurvan Bogd fault sys- ranges (Mongolia): European Geosciences
tains have formed along prominent restraining ~ tem in Mongolia: Journal of Structural Geol- Union 2006: Geophysical Research Abstracts,

: ) ; ogy, V. 21, p. 1285-1302, doi: 10.1016/S0191— V- 8, p. 00573.
bends (e.g., Ritz et al,, 1995; Cunningham 8141(99)00064—4. Walker, R.T., Bayasgalan, A., Carson, R., Hazlett,

etal., 1997; Bayasgalan etal., 1999). The SOUff}y asqalan, A., Jackson, J., and McKenzie, D., 2005, R., McCarthy, L., Mischler, J., Molor, E.,
Hangay fault and to a lesser extent the Bulnay  Lithosphere rheology and active tectonics in Sarantsetseg, P., Smith, L., Tsogtbadrakh, B.,

fault in the northern Hangay region are tyguifi Mongolia: relations between earthquake source ~ and Tsolmfor;‘, de 2_0?]6] GEO{HOFﬁ)(hO'?g); aTd

; ; ; ; parameters, gravity and GPS measurements:  Structure of the Jid right-lateral strike-slip fault
more by relgaSIng bends (Fig. 1A). Itis possible Geophysical Journal International, v. 163, in the Mongolian Altay mountains: Journal of
that releasing bends along the South Hangay " 757 1779 Structural Geology, V. 28, p. 1607-1622, doi:

strike-slip fault, and additional NE-SW-trendingcalais, E., Vergnolle, M., San’kov, V., Lukhnev, 10.1016/j.js9.2006.04.007.

normal faults, such as the Egiin Dawaa fault ~ A., Miroshnitchenko, A., Amarjargal, S., and Wessel, P., and Smith, W.H.F, 1998, New,
(Fig. 1B), within the interior of the mountains ~ Deverchere, J., 2003, GPS measurements of ~improved version of the Generic Mapping

. P crustal deformation in the Baikal-Mongolia Tools released: Eos (Transactions, Ameri-
form as a result _of localized stresses within the area (1994-2002): Implications on current  can Geophysical Union), v. 79, p.579, doi:
Hangay Mountains. However, we have shown  \inematics of Asia: Journal of Geophysical ~ 10.1029/98E000426.

that they are capable of accommodating the Research, v. 108, doi: 10.1029/2002JB002373Vindley, B.F., and Allen, M.B., 1993, Mongolian
regional strain &ld, so there is no requirementCunningham, W.D., 2001, Cenozoic normal faulting ~ Plateau: Evidence for a late Cenozoic mantle
for the NE-SW normal faults to result from and regional doming in the southern Hangay  Plume under central Asia: Geology, v. 21,

. L . region, Central Mongolia: Implications for p. 295-298.
localized stresses, and itis just as likely that the = origin of the Baikal rift province: Tec- Yanshin, A.L., 1975, Mesozoic and Cenozoic tec-

pattern of faulting is controlled by some other  gnophysics, v. 331, p. 389-411, doi: 10.1016/  tonics and the magmatism of Mongolia: Joint

process, such as the presence of preexisting S0040-1951(00)00228-6. Soviet-Mongolian Scientifi Research Geo-
NE-SW weaknesses. There is, therefore, no rég#nningham, W.D., Windley, B.F, Owen, L.A, Ilaglcal Eﬁpedétlogbg/olume 11 (in Russian):
. . . : Barry, T., Dorjnamjaa, D., and Badamgarav, J., ~ M0OSCow, Nauka, p. )
evidence from the act_lve _faultn_wg that doming 1997, Geometry and style of partitioned deforZorin, Y., Novoselova, M.R., and Rogozhhina, VA.,
of the Hangay Mountains is active. mation within a late Cenozoic transpressional ~ 1982, Deep structure of the territory of the

The South Hangay fault presents a newly  zone in the eastern Gobi Altai Mountains, MPR (in Russian): Moscow, Nauka, 93 p.
identified hazard in a part of Mongolia that Mongolia: Tectonophysics, v. 277, p. 285-306, ) ]
was, until now, thought to contain only scat- _ doi: 10.1016/S0040-1951(97)00034-6. Manuscript received 23 January 2007
¢ a d I’t' | hort faults. Strike-sli Farr, T.G., and Kobrick, M., 2000, Shuttle RadaRevised manuscript received 21 March 2007
ered and relatively short Taufts. rke-siip Topography Mission produces a wealth ofMlanuscript accepted 4 April 2007

faults of a similar length to the South Hangay  data: Eos (Transactions, American Geophysi-
fault have generated four great (>M 8) earth-  cal Union), v. 81, p. 583-585. Printed in USA
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