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ABSTRACT

As part of multidisciplinary research on intracontinental defor-
mation and surface uplift, we deployed a temporary broadband
seismic array in central Mongolia covering an ~900 x 600 km
area extending from Lake Khovsgol in the north to the Altai
Mountains in the south. A total of 112 broadband stations
were deployed as three separate subarrays in two separate mobi-
lizations. Each subarray recorded local, regional, and teleseis-
mic earthquakes for a 21-month period. Although the
primary purpose of the array is to characterize the lithosphere
and sublithospheric mantle, the array recorded a number of
events of potential interest to the broader geoscience commu-
nity including the Chelyabinsk meteor explosion, North
Korean nuclear tests, the deep M, 8.3 Sea of Okhotsk carth-
quake, and large megathrust events offshore Chile and in
Nepal. The array includes the first dense deployment of seis-
mometers across the Hangay dome, a region previously
believed to be relatively aseismic serving as a rigid block focus-
ing strain to the west and south along the Mongolian and
Gobi-Altai. Initial results from local earthquakes recorded
by the array suggest that the Hangay is deforming rather than
behaving as a rigid block and that the earthquake potential of
faults within the Hangay should be incorporated in hazard
analysis for Mongolia.

Supplemental Content: Table of station location, sensor type,
data range and recovery, sensor orientation, data quality, and
site characteristics, and figures showing subarrays and station
names of the central Mongolia seismic experiment plotted on
Google Earth, and a plot of sensor orientation and histogram
of uncertainty.
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INTRODUCTION

Mongolia sits deep in the Asian continental interior between
the Siberian craton to the north, the diffuse northern edge of
deformation associated with the India—Asia collision to the
south, and far-field subduction of the Pacific plate to the cast
(Fig. 1). Central and western Mongolia constitute a significant
portion of the greater Mongolian plateau, an ~2.6 million km?
arca of central Asia with an average elevation of ~1500 m.
High-elevation low-relief surfaces are common on continents
but are not predicted by plate tectonics. The origin and per-
sistence of continental plateaus through time provides insight
into the evolution of continents and interactions between
mantle dynamics and surface processes. These large-scale topo-
graphic features impact the geologic record, climate, and bio-
geography. The high topography of the Mongolian plateau has
been attributed to far-field effects of India—Asia convergence,
Pacific plate subduction, mantle plume activity, convective
mantle flow, and magmatic underplating (Molnar and
Tapponnier, 1975; Windley and Allen, 1993; Cunningham,
2001; Petit ez al., 2002, 2008; Yanovskaya and Kozhevnikov,
2003; Bayasgalan ez al., 2005; Zorin et al., 2006). Within
central Mongolia, the broad domal Hangay upland
(~200, 000 km?) is embedded in the greater Mongolian pla-
teau. Elevations within the Hangay average 2500 m, approxi-
mately 1000 m above the regional trend. Locally, the highest
peak Otgontenger reaches just over 4000 m. The drainage
divide in the Hangay separates rivers flowing north to the
Arctic Ocean from those flowing into internally drained basins
to the west and south.

A kinematic transition between predominantly compres-
sional deformation to the south and extension adjacent to the
Siberian craton takes place in Mongolia. In western Mongolia,
northward-directed shortening related to the India—Asia colli-
sion decreases from south to north from ~10 mm/yr south of
the Altai, to ~4 mm/year in the Altai, and to 0 on the Siberian
craton (Calais ez al, 2003). Central and eastern Mongolia
moves eastward at ~4mm/yr (Calais er al, 2003). Major
strike-slip faults within Mongolia accommodate the transition
from shortening to extension and give rise to the Mongolian
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A Figure 1. (a) Tectonic setting of Mongolia. AT, Altyn Tagh; BR, Baikal rift; DL, Mongolian depression of lakes; GA, Gobi-Altai; HD,
Hangay dome; HR, Khovsgdl rift; KS, Kunlun Shan; MA, Mongolian Altai; QS, Qilian Shan; TB, Tunka basin; TS, Tien Shan.
(b) Station locations central Mongolia seismic experiment, subarrays, and Global Seismic Network station ULN. More detailed station
location maps including station names are included in () Figure S1 (available in the supplemental content to this article). The color

version of this figure is available only in the electronic edition.

and Gobi-Altai ranges. The Bulnay and Gobi-Altai fault sys-
tems have sustained some of the largest recorded intraconti-
nental earthquakes, four events M > 8.0 within a 53 yr period
in the early-to-mid-1900s (Tapponnier and Molnar, 1979;
Khil'ko et al., 1985; Baljinnyam ez al., 1993; Schlupp and
Cisternas, 2007). Extension is accommodated by the Baikal,
Tunka, Khovsgol, Darkhad, and Busiingol rifts that wrap
around the southern and eastern margin of the Siberian craton
(Fig. 1).

Mongolia has a complex geologic history. The crust is
composed of Archean to early Proterozoic crystalline rocks
modified by Palcozoic accretionary events associated with for-
mation of the central Asian orogenic belt, a protracted and
significant period of continental growth involving the opening
and closing of ocean basins in the Neoproterozoic and early
Phanerozoic (1000-250 Ma; Sengor ez al., 1993; Badarch ez al.,
2002; Jahn, 2004; Windley ez al., 2007; Wilhem ez al., 2012).
The accreted terranes of Mongolia sit between the Siberian
craton to the north and the Tarim and North China cratons
to the south. Younger Cenozoic deformation and basalt vol-
canism continues today. The elevated low-relief landscape hosts
a 30 Ma record of intermittent basalt magmatism sourced from
the sublithospheric mantle (Barry ez a/., 2003; Yarmolyuk ez al.,
2008; Hunt et 4l., 2012; Ancuta et al., 2014; Carlson and
Ionov, 2014; Ancuta et al, 2018). A number of these basalts
contain mantle and lower crustal xenoliths (Stosch ez 4/, 1995;
Ionov, 2007; Carlson and Ionov, 2014).

As part of a larger multidisciplinary project investigating
the origin of high topography in continental interiors, we
deployed temporary broadband seismic stations from 2012
to 2016 to determine the structure and composition of the
lithosphere and sublithospheric mantle beneath the region.

The deployment is a collaborative effort between Lehigh
University, the University of Florida, and the Institute of
Astronomy and Geophysics, Mongolian Academy of Sciences.
The central Mongolia seismic experiment consists of 112
broadband seismic stations in two separate deployments cover-
ing an ~900 x 600 km region in central Mongolia (Fig. 1).
Although the primary purpose of the seismic experiment is to
look at crustal and upper-mantle structure, the data recorded
by the array arc applicable to a number of studies. Local and
regional carthquakes recorded by the array can be used to
improve seismic hazard assessment in Mongolia. Data recorded
by the array fill a significant gap in existing regional velocity
and attenuation tomographic models for central and eastern
Asia and can be used to improve geodynamic models and
nuclear monitoring capabilities in this part of the world.
Central Mongolia is antipodal to South America providing
a window into deep Earth structure (Rial and Cormier,
1980; Butler ez al., 1986; Poupinet e al., 1993; Butler and
Tsuboi, 2010; Retailleau ez al., 2014). Data recorded by the
array have the potential to contribute to studies of surface
and atmospheric processes. A number of the stations are
located along rivers in the Hangay and Altai ranges and can
be used to study fluvial processes and erosion (Burtin ez aZ,
2008; Hsu er al., 2011; Schmandt ez 4, 2013; Roth et al,
2014). Central Mongolia is a major site of cyclogenesis in
the lee of the Sayan, Hangay, and Altai ranges linked to loess
deposition in China and midwinter storms in the North
Pacific (Chung ez al., 1976; Adachi and Kimura, 2007; Roe,
2009; Penny et al., 2010; Caves et al., 2015). Within the time
period of the two deployments that make up the central
Mongolia seismic experiment, we recorded a number of signifi-
cant events: the Chelyabinsk meteor explosion in 2013, nuclear
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tests by North Korea in 2013 and 2016, the deep 2013 M, 8.3
Sea of Okhotsk earthquake and aftershock sequence, mega-
thrust ruptures of the Chilean subduction zone in the 2014
Iquique M, 8.2 and 2015 Illapel M,, 8.3 earthquakes, and
the 2015 M,, 7.8 Gorkha earthquake in Nepal.

In this article, we give a complete description of the central
Mongolia seismic experiment, provide an overview of the data
acquired, data quality, and noise characteristics, review events
of interest recorded by the array, and present preliminary
results of local seismicity in the Hangay.

INSTRUMENT DEPLOYMENT

A total of 112 broadband seismic stations were deployed in
central Mongolia, extending from the Lake Khovsgol region
near the Mongolia—Russia border, through the Hangay dome
region, and into the Gobi-Altai region near the Mongolia—
China border (Fig. 1). The stations were deployed as three sep-
arate subarrays in two separate mobilizations. From June 2012
to April 2014, a 72-station seismic array was deployed across
the Hangay dome in central Mongolia, 61 STS-2 sensors from
Incorporated Research Institutions for Seismology—Program
for the Array Seismic Studies of the Continental
Lithosphere (IRIS-PASSCAL) and 7 STS-2.5 and 4 STS-2
sensors from the University of Florida (Fig. 1, detailed maps
of the three subarrays are included in ® Fig. S1, available in
the supplemental content to this article). Regional coverage
was extended with two additional arrays deployed from
August 2014 to June 2016, 26 stations (STS-2 sensors from
IRIS-PASSCAL) to the north around the Lake Khovsgol
and Darkhad rifts and 14 stations (CMG-3T sensors from
IRIS-PASSCAL) to the south at the intersection of the
Mongolian and Gobi-Altai ranges (Fig. 1).

Station spacing was based on science objectives, accessibil-
ity, and security and is variable between and within the three
subarrays. Minimum station spacing is 10-15 km, maximum
120-185 km, with an average station spacing of ~50 km across
the 900 x 600 km aperture of the combined subarrays. The
72-station Hangay dome subarray is ~500 x 600 km. Station
names in this subarray start with HD followed by station
numbers (i.e., HDXX). The array contains two southwest—
northeast transects across the Hangay with station spacing
of 10-15 km embedded within a larger 2D array with station
spacing between 25 and 80 km. Three of these stations, HD62,
HD63, and HDé64 sit above young volcanic cones at and near
Tariat. The youngest volcanic cones are ~5000-7000 yr. B.P.
(Chuvashova et al., 2007; Hunt et al., 2012) and contain man-
tle xenoliths. An additional eight stations, four to the north
and four to the south, were deployed adjacent to the
Bulnay and Gobi-Altai Bogd faults, respectively. The 26-station
Khovsgol subarray is 200 x 200 km. Station names in this sub-
array start with HV followed by station numbers (i.e., HVXX).
The array is deployed across the Khovsgol and Darkhad rifts in
as much of a grid as feasible given access and very sparse pop-
ulation. Station spacing varies from 15 to 45 km with an aver-

age of 30 km. The 14-station Gobi-Altai subarray is ~250 by

150 km. Station names in this subarray start with AT followed
by station numbers (i.e., ATXX). The array is deployed at the
intersection of the Mongolian Altai and Gobi-Altai ranges
marking a transition in the orientation of topography and
strike-slip faults from ~N30°W in the Mongolian Altai to
~N80°W in the Gobi-Altai. Stations are deployed in a grid
with station spacing varying ~40-60 km. Details for each
station, location, recording dates, percent uptime, sensor ori-
entation, data quality, and site characteristics are included in
® Table S1.

All stations were recorded by Q330 data loggers at 100
samples per second. Each station was powered by two 12 V
100 A hour-deep cycle batteries designed for solar systems
and two 65 W solar panels. Sensor vaults were simple and casy
to install. Sensors were placed on granite tiles, covered with an
inverted plastic barrel, and buried ~0.5-1.0 m below the sur-
face. Most sites are either directly on bedrock or within several
meters to tens of meters from bedrock (see ® Table S1).
Notable exceptions include HD09 in the Valley of the Lakes,
a low-lying sedimentary basin south of the Hangay, and sta-
tions AT04, AT10, and AT15 deployed in dry lake sediments
of the Gobi-Altai. HD72 was collocated with the Bulgan sta-
tion of the Mongolian National Seismic Network, in a con-
crete vault ~2.5 m below the surface. Sensor orientations
based on analysis of Rayleigh-wave polarization (Stachnik ez 4/,
2012) are within 43.5° of north for the majority of stations
(see ® Table S1 and ® Fig. S2). Exceptions due to installation
error include HD35, which was misoriented by 18.6° & 2.4°
and AT14, HD20A, HD40, and HD45, which are off by
~9°~10°. Prescouting of the sites, the relative ease of installation,
and the short distance between subsets of stations allowed teams
to deploy two to three stations per day on average. All sites were
accessible by four-wheel drive vehicle. Three teams deployed the
72 stations of the Hangay dome array over a two and a half week
interval. Two teams deployed the 26 stations of the Khovsgol
array over an 1l-day period. A single team deployed the
Gobi-Altai array over a 10-day period. Abundant sun, relatively
low precipitation, and good drainage resulted in 98% data recov-
ery despite long cold winters (see ® Table S1).

Every temporary broadband deployment is unique with
respect to field conditions and logistics. Mongolia is a large
country (~1.6 millionkm?) with relatively low population
density (~2 people per km?; Mendsaikhan ez 4/, 2012).
Half of the 3 million people in Mongolia live in the capital
Ulaanbaatar. A significant percentage of the population is
nomadic, with extended family units moving two to four times
a year depending on grazing conditions. The country has an
extensive network of unimproved roads. The country is
divided into 21 aimags (provinces). Aimag capitals are modest-
size regional towns. Aimags are subdivided into sums (districts,
sometimes transcribed soums) and bags (subdistricts or bri-
gades, sometimes transcribed baghs) in terms of local gover-
nance. Each sum has a district seat, a regional town of
variable size, generally bearing the name of the district. Bags
generally (though not always) have a physical presence, a build-
ing, one or more gers, or set of storage buildings. Some bags
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A Figure 2. Representative power spectral density (PSD) plots for stations in the central Mongolia seismic experiment. (a) PSD plots for
station HD59 all three components, vertical (HHZ), north (HHN), east (HHE). Red line is the minimum, black line is the mode, and blue line is
the maximum. Semiparallel gray lines are the high-noise (top line) and low-noise (bottom line) models (Peterson, 1993). Even with the
shallow temporary vault, the vertical component is low noise at long periods. Not all stations were this quiet but many were. The hori-
zontal components are noisier. (b) PSD plots for station HD72 all three components, vertical (HHZ), north (HHN), east (HHE). HD72 was
deployed in a deep (2.5 m) concrete vault that also houses the Bulgan permanent station of the Mongolian National Seismic Network. The
color version of this figure is available only in the electronic edition.

may have one or more families in residence year round, and the low-noise model (Peterson, 1993) or within 10 dB of the
many do not have any permanent residents. Approximately low-noise model in the microseism band between 1 and 10 s on
15% of the country is protected in national parks, natural all three components (Fig. 2). The noise characteristics of the
and historic monuments, natural reserves, or strictly protected stations in the shallow temporary vaults are similar to those of
areas with no established human influence requiring special HD?72 collocated with the permanent station Bulgan of the
permits. Permits to work in these areas arc obtained from the Mongolian National Seismic Network in a deep (2.5 m) con-
appropriate government agency and take several weeks to proc- crete vault dug into bedrock (Fig. 2). The station vault is
ess. For security, stations were primarily located in or near sums located in a remote area, 10.5 km away from the city of Bulgan,
(district seats), bags with year-round residents, or with an and ~1 km from the Achuut River. Long-period noise at
extended family where some family members did not move or HD?72 is most likely related to air circulation due to thermal
where summer and winter camps were located within a short variations in the permanent concrete vault.
distance. Several stations in the Gobi-Altai were installed in At longer periods (10-100 s), the vertical channels are
protected areas away from any human activity. generally ~20 dB above the low-noise model, and the horizon-
tal components generally approach the high-noise model
DATA QUALITY AND AVAILABILITY (Fig. 2). The predominant sources of noise at long periods
are tilt related to atmospheric pressure changes and/or seasonal
Frequency-dependent noise levels for each station are evaluated variations related to freeze-thaw cycles (Beauduin ez al., 1996;
using the power Spectral density Probablhty density function Wolin et dl., 2015). A number of stations exhibit a character-

(PDF) noise toolkit provided by the IRIS Data Management istic double band at long periods on the vertical channels
Center (IRIS-DMC, 2014a). The noise characteristics of each (Fig. 3). Monthly spectrograms produced using the IRIS-
station in three period bands: 0.1-1, 1-10, and 10-100 s, are DMC noise toolkit (IRIS-DMC, 2014b) show diurnal and sea-
included in ® Table S1. The majority of stations are either at sonal variations in noise characteristics. Long-period noise is
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A Figure 3. (a) PSD plot for HD25 vertical component (HHZ) for 21-month deployment. PSD exhibits a double band at long periods asso-
ciated with seasonal variations (winter and spring) characteristic of many of the stations in the central Mongolia seismic experiment. Red
line is the minimum, black line is the mode, blue line is the maximum. Semi parallel gray lines are the high (top line) and low (bottom line)
noise models (Peterson, 1993). (b) PSD plots for HD25 HHZ for January and June. Note difference in noise at long periods. (c) Spectrogram
of the PSDs for HD25 in January and June shows higher long-period noise during the winter, and higher short-period noise and diurnal
variations during the summer (color is in dB). (d) PSD for station HV21 (vertical component, HHZ) northeast shore of Lake Khovsgal for
21-month deployment, PSD exhibits the characteristic double band at long periods and shoulder at short periods. (e) Daily mode timelines
for HV21 (vertical component) from 100 to 1 s and (f) monthly mode (black, 1's; yellow, 10 s; green, 30 s; blue, 100 s) of Khdovsgdl subarray
vertical component at 1 s (dB above the low-noise model) showing freeze thaw cycle (winter to spring) and reduced wave noise due to the
frozen lake. The color version of this figure is available only in the electronic edition.

less in the summer and higher during the winter consistent
with long-period noise due to winter freeze-thaw cycles.

At short periods (0.1-1 s), a significant number of stations
are within 10 dB of the low-noise model (Fig. 2). The primary
source of noise at short periods is either wind, or cultural noise
associated with the movement of people, animals (goats, sheep,
horses, cows, and yaks), and/or minor intermittent local car
and truck traffic (Withers et al, 1996; McNamara and
Buland, 2004). Short-period noise is lower in the winter
and higher and more variable during the summer (Fig. 3) con-
sistent with increased levels of human and animal activity in
the summer months. A subset of stations primarily located in

the Khovsgol subarray exhibits a shoulder between 1 and 3 s
(Fig. 3). Daily PDF-mode timelines and monthly mode maps
produced using the IRIS-DMC noise toolkit (IRIS-DMC,
2014b) show this is related to seasonal variations associated
with prevailing wind direction and ice formation and melting
in Lake Khovsgol. 1 s noise drops dramatically between
December and January as the lake freezes solidly and picks
up again between June and July as lake melting occurs (Xu
et al., 2017; Anthony er al., 2018).

All data from the central Mongolia seismic experiment are
archived at the IRIS-DMC, network code XL-2012-2016
(Meltzer, 2012).
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A Figure 4. (a) Global earthquakes M,, > 5.5 recorded by central Mongolia seismic experiment scaled by magnitude; 1745 earthquakes.
Circles, July 2012-March 2014 earthquakes recorded by Hangay subarray; triangles, August 2014-June 2016 earthquakes recorded by the
Khovsgdl and Gobi-Altai subarrays. (b) Rose diagram indicating azimuthal distribution, radius equal to 369 events (maximum).
(c) Histogram of distance up to 180°. (d) Histogram of depth up to 180 km. In addition, the deep (~600 km) Sea of Okhotsk earthquake
sequence in 2013 was recorded by the Hangay subarray. The color version of this figure is available only in the electronic edition.

INITIAL OBSERVATIONS: EVENTS OF INTEREST

The central Mongolia seismic experiment recorded 1745
events M, > 5.5 (Fig. 4). Although events are dominated by
carthquakes from the southwest Pacific along the Eurasian,
Indo-Australian, and Pacific plate collisions, there is generally
good azimuthal coverage over a range of distances. Like most
temporary array deployments, the central Mongolia seismic
experiment recorded a number of events of potential interest
to a broad spectrum of the geoscience community. The array
recorded the ground shaking associated with the airblast of the
Chelyabinsk meteor on 15 February 2013. The Chelyabinsk
meteor produced the largest airblast recorded by modern dig-
ital seismic networks with an estimated moment magnitude of
M, 3.60 (Heimann ez al., 2013) and surface-wave magnitude
of M 3.7 £ 0.3 (Tauzin et al., 2013). The Chelyabinsk airblast
is superseded in size only by the Tunguska meteor in 1908
estimated at M, ~ 5.0 (Ben-Menahem, 1975; Popova ez al.,
2013). The Hangay dome subarray recorded the event at dis-
tances of 2500-3000 km along a back azimuth ~12° north of
the meteor trajectory in the atmosphere (Berngardt ez al,
2015). Coupling between the ground and the shock wave pro-
duced as the meteor explodes generates Rayleigh waves that can
be used to study the seismic source itself as well as Earth struc-
ture along the propagation path. The Hangay dome array also
recorded the North Korean nuclear test on 12 February 2013.
The Khovsgol and Gobi-Altai arrays recorded the North
Korean test on 6 January 2016. The two events have similar
magnitudes 5.1 (US. Geological Survey [USGS], 2016a,b).
The estimated yield of the events is 6-16.5 ke (Zhang and
Wen, 2013).

Deep earthquakes are relatively rare and provide an oppor-
tunity to study the structure, rheology, state of stress, and rup-
ture mechanisms associated with slabs that penetrate the
mantle transition zone. The largest magnitude deep earthquake
recorded to date is 24 May 2013 M, 8.3 Sea of Okhotsk earth-
quake. This earthquake, at a depth of 609 km, was preceded by
an M, 7.7 event on 14 August at 583 km depth, and followed
by two M 6.7 aftershocks, one on the same day as the main-
shock and one several months later (30 September 2013), as
well as a number of smaller aftershocks including eight
aftershocks M 4.1-4.4 at 487-627 km depth within four days
of the mainshock. A number of analyses using backprojection,
directivity analysis, and waveform modeling have been carried
out to study the rupture process, faulting mechanisms, slab
heterogeneity, and the role of inherited zones of weakness from
shallow intraplate faults on deep earthquake processes (Wei
et al., 2013; Ye et al., 2013; Chen et al., 2014; Meng ez al.,
2014; Zhan ez al., 2014; Park and Ishii, 2015). The Hangay
dome subarray sits at ~30° distance and a back azimuth of
~285° complementing teleseismic data from global stations
and array data from Europe and North America used to exam-
ine the rupture processes associated with this sequence of
events.

The array recorded 90 events in the 160°-180° distance
range including the 1 April 2014 M,, 8.2 Iquique and 16
September 2015 M, 8.3 Illapel earthquakes. The Iquique
carthquake was preceded by an M, 7.0 earthquake in March
2014 and five large aftershocks, 6.3 < M, < 7.7, occurred in
the two days following the mainshock. The Illapel earthquake
was followed by 13 large aftershocks (A, between 6.1 and 7.0)
within a 10-day period. These events are antipodal to central
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Mongolia providing an opportunity to look at structure at the
core—mantle boundary and can also be used to study rupture
processes associated with these events.

The collision between India and Asia gives rise to the
Himalaya and the Tibetan plateau and results in intercontinen-
tal seismogenesis over the ~2400 km Himalayan arc. The
hazard from great earthquakes along the arc has the potential
to impact millions of people across the Himalayan front in
Pakistan, India, Nepal, Bhutan, and China/Tibet. The
Himalayan megathrust ruptured in six great M ~ 8 ecarth-
quakes between 1803 and 1950 (Chen and Molnar, 1977;
Molnar and Pandey, 1989; Bilham ez 4/., 2001; Bilham, 2004).
Elastic models of the strain energy available from plate conver-
gence suggest this megathrust could rupture in an M, 9.0 or
larger earthquake (Feldl and Bilham, 2006). Historical ruptures
pre-1800 have been identified but are challenging to study
given the extent of surface rupture and the interplay of erosion
and uplift in this setting (Lave, 2005; Ader ez 4., 2012; Sapkota
et al., 2013; Bollinger ez al., 2014, 2016). The study of seismo-
genesis associated with megathrusts in continental collision
zones lags behind studies in zones, as great earthquake ruptures
were not captured by modern digital seismic and geodetic
observations until the 25 April 2015 M, 7.8 Gorkha
earthquake.

The Gorkha earthquake ruptured a 120-165 km section
of the Main Himalayan thrust (MHT) 82 km northwest of
Kathmandu (USGS, 2016¢). The 12 May 2015 M., 7.3 after-
shock ruptured an additional ~30 km section of the MHT at
the eastern end of section that ruptured in the mainshock. An
additional three large-magnitude aftershocks occurred, M, 6.7
and 6.8 within a day of the mainshock, and an M, 6.2 after the
12 May 2015 aftershock. Although there is broad agreement
on the general rupture pattern, the detailed characteristics of
the rupture, rupture process, initial rupture speed, acceleration
and deceleration during rupture propagation, the location and
number of subevents, and frequency-dependent energy release
vary between studies (Avouac ef al, 2015; Fan and Shearer,
2015; Grandin er al, 2015; Hayes er al, 2015; Yagi and
Okuwaki, 2015; Wang and Mori, 2016; Zhang e 4l., 2016).
The characteristics of the rupture are important as they influ-
ence ground shaking at high frequencies and in the case of
Kathmandu basin resonance at low frequencies (Galetzka ez al.,
2015). The details of the mainshock rupture and aftershock
sequence can shed light on fault-slip behavior in continental
collision zones and the extent to which their behavior is similar
to or different from megathrusts in subduction zones. They
also provide insight into depth-dependent fault scrength, lock-
ing depth and the transition to down-dip stable sliding, the role
of compositional and structural heterogeneity inherited during
collision, as well as the role of fluids and/or thermal rheological
control of fault behavior. Incorporating data from arrays at a
range of azimuths and distances improves the resolution of
backprojection results. The Khovsgol and Gobi-Altai subarrays
recorded the Gorkha earthquake and aftershocks at distances of
2000-3000 km (20°-24°) and back azimuth ~22°.

INITIAL RESULTS: LOCAL SEISMICITY HANGAY
DOME

Mongolia is a major site of intracontinental earthquakes.
Seismicity is most prominent along major strike-slip and thrust
faults in the Mongolian Gobi-Altai Range, along the Bulnay
fault, and in the northern rifts, but earthquakes are distributed
over a large region of the country (Adiya ez al., 2003). Four
great earthquakes with magnitude 8 and above occurred in
a period of 53 yr (1905 M,, 8.0 Tsetserleg, 1905 M,, 8.3
Bulnay, 1931 M, 8.0 Mongolian-Altai, and 1957 M,, 8.1
Gobi-Altai). Earthquakes with magnitudes between 5 and 8
have occurred with regularity and lower magnitude events are
common (Baljinnyam e al, 1993; Adiya er al, 2003;
Bayasgalan ez al., 2005). More than 50% of Mongolia’s pop-
ulation lives in Ulaanbaatar. As the country’s capital and only
major city, the nation’s major infrastructure, commercial and
financial enterprises, universities, and government are all
located in Ulaanbaatar, making the country and its citizens
particularly vulnerable to seismic hazard posed by even a single
nearby event. There are a large number of active faults in
Mongolia capable of producing earthquakes above A, > 6.5
(Bayasgalan ez al., 2005). In 1967, the M 7.4 Mogod earth-
quake ruptured only 250 km from Ulaanbaatar. Beginning
in 2005, carthquake swarms were observed in the vicinity of
Ulaanbaatar along the Hustai, Emeelt, Gunj, and Deren faults.
Earthquake swarms in 2005 (472 events), 2009 (530 events),
2010 (781 events), 2012 (827 events), and 2013 (2184 events)
account for a significant fraction of the seismicity in Mongolia
in the last decade.

Our understanding of deformation and the earthquake
cycle in intraplate settings remains far from complete.
Although seismicity in Mongolia is generally thought to be
related to deformation at the northern end of the India—Asia
collision (Molnar and Tapponnier, 1975; Cunningham, 1998;
Calais ez al., 2003), Mongolia sits 2000-3000 km north of the
collisional zone. Both the Tibetan plateau, and Tarim and
North China cratons lie between the collisional zone and
Mongolia. The occurrence of numerous large to great earth-
quakes over decadal timescales does not match our understand-
ing of the earthquake cycle. Analysis of the evolution of
Coulomb stress failure after large earthquakes suggests that
clusters of earthquakes can be triggered by previous events and
that significant stress transfer takes place between continental
faults hundreds of kilometers apart over timescales that span
decades (Pollitz ez al., 2003). Geodynamic models incorporat-
ing basal tractions associated with mantle convection coupled
to the lithosphere show that topography and lithospheric
heterogeneity play a role in focusing strain in intracontinental
regions (Ghosh ez 4l., 2013). With a long historical record of
seismicity, new digital seismic and geodetic networks, and the
arid climate and low erosion rates yielding remarkably well-pre-
served fault scarps and geomorphic expression of faulting,
Mongolia is an excellent place to study intracontinental seis-
micity (Walker ez al, 2007, 2008, 2015; Rizza et al., 2011,
2015; Arzhannikova et al., 2015; Choi et al., 2018).
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Here, we report preliminary carthquake locations for
events recorded by the Hangay dome subarray determined
through automatic processing using tools from the BRTT
Antelope software (see Data and Resources). Automatic detec-
tions were picked using short-term average (STA) versus long-
term average (LTA) ratios on vertical and horizontal compo-
nents for P and S waves, respectively (P waves: 1-10 Hz,
STA/LTA > 4.0; S waves: 1-5 Hz, STA/LTA > 4.0).
Detections are associated with potential carthquake arrivals
using a precomputed travel-time grid built using the ak135
velocity model. Hypocenter locations are determined via an
iterative least-squares inversion of travel-time residuals (Pavlis
et al., 2004). Traditional Richter (local) magnitude (M7) is
calculated automatically for events recorded by a minimum
of five stations with signal-to-noise ratio > 3. Events resulting
from automatic detections with a minimum of 10 defining
phases and magnitude greater than zero were reviewed by ana-
lysts and relocated in a simple local 1D velocity model (Fig. 5).
Arrival times from 7680 events at local and regional distances
indicate an average crustal velocity of Vp = 6.4 km/s and
V¢ = 3.6 km/s. The crossover distance to Pz and Sz reflects
a thicker than average continental crust of ~50 km
(Mordvinova et al., 2007; Stachnik ez 4., 2014; J. C. Stachnik
et al., unpublished manuscript, 2019; see Data and Resources).
Seismicity is restricted to the upper 20 km of the crust with the
majority of events locating in the upper 10 km. Magnitude of
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completeness (M) was estimated by the maximum curvature
method (Wiemer and Katsumata, 1999; Wiemer and Wyss,
2000) to be 1.2, after a correction factor of 0.2 is applied as
this method has been shown to underestimate M. (Wiemer
and Katsumata, 1999; Woessner and Wiemer, 2005). Using
this M. and the maximum-likelihood method for calculating
b-values (Aki, 1965) and magnitude-binning width of 0.1, we
calculate a b-value of 0.71. This b-value is less than the
common value of 1.0 for tectonically active regions; it is more
similar to 4-values reported for intraplate settings (Okal and
Sweet, 2007). Our estimation of M looks appropriate upon
visual inspection (Fig. 5), but this 4-value calculation could also
reflect an incomplete earthquake catalog, inaccurate estimation
of M, or variable tectonic stress states throughout the region.
Further investigation of the final seismic catalog may indicate a
variable spatial distribution of 4-values.

The resulting earthquake locations clearly outline the
Bulnay fault extending ~400 km laterally along the northern
edge of the Hangay (Fig. 5). They also outline the adjacent
Teregtiyn and Tsetserleg faults, both of which ruptured in
1905. Earthquakes recorded by the Hangay subarray outline
the Bogd and other faults in the Gobi-Altai and a cluster of
seismicity located close to Boon Tsagaan north of the Bogd
fault in the Valley of the Lakes. Seismicity is also associated
with the location of the 1967 Mogod earthquake northeast
of the Hangay. In 1967, the M 7.4 Mogod earthquake ruptured
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a 36 north—south right-lateral strike-slip fault (Tapponnier and
Molnar, 1979; Khil’ko ez al., 1985; Huang and Chen, 1986;
Baljinnyam ez al., 1993). An M 6.7 carthquake followed 15
days later on a southeast-striking reverse-fault located near
the south end of the mainshock. In 1958, an M 6.2 earthquake
occurred along strike ~50 km to the north and the region
appears to be a source of persistent moderate-to-large events
(Baljinnyam ez al., 1993; Bayasgalan ez al., 1999; Adiya ez al.,
2003; Rogozhin ez al., 2008).

Although the Hangay has been described as aseismic,
a number of small faults with various orientations and
Quaternary offsets have been mapped within the Hangay
(Cunningham, 2001; Walker e al., 2008, 2015). The close sta-
tion spacing of the Hangay dome subarray reveals seismicity
within the Hangay, most notably on the South Hangay-
Bayanhongor fault system and also along structures potentially
associated with the Hag Nuur and Egiin Davaa faults as well as
other faults within the Hangay (Fig. 5).

The South Hangay fault ruptured in the Bayanbulag
earthquake on 3 October 2012. This event was well recorded
by the Hangay dome subarray. The moment tensor solution
yields M, 4.58 and a source location of latitude 46.8232°, lon-
gitude 98.0662°, at 11.0 km depth (Fig. 5). The regional
moment tensor solution was determined using Computer
Programs in Seismology (Herrmann, 2013) using the local
1D velocity model, and three-component signals filtered in the
20-50 s band. The weighted variance reduction of more than
70% yields a stable solution with strike-slip motion along
a fault striking 265° with a dip of 75° consistent with the
observed fault trace at the surface. The mainshock was fol-
lowed by more than 500 aftershocks outlining the steeply
southeast-dipping fault plane. The epicentral region is sparsely
populated. Ground shaking was felt locally and foundations
and walls cracked in the town of Bayanbulag, but overall dam-
age was minimal.

The surface trace of the South Hangay fault is visible in
Google Earth images and exhibits clear geomorphic expression
in satellite imagery and in the field (Walker ez al,, 2007). The
left-lateral strike-slip fault extends over 350 km. To the cast, a
clear band of scismicity links the South Hangay fault to the
Bayanhongor fault (Fig. 5). To the west, a band of seismicity
links the South Hangay fault to east—west-trending left-lateral
faults associated with transpressive structures that emerge from
within the Valley of the Lakes associated with deformation for
which Gobi-Atlai joins the Mongolia Altai. Several northwest—
southeast bands of seismicity are observed north of the western
trace of the South Hangay fault. These bands of seismicity
align roughly along strike of the trace of the Teregtiyn fault
farther north.

Within the interior of the Hangay, there is sufficient seis-
micity to suggest that parts of the Hangay are deforming,
rather than behaving as a rigid block (Fig. 5). Seismicity is
observed in the vicinity of the Egiin Davaa fault, a north-
south-trending normal fault, exhibiting an 80 km continuous
4-4.5 m fault scarp. The Egiin Davaa fault is estimated to have
ruptured in an M 7.3-7.7 earthquake ~4000 yr ago (Walker

et al., 2015). There is a southwest—northeast band of seismicity
on the north-central flank of the Hangay trending toward the
castern end of the Bulnay fault and a band of scismicity in the
eastern Hangay trending northwest—southeast along strike of
the projection of the Hag Nuur fault.

Preliminary locations of scismicity recorded by the
Hangay dome subarray suggest that active faults within the
Hangay accommodate strain within the larger India—Asia col-
lision and should be incorporated in hazard analysis for
Mongolia. The extent to which these distributed bands of seis-
micity collapse to more discrete faults will be better determined
in a subsequent joint inversion for 3D velocity and earthquake
location.

SUMMARY

The central Mongolia seismic experiment was designed to
characterize the structure of the lithosphere and sublitho-
spheric mantle to understand the origin of high topography in
the continental interior of central Asia. Analyses of Ps and Sp
receiver functions and shear-wave splitting measurements
from the combined arrays, joint inversion of Rayleigh-wave
dispersion and forward-scattered P waves, and coda-wave
attenuation beneath the Hangay have been completed
(Stachnik et al, 2014; Meltzer et al., 2015; Cui et al., 2016;
Russo ez al., 2016; Ganbat ez 4l., 2017; J. C. Stachnik et 4l,
unpublished manuscript, 2019; see Data and Resources),
and results are in preparation for publication. Finite-frequency
teleseismic body-wave tomography and joint inversion of local
carthquakes for location and 3D velocity are in progress. Initial
results from local seismicity suggest that active faults within the
Hangay accommodate strain within the larger India—Asia col-
lision. Data captured during the recording window of the cen-
tral Mongolia seismic experiment can be used to study deep
Earth structure using antipodal events from South America,
and rupture processes associated with large-magnitude subduc-
tion carthquakes offshore Chile, the Gorkha, Nepal, carth-
quake sequence, and the deep Sea of Okhotsk carthquakes.
Data recorded by the array have the potential to contribute
to studies of surface and atmospheric processes, and nuclear
monitoring.

DATA AND RESOURCES

The data described in this article were collected as part of the
central Mongolia seismic experiment using Incorporated
Research Institutions for Seismology-Program for the Array
Seismic Studies of the Continental Lithosphere (IRIS-
PASSCAL) instruments and instruments from the University
of Florida. Data can be obtained from the IRIS Data
Management Center available at http://www.iris.edu/dms
/nodes/dmc/ (network code XL-2012-2016; doi: http://
dx.doi.org/10.7914/SN/XL_2012). Faults in Figure 5 are from
Tomurtogoo (1999), Geological Map of Mongolia, Mongolian
Academy of Sciences, scale: 1:1,000,000, Ulaanbaatar. Site char-
acteristics in € Table S1 (available in the supplemental content
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to this article) are from local field observations and Tomurtogoo
(1999), Geological Map of Mongolia, Mongolian Academy of
Sciences, scale: 1:1,000,000, Ulaanbaatar. Maps and figures were
made using the Generic Mapping Tools v.5.2.1 available at
http://gmt.soest.hawaii.edu (Wessel ez 4/, 2013). The other
information about BRTT Anteclope software can be found at
http://www.brtt.com (last accessed June 2018). The unpub-
lished manuscript by J. C. Stachnik, A. Meltzer, S. Souza,
U. Munkhuu, B. Tsaagan, and R. M. Russo (2019), “Airy-
compensated high topography within a continental interior:

Hangay dome, Mongolia,” submitted to Geophys. Res. Letr. B4
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