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OMNPEJEJEHUE CKOPOCTH CMEIIEHUA U TOBTOPIEMOCTHU 3EMJIETPACEHUA
HA OKOHEYHOCTH ®OPBEPT'A HA TOBUMCKOM AJITAE (Monzonus)
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[obuiickuii Antaii (MoOHroNus) BKIIOYAEeT B ce0s1 BHICOKME TOPHBIE XPeOThI, B KOTOPBIX HAOMIOJar0T-
Csl HalPsDKEHUSI CKaTHs B pe3yipTate Kowmmsun EBpasuiickoit m Muauiickoit mut. ['yp6an bornmo, oqun u3
TJIABHBIX TOPHBIX XpEOTOB ATOTO PErnoHa, Iyroodpa3Ho M30THYT B0 ICBOCTOPOHHETO paszinoma borno, orpa-
HUYEHUEM KOTOPOTO OH siBisieTcs. XoTs B 1957 1. Bo BpeMst 3eMileTpsiceHHst MarHUTyo# 8.1 B patione I o6nii-
ckoro Aunras 00pa3oBaHUsl HOBEPXHOCTHBIX Pa3pbIBOB OKOJO Xp. Api-borno He Habmonanock, OH ocTaercs
AKTHBHBIM, O Y€M CBUJICTEILCTBYET BO3BBILICHHBIH penbed (popoepru). [lects popbdepros chopmuposanics
Ha Tepputopun opianaa nepex Apu-borno, no-BUANMOMY, B pe3yJbTaTe MOBEPXHOCTHON HaJBUIOBOH Jie-
(hopmaum KOHYyCOB BBIHOCA. BpeszaHue MOTOKa MPHUBETIO K OOHAKEHHIO OKOHEYHOCTH (opOepra, 9yTo mo3Bo-
JMJIO MCCIIEN0BATh PETHOHAIBHYIO 3BOJIONUIO CMEIIeHHs. B maHHOM palioHe 3akapTHpOBaHa pacTymias pas-
JIOMHAsI CTPYKTYpa, CBsI3aHHas CO CJICNIBIMH HaaBUTaMHU. B Xxoze aHann3a 0OHaXKeHHsI BBIJICTICHO ISITh SIIH30/10B
pasznomMoo0pazoBaHus. BrInojHeHO TaTHpOBaHHE HApYIICHHBIX OCAIOYHBIX CJIOEB METOJOM ONTHYECKH CTH-
MYJIMPOBAaHHOMU JIFOMUHECIIEHIIUK: CPeIHsIs CKOpocTh cMereHus pasHa 0.045 + 0.007 m/ThbIc. JieT, a HOBTOpsie-
MOCTb 3emierpsceHnid — 5.8 + 0.5 TrIc. et 3a mocneanue ~32 toic. 1eT. Kpome Toro, nonrospemennas (~600
TBIC. JIET) CKOPOCTH momHsATUS popOepra paBHa 0.067 £ 0.007 M/THIC. €T, KaK CIACAYET U3 JICJICHHUS BETUIHHBI
BEPTUKAJIBLHOTO CMEIICHHS TIOBEPXHOCTH KOHYca BbIHOCA Ha '"Be BO3pacT BbIXOJa Ha MOBEPXHOCTH BAIYHOB
KoHyca BeiHOCA. Pacxosxnenne (20—30 %) Mexx Ty STHMU ABYMSI CKOPOCTSIMH Ie()OpMAIiH, BEPOSITHO, CBSI3aHO
C pasHMIEeH MeXTy MacmTaboM BPeMEHH, KOTOPOE OHHM OXBATBIBAIOT, M IPAJAUCHTOM CKOPOCTH CMEIICHHUS 110
HPOCTHUPAHHIO.

Dopbepe, 3emaempsacenue, nepuod nosmopsiemocmu, I ooutickuii Anmaii, Monzonus

DETERMINING THE SLIP RATE AND EARTHQUAKE RECURRENCE INTERVAL
ON THE TIP OF A FOREBERG IN THE GOBI-ALTAI (Mongolia)

C.H. Lee, Y.B. Seong, J.-S. Oh

The Gobi-Altai, Mongolia, includes high mountain ranges that have accommodated the compressional
stresses derived from the collision between the Eurasian and Indian Plates. The Gurvan Bogd, which is one
of the main mountain ranges in the Gobi-Altai, is a restraining bend along the Bogd sinistral fault. Although
surface ruptures did not form near the Artz Bogd during the M,, = 8.1 Gobi-Altai earthquake of 1957, it is still
active, as evidenced by a growing topography (i.e., forebergs). Six foreberg ridges have formed in the foreland
of the Artz Bogd, which are considered to be the result of surface deformation of alluvial fans due to thrusting.
One stream has cut down to expose a foreberg tip, providing the opportunity to explore the slip evolution of the
region. Here we map a growing fault structure related to blind thrusting. We identify five faulting events from
an analysis of the outcrop and apply optically stimulated luminescence dating to the faulted sedimentary layers,
yielding an average slip rate of 0.045 + 0.007 m/kyr and an earthquake recurrence interval of 5.8 + 0.5 kyr over
the last ~32 kyr. Furthermore, the long-term (~600 kyr) uplift rate of the foreberg is 0.067 + 0.007 m/kyr, as
deduced by dividing the vertical displacement of the alluvial fan surface by the '°Be surface exposure ages of
boulders on the fan. The discrepancy (20-30 %) between these two deformation rates may be due to the different
timescales they cover and an along-strike gradient in slip rate.

Foreberg, earthquake, reccurrence interval, Gobi-Altai, Mongolia

INTRODUCTION

Both large- and small-magnitude earthquakes have been observed in the Gobi-Altai, Mongolia, over the
last century, and their locations and focal mechanisms have been mapped to elucidate regional earthquake pro-
cesses (Dugarmaa et al., 2002; Demberel et al., 2011; Demberel and Anatoly, 2017). The earthquakes were
localized along the Bogd Fault system and mountain-bounding faults of the Gurvan Bogd, which is a mountain
range consisting of three mountains: Ikh Bogd, Baga Bogd, and Artz Bogd in the Gobi-Altai. The largest earth-
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quake in the Gobi-Altai over the last century, the M, = 8.1 Gobi-Altai earthquake of 1957, also occurred along
the Bogd Fault, near the Gurvan Bogd. A comprehensive analysis of the focal mechanisms around the Gobi-
Altai Mountain Range has indicated predominantly strike-slip motion with NE-SW compression (Demberel
and Anatoly, 2017).

Paleoseismic information, such as fault geometry, focal mechanism, magnitude, and strain distribution,
provides important insights into the local seismotectonic setting of a region. Estimates of the fault slip rate and
earthquake recurrence interval are the most fundamental components of paleoseismic studies. Several studies
previously focused on forebergs (low ridges or hills formed by thrusting) (Florensov and Solonenko, 1965;
Bayasgalan et al., 1999a,b) in Mongolia to estimate the slip rates of regional faults and earthquake recurrence
intervals (Owen et al., 1999; Ritz et al., 2003; Vassallo et al., 2005). These structures accommodate the compres-
sional stresses that originate from the collision between the Eurasian and Indian Plates. Therefore, the identifica-
tion of the geologic and geomorphic markers that capture the evolution of the NW—SE-striking forebergs in the
Gobi-Altai can yield the amount of far-field stress that is accommodated in an intraplate tectonic setting.

The previous paleoseismological research approaches were based primarily on the dating of faulted de-
posits. Numerous studies applied radiocarbon analysis using charcoal or plant debris embedded in the sedimen-
tary layers of fluvial deposits to determine the slip rate and earthquake recurrence interval (Weldon and Sieh,
1985; Niemi and Hall, 1992; Thompson et al., 2002; Lin et al., 2017). Cosmogenic radionuclide ('°Be and 2°Al)
surface exposure dating was applied to identify the age of geomorphic markers and constrain the local slip rate
(Bierman et al., 1995; Ritz et al., 1995; van der Woerd et al., 2002, 2006; Seong et al., 2011). As luminescence
dating is not a preferred method because of limitations, such as incomplete bleaching before the final deposi-
tion, which is commonly the case in high-density flow deposits, it is employed in conjunction with '°Be surface
exposure dating in arid regions owing to the absence of organic material for radiocarbon dating (Fattahi et al.,
2006; Rizza et al., 2011).

Here we document the timing, occurrence, slip rate, and recurrence interval of an earthquake sequence on
the tip of a foreberg along the Artz Bogd, Gobi-Altai, Mongolia. We applied optically stimulated luminescence
(OSL) dating to the faulted deposits in an excavated trench to determine the timing and slip rate of faulting events
over a short timescale (10° to 10* yrs.). We also measured in situ-produced cosmogenic °Be to date an alluvial
fan surface that was deformed by a blind thrust, based on the assumption that the foreberg uplift reflects the cu-
mulative vertical displacement, and determined the vertical slip rate over a long timescale (>10* yrs.). These
paleoseismic analyses allowed us to infer earthquake processes at short and long timescales in this region.

STUDY AREA

The Bogd Fault, one of the main fault systems in Mongolia, is an approximately E-W-trending strike-slip
fault with a minor dip-slip component, which developed along a slip line that was conditioned by the collision
between the Indian and Eurasian Plates (Fig. 1) (Tapponnier and Molnar, 1976). It is a sinistral fault that contrib-
uted to the development of the Gobi-Altai Mountain Range in southern Mongolia (Bayasgalan et al., 1999a; Ritz
et al., 2006). The Gurvan Bogd (meaning ‘three saint mountains’ in Mongolian), which is the eastern segment of
the Gobi-Altai Mountain Range, includes the Ikh Bogd, Baga Bogd, and Artz Bogd (Fig. 2). These three moun-
tains occur at restraining bends on the Bogd Fault system, whereby the northern and southern margins of each
mountain are bounded by strike-slip faults with a dip-slip (reverse) component, representing a flower structure
(Bayasgalan et al., 1999a; Vassallo et al., 2007a).

The M, = 8.1 Gobi-Altai earthquake of 1957 occurred along the Bogd Fault in the western Gurvan Bogd,
generating about 260 km surface rupture to the north of the Ikh Bogd and Baga Bogd and causing a gigantic
landslide in the Ikh Bogd range (Fig. 2) (Florensov and Solonenko, 1965; Kurushin et al., 1997). However, the
earthquake did not trigger any surface rupture or deformation along the mountain-bounding fault of the Artz
Bogd, which maintains a right-stepping en echelon relationship with the Ikh Bogd and Baga Bogd (Bayasgalan
et al., 1999b; Ritz et al., 20006).

The region around the Artz Bogd is still tectonically active, even though no surface deformation accom-
panied the 1957 earthquake. The Artz Bogd is the easternmost restraining bend in the Gobi-Altai Mountain
Range. Its northern margin is bounded by N-vergent active thrusts and left-lateral oblique-slip faults, and its
southern margin is bounded by S-vergent thrusts and left-lateral wrench zones, defining a flower structure (Cun-
ningham et al., 1997). The river channels draining the mountain range formed a large bajada in the foreland of
the Artz Bogd, and several lines of small forebergs lie on this bajada (Fig. 3a). The forebergs developed via
thrusting in the foreland of the mountain-bounding fault, and the thrusts dip toward the main mountain range
(Florensov and Solonenko, 1965; Bayasgalan et al., 1999a; Owen et al., 1999). There are six forebergs in a left-
stepping en echelon arrangement within the left-lateral shear zone near the Artz Bogd. The westernmost foreberg
(FB1 in Fig. 3a) is located in the overlapping region of the Baga Bogd and Artz Bogd. Foreberg FB1 has topo-
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Fig. 1. Simplified tectonic map of Central Asia. The Bogd Fault formed along the slip line made by the
collision between the Eurasian and Indian Plates (modified from (Tapponnier and Molnar, 1976)).

graphic features different from those of the other five forebergs, possessing a southern slope that is much steeper
than the northern slope. Forebergs FB2 and FB3 formed along S-dipping thrust faults, which are inferred to be
faults that branched off from the mountain-bounding fault of the Artz Bogd; the surface ruptures and fault scarps
from these thrust faults are clearly observed on these forebergs (Bayasgalan et al., 1999a; Vassallo et al., 2005).
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Fig. 2. Map of the study area (Gurvan Bogd) and epicenter of the 1957 earthquake in the Gobi-Altai,
Mongolia.

The numbers (1 through 5) in the small rectangle indicate the vertical slip rates reported from the previous studies. 1, 0.14 + 0.03 m/kyr
(Ritz et al., 2003), 0.19 + 0.05 to 0.23 £ 0.05 m/kyr (Vassallo et al., 2005), 0.12 + 0.02 to 0.13 £ 0.02 m/kyr (Vassallo et al., 2005); 2, 0.10

+ 0.01 m/kyr (Hanks et al., 1997); 3, 0.11 + 0.03 m/kyr (Carretier, 2000); 4, 0.13 £ 0.01 m/kyr (Vassallo et al., 2005); 5, 0.05 = 0.003 m/
kyr (Owen et al., 1999).
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Fig. 3. Detailed maps of the study area.

a, Foreberg development on the alluvial fans that are sourced from the Artz Bogd; b, image of foreberg FB6, with the Artz Bogd in the
background. The approximate camera angle for this image is shown in Fig. 3a; ¢, slope analysis around foreberg F6 based on the 12.5-m
resolution ALOS PALSAR DEM. The locations of the trenched outcrop (red star), 1°Be surface exposure dating sites (white circles), and
cross-sectional profiles for deriving the alluvial fan slope (black lines) are shown. The inset image is a hillshade DEM of the study area that
was constructed from ~7000 drone images (50-cm resolution); the dashed yellow lines denote inferred faults; d, image of a large (>1 m)
boulder (ABC004) that was sampled for 1°Be surface exposure dating.

There are no clear ruptures or fault traces on and around the surfaces of forebergs FB4-FB6, except for one fault
trace on the northern side and the other one on the eastern side of foreberg FB6 (insets in Fig. 3a, c¢).

The largest river in the region, Khovd Gol (‘gol’ means ‘river’ in Mongolian), drains the Artz Bogd to
the north, crossing a topographic low between forebergs FB5 and FB6. The river cuts the western tip of fore-
berg FB6 (Fig. 3a, b), exposing a portion of the faulted structure (outcrop location in Fig. 3c). We excavated a
trench at this exposure and conducted a detailed analysis of the geometry and kinematics of the fault and its
relationship with the growth of foreberg FB6 to constrain the local paleoseismic properties.

METHODS
Luminescence dating

We collected 12 samples for OSL dating from the faulted outcrop by inserting stainless steel and PVC
pipes into the sedimentary layers in the outcrop (Fig. 4a). We obtained the samples from the uppermost sedi-
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Fig. 4. Information on the trenched exposure and OSL dating of sedimentary layers.

a, Stratigraphic section of the sedimentary layers in the trenched exposure; b, simplified sketch of the faulted outcrop. The black box
highlights an example of deformation in the unit above a terminated fault tip. The white box identifies the location of the image in Fig. 4c;
¢, image of a bedrock slickenline, which indicates subvertical slip.

mentary layers that were cut by each fault strand to constrain the maximum age of each faulting event. The
samples were collected far from the section that was deformed via faulting or soft sediment deformation to
avoid any earthquake-induced disturbance and derive the exact timing of deposition of each layer.

All of the pretreatment and measurement procedures for the OSL dating were conducted at the Korea
Basic Science Institute (KBSI), Ochang, Korea. The coarse (90-250 um) quartz fraction was extracted from
each sample via wet sieving and acid treatment. The separated grains were examined under infrared to confirm
that feldspar grains had been removed. The infrared-stimulated luminescence signals were negligible during the
test, accounting for <<10% of the blue-LED stimulated luminescence signals, which indicates the absence of
feldspar contamination.

We used 16 8-mm aliquots for each sample during the OSL signal measurements and employed the sin-
gle-aliquot regenerative-dose (SAR) procedure for the equivalent dose estimation (Murray and Wintle, 2000)
(Table 1). The OSL signals were measured using an automated measurement system (Riseg TL/OSL-DA-20) at
the KBSI. The samples were irradiated during the first and fourth steps of the SAR procedure using a ?°Sr/*°Y
beta source that was delivered at 0.086 = 0.001 Gy-s~!. The blue-LED stimulation light source (470 + 30 nm)
was delivered at ~101 mW-cm2 to the sample position during the third and sixth steps to generate the lumines-
cence signals. The stimulation was carried out for 40 s at 125 °C to avoid charge retrapping, and the signals
were detected using a 7-mm Hoya U-340 filter.
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The dose rate of each sample was calculated Table 1. Single-aliquot regenerative-dose protocol for OSL
based on the radionuclide concentrations that were dating (modified from (Murray and Wintle, 2000)).

measured via low-level. high.-resolution gamma Step Treatments Observed
spectrometry. The radionuclide concentrations
were converted to dose rates using the dose rate 1 Give dose, D, -
conversion factors of Adamiec and Aitken (1998), 2 Preheat? (260 °C for 10s) -
and the be'Fa attenuation factor was taken into ac- 3 Blue Stimulation for 40 s at 125 °C .
count (Mejdahl, 1979). The dose rate was cali- } !
brated based on the water content in the sample 4 Give test dose, D, -
(Aitken, 1985) and the cosmic ray contribution 5 Cut-heat” to 220 °C for 0 s
(Prescott and Hutton, 1994). 6 Blue Stimulation for 40 s at 125 °C T,

. 7 Return to step 1 _

10Be surface exposure dating
High-energy cosmic rays from our Solar Sys- 2 For the natural sample, i = 0, and D, = 0.

tem and other galaxies regularly bombard the Earth b Aliquot cooled to less than 60 °C after heating. In step 5,

and its atmosphere and primarily react with atoms Fhe TL signal frorp the test dgse can be observed, but it is not made
in the atmosphere, which subsequently produce It the use of routine applications.

various cosmogenic nuclides and a cascade of sec-

ondary cosmic rays. These secondary cosmic rays then react with the atoms in minerals on the exposed rock
surfaces on the Earth, producing in sifu cosmogenic nuclides (e.g., 3He, °Be, 1“C, 2!Ne, 26Al, and 3¢Cl) (Lal,
1991; von Blanckenburg, 2005). Cosmogenic surface exposure dating has therefore become one of the most
commonly used and reliable numerical methods for dating various geomorphic surfaces, such as alluvial fans,
fluvial and marine terraces, and moraines (Bierman et al., 1995; Nishiizumi et al., 2005; Granger et al., 2013).

We collected three samples from large boulders, which can be divided into two groups according to their
locations on the alluvial fan, which belong to the northern limb of foreberg FB6 (Fig. 3¢, d), assuming that these
boulders represent the depositional age of the alluvial fan surface. We chose large (>1 m) boulders to exclude
the possibility of sampling material that had been reworked or had otherwise migrated during sporadic intense
precipitation and uplifting due to faulting. However, we were unable to obtain a desirable number of boulder
samples (>5), because gravel and sand are the predominant fractions on the alluvial fan surface near foreberg
F6. The samples were collected within ~5 cm from each boulder surface. The sample locations were determined
with a handheld global positioning system. Weathering information, such as lichen growth, varnishing, and pit-
ting, was recorded, and the skyline was measured at 30° intervals.

We conducted all of the chemical treatments on the samples at the Geochronology Laboratory, Korea
University, following the community standard procedure for 1°Be extraction (Kohl and Nishiizumi, 1992; Seong
et al., 2016). The samples were crushed, with the 250-500 pum fractions separated via dry sieving. The sieved
samples were first leached using an HCI-HNO, mixture to remove carbonate minerals and organic materials.
They were then leached using an HF-HNO, mixture on a heating roller for 9 h to remove other minerals, such
as feldspar and mica. We removed the magnetic minerals with a magnet and reprecipitated fluoride by hand-
picking between two leaching processes. The entire process yielded ~15 g pure quartz for each sample. The
quartz samples were spiked using a °Be carrier with a low background 'Be level and dissolved in a highly
concentrated HF and HNO, mixture on a hotplate. The fluoride was then removed via HNO, and HCIO,, fum-
ing, and Be was separated using an ion exchange column, where it was separated at pH > 7. Beryllium was
precipitated as BeOH in NH,OH. The BeOH in the quartz crucible was dried in a warm (~80 °C) bath and then
calcined into BeO at 800 °C for 10 min to remove water and ammonium salt. We mixed the resultant BeO with
niobium powder to form the targets. The targets were measured using a 6 MV accelerator mass spectrometer at
the Korea Institute of Science and Technology, Seoul, Korea.

The measured ''Be/’Be ratios were normalized to a '°Be standard (5-1; 2.709 x 10-'! 19Be/*Be) prepared
by Nishiizumi et al. (2007) using a '°Be half-life of 1.38 x 10° years (Chmeleff et al., 2010; Korschinek et al.,
2010) and converted into '°Be concentrations after correcting the ratios with a process blank (2.679 x 1015 +
1.120 x 10713 1'Be/*Be). We then calculated the °Be surface exposure ages using the CRONUS-Earth online
calculator, version 3.0 (Balco et al., 2008); the resultant exposure ages are listed in Table 3.

RESULTS
Trench

We identified 23 layers in the trench (Fig. 4a). The grain size distribution in the trench wall was pre-
dominantly in the silt to sand size range (0.2-200 pum), though there were angular to subangular pebble clasts
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in the silt-sand matrix, particularly in layers L1, L6, L8, L12, L16, and L20. Layers L1, L16, and L20 are
matrix-supported, whereas layers L6, L8, and L12 are clast-supported, which is indicative of sheet-flow depos-
its. A thick (~20 cm) carbonate layer (L22) caps the sedimentary layer (L21) and is overlain by a ~20-cm-thick
matrix-supported sheet-flow deposit (L23). Most of the layers display some type of bedding, although layers
L2,L3,L13,L15, L17-L19, and L21 are massive in structure.

In total, 23 layers were observed, and eight main fault strands (F1-F8) were identified in the trench wall
(Fig. 4b). We divided all the layers in the trench into nine deformation units based on the observed deformation
along each fault strand, with the uppermost layer of each unit marking the uppermost layer that was cut by a
given fault strand; note that L22 and L23 were not cut by any fault strands, which belong to deformation unit
9. The uppermost layers are L3, L7, LS8, L10, L14, and L19-L21. The fault strands all possess a similar orienta-
tion, striking N60-86° W and dipping 61-70° SW, with the dip decreasing toward the surface
(30-52° SW). The faults have an almost pure dip-slip (reverse) component, with a small strike-slip (sinistral)
component, as shown by the orientation of slickenlines (Fig. 4c), which have a rake angle of 87-89° N in the
clockwise direction with respect to the fault strike.

The trench orientation was N20-30° E, almost normal to the fault strike. The dip separations and vertical
displacements were measured at the boundary of layers L2 and L3, as bedrock was not present in the footwall,
and the boundary between layers L1 and L2 was not clear in some parts of the trench. Example piercing points
that we referenced are marked by the characters in black squares in Fig. 4b. The dip separation and vertical
displacement (values in parentheses) between a—a’, b—b’, and c—c’ are 0.34 m (0.27 m), 0.62 m (0.41 m), and
0.50 m (0.47 m), respectively, with each displacement having a measurement error of 10%, as the trench was
excavated almost normal to the fault strike, and slickenlines indicate almost pure dip-slip movement.

Luminescence dating

The equivalent dose was calculated following the central age model estimation (Galbraith et al., 1999),
and the depositional timing of each layer was calculated by dividing the equivalent dose by the annual dose rate
for each sample (Table 2). OSL samples ABA4-OL-03, -07, -08, -10, -14, -19, and -21 were collected from the
uppermost layers that were cut by the fault strands. We could not insert an OSL pipe into layer L.20 to collect a
sample because of the presence of numerous large pebble clasts. The oldest uppermost layer cut by the fault was
layer L3, which was deposited at 32.34 + 3.72 ka, and the youngest one was layer L21, which was deposited at
9.86 + 0.60 ka.

The OSL dating results show inversion in some sections of the trench, though we did not observe any
evidence of stratigraphic inversion to support these results. Incomplete bleaching of the luminescence signal
prior to the final deposition can result in an overestimate of the depositional age (Alexanderson and Murray,
2012; Yang et al., 2012), whereas depositional disturbances caused by soil-forming processes, earthquake shak-
ing, plant roots, and tunnelling by ants and rodents can result in an underestimate of the age (Stevens et al.,

Table 2. OSL ages of sedimentary layers in the trenched exposure

Sample Code Depth Dose Rate Equivalent Dose* | Aliquots used® OSL age? Fitted age®©

(cm) (Gy/ka) (Gy) (n/N) (ka, 16 SE) (ka, 16 SE)
ABA4-OL-01 400 3.26 £ 0.08 53+1 15/16 16.25 +0.50 35.03 +0.50
ABA4-OL-02 385 2.93 +0.08 166 + 11 16/16 56.65 £ 4.06 33.76 £ 4.06
ABA4-OL-03 370 3.03+0.08 98+ 11 16/16 32.34+3.72 3249+3.72
ABA4-OL-07 265 3.34+0.09 121 +12 15/16 36.22+3.72 23.57+3.72
ABA4-OL-08 265 2.83£0.08 47+1 16/16 16.60 + 0.58 23.57+0.58
ABA4-OL-10 275 3.20+0.10 55+4 14/16 17.18 + 1.36 23.15+1.36
ABA4-OL-12 250 3.01+0.08 39+£2 15/16 12.95+0.74 2230+0.74
ABA4-OL-13 240 3.22+0.10 73+7 16/16 22.67+2.28 21.45+2.28
ABA4-OL-14 235 3.21+0.10 83+9 15/16 25.85+2.91 21.02+2.91
ABA4-OL-17 225 3.54+0.11 62+4 15/16 17.51£1.25 20.17 +1.25
ABA4-OL-19 140 3.48+0.11 52+4 16/16 14.94 +1.24 12.96 + 1.24
ABA4-OL-21 100 3.75+0.11 3742 16/16 9.86 + 0.60 9.56 £ 0.60

a Central age + 1o standard error.

b 5/N refers to the ratio of the number of aliquots used for data analysis to the total number of aliquots loaded in the OSL
measurement system.
¢ Fitted ages were calculated based on the linear fitting of depth and measured OSL age of each sedimentary layer (Fig. 5).
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Fig. 5. Linear fit of the OSL ages, with R? = 0.333. Age, ka

The measured and fitted ages are listed in Table 2. 40 50 60

7 Layer number
Central age

1o standard error

20006). For example, the measured age of layer L3 is
younger than that of layer L7, even though layer L3 is
lower than layer L7. An overestimation because of in-
complete bleaching may arise because of the deposi-
tional environment or the physical properties of the
sedimentary deposits (Alexanderson and Murray, I gl
2012). Fluvial deposits are likely to contain both well-
bleached grains and insufficiently bleached grains, as
they are mixed and transported by water (Murray et al.,
1995; Olley et al., 1998; Galbraith et al., 1999). Fur-
thermore, it is possible for the sediments in sedimentary
layers that were deposited by a highly concentrated
massive flow to be only partially bleached during the deposition. These deposits usually have either an unsorted
texture and massive structure or no clear sedimentary structures. Therefore, the mass flow deposits in the trench
might be incompletely bleached, yielding overestimated ages. We performed a regression analysis to resolve
the age inversion problem, where we derived a linear relationship between the depths and ages of the layers
under the assumption of a constant depositional rate (Fig. 5, Table 2).

L2

10Be surface exposure dating

Three samples were collected from boulder surfaces to constrain the age of the alluvial fan (Fig. 3¢, d).
The sampled boulders were red-colored conglomerate.

The boulders were likely sourced from the Artz Bogd and transported during the formation of the alluvial
fan. There should be many boulders near foreberg FB6 if they were sourced from the foreberg itself (i.e., re-
worked) or had an in situ origin. However, there are few boulders in and around foreberg FB6. Furthermore, the
bedrock around the Artz Bogd includes conglomerate and red beds (Cunningham et al., 1997), and we observed
many boulder- and cobble-sized blocks of red-colored conglomerate in the valley bottom along the Artz Bogd
and near the apex of the alluvial fan. The boulders that we sampled on foreberg FB6 may have been deposited
during the formation of the alluvial fan and subsequently uplifted owing to thrusting forming the foreberg. There-
fore, we believe that 1°Be surface exposure dating of the boulders can constrain the age of the alluvial fan surface.

The boulder ages can be divided into two groups based on their locations (Fig. 8, Table 3). The first group
includes two samples, ABC0O01 and ABC002, which have similar exposure ages of 40.7 = 3.2 ka and 43.8 +
3.5 ka, respectively. The second group consists of only one sample (ABC004), which has an exposure age of
612.7 + 61.6 ka. The difference between the ages of these two groups is extremely large (>500 kyr). Given the
site-specific conditions of the two sites and previous reports on the antiquity of the mountain surface of the po-
tential candidate source of the alluvial fan in the region (Vassallo et al., 2007b; Oh et al., 2019), the older sample

Table 3. 10Be exposure ages of the boulders on foreberg FB6
Name |Latitude |Longitude |Elevation|Thick- [Shielding [Quartzb |Be carrier|'’Be/’Bed 10Be concentrationde |Exposure agedt
(° N, DD)|(° E,DD) |(masl) [ness® |factor (2) () (10-13) (10° atoms/g) (ka)
(cm)
ABCO001 |44.63845 [102.13025 |1574 6 0.9985 |15.9652(0.3921  |3.465+0.021 |5.60 +0.07 40.7+3.2
ABCO002 |44.63835 |102.13036 1575 4 0.9986  [9.8940 [0.3911 2.360£0.012 |6.11 £0.07 43.8+3.5
ABCO004 |44.63833 |102.12856 1575 4 0.9985 [5.6309 (0.3843 16.477 £0.534(74.40 £2.53 612.7+61.6

2 Tops of the exposed boulder surfaces.

b Density of rock (2.7 g/cm?) was used.

¢ Ratios of 1'Be/’Be were normalized with 07KNSTD reference sample 5-1 (2.71 x 10" + 1.09 x 10-13) (Nishiizumi et al.,
2007) and '°Be half-life of 1.38 x 106 (Chmeleff et al., 2010; Korschinek et al., 2010).

d Uncertainties are calculated at the 1o confidence level.

¢ A mean value of process blank samples (2.68 x 1015 + 1.12 x 10-'%; n = 2) was used for correction of background.

f Ages are calculated assuming zero erosion via the CRONUS-Earth online calculator (version 3.0) (Balco et al., 2008)
with scaling factors of Stone (2000).
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on the original, gentler surface indicates the true depositional age of the alluvial fan rather than those on the
uplifted hill. This discrepancy is considered in Discussion.

DISCUSSION
Timing of faulting

The OSL ages of the sedimentary layers represent the timing of deposition. Layers L3, L7, L8, L10, L14,
and L19-L21 are the uppermost layers cut by faults F1-F8, respectively. The OSL age of the uppermost layer
for a given deformation unit generally indicates the maximum age of that faulting event, and the OSL age of
the overlying unit defines the minimum age of the following event, since the faulting event in a given unit is
assumed to occur after the deposition of its uppermost layer and before the deposition of the overlying unit, and
each fault is assumed to cut the entire unit during the faulting. All of the faults, except for faults F3 and F4, are
interpreted to have cut the entire unit. However, the timings of the faulting events along faults F6 and F7 cannot
be constrained based on this hypothesis, because we do not have age data for unit 7. We therefore treat unit 7
as a gap between the ages of units 6 and 8 (Fig. 6a).

However, if a given fault did not cut the entire unit, then there should be fault-induced deformation, such
as folding or soft sediment deformation, in the intact layers. The maximum age of the faulting event is the age
of the intact layer including the folding structure in this case, and the minimum age can be constrained by the
age of the overlying unit. We presumed that unit 4 had already been deposited when the faulting along fault F3
occurred, because fault F3 cut through unit 4 but did not cut into unit 4, while unit 4 was folded by fault F3 (a
black empty box in Fig. 4b). Therefore, we suggest that the F3 faulting event occurred between the deposition
of units 4 and 5 (Fig. 6a).

We also presume that the F4 faulting event occurred between the deposition of units 5 and 6 (Fig. 6a), as
fault F4 cut through unit 4 but did not cut into unit 5. However, it is difficult to determine whether the F3 and
F4 faulting events occurred simultaneously based on their fault geometries and a potential relationship between
the two faults. Fault F4 branched off from a fault strand different from that of fault F3 but from the same fault
strand as fault F5. Strain localizes along the fault plane when a fault is active. Therefore, when fault F3 was
active, the strain localized along the F3 fault plane, such that it was less likely for fault F4 to activate contem-
poraneously with fault F3. It is worth noting that the faults in this trench define a N-vergent thrust system in a
break-back sequence, which implies that the younger faults developed in the hanging walls of the older faults.
Therefore, we suggest that faults F4 and F5 branched off from the same fault strand and were active simultane-
ously, based on the geometrical properties of the faults (Fig. 6).

a b
Event sequence Earthquake
Event 5 Event 4 Event 3 Event 2 Event 1 Reccurence Interval
0
5F 4.78 ka
Unit 8 (L21 Unit 8 (L21
9.“5“}. 0(.5 ka) 9.nslti Lie ku) 6.28 kyr
10+@ Unit 8 (L21) 0] 0 Unit 6 (L19) Unit 6 (L19) 11.06 k
9.5 £0.6 ka ¢ 6 ¢]2.9il.2ka ¢12.911.2 ka o a
15 Unit 6 (L19) | = Unit 6 (L19) 5.93 kyr
< il 129+ 12ka 129+ 12ka 16 991{
A Unit 5 (L14) : g
s 20} 21.0+29ka ) Unit3 (L) T 5.30 kyr
2:0 Unit 5 (L14) | T Unit 5 (L14) @ ESjSiO.S ka 235+37ka  22.29 ka
25 | 21.0+29ka 21.0+29ka DA ELI0) 574 ky]'
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35+ 24237 ka
40
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Fig. 6. Sequence of faulting events (@); b, deduced earthquake recurrence interval in the study area. The
recurrence interval was based on the central age of each event (Table 2).
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Paleoseismic implications

We first estimated the slip rate and earthquake recurrence interval based on the true displacement of the
sedimentary layers in the trenched wall and the timing of each faulting event. We then constructed a model for
the faulting events by restoring the events in an inverse order during the late Quaternary.

The slip rate was calculated by dividing the cumulative displacement by the age of the displaced layer,
since it was derived from the total slip amount for the five faulting events. We calculated the slip rate using the
cumulative true displacement of layer L3 and the fitted age of layer L3. The cumulative true displacement of
layer L3 is 1.46 + 0.14 m (considering 10% of measurement error), and its fitted OSL age is 32.49 + 3.72 ka
(Fig. 4b, Table 2), yielding a cumulative slip rate of 0.045 = 0.007 m/kyr. Our slip rate is similar to the cumula-
tive rate of 0.050 + 0.003 m/kyr (Owen et al., 1999) based on one OSL age of the deformed, oldest layer and a
pure thrust geometry in a natural exposure.

We identified five faulting events and constructed a model for the sequence of events (Fig. 7) based on
the timing of the events (Fig. 6). The first faulting event occurred along fault F1 between 32.49 and 23.57 ka.
The second took place between 23.57 and 21.02 ka along faults F2 and F3. The third event occurred between
21.02 and 12.96 ka along faults F4 and F5, and the fourth between 12.96 and 9.56 ka along faults F6 and F7.
The final event took place along fault F8 after 9.56 ka. We then estimated the earthquake recurrence interval
based on the central age of each event, yielding ~5.8 £ 0.5 kyr for the last 32 kyr (Fig. 6b).

Estimation of the long-term deformation rate

We estimated the uplift rate of foreberg FB6 (Fig. 3) under the assumption that the foreberg developed
via faulting after the alluvial fan had deposited. The uplift rate was calculated by dividing the amount of fore-
berg uplift by the age of the undeformed alluvial fan surface.

Present Event 5 (~9.5 ka) 9.5ka Event 4-2 (12.9 ~ 9.5 ka)
F8
F W — F7 —
Unit 7 =

BN e % . %

129 ~9.5ka Event 4-1 (12.9 ~ 9.5 ka) 12.9 ka Event 3 (21.0 ~ 12.9 ka)

F5 F4

5
|
A

21.0ka Event2-2 (23.1 ~21.0ka)  23.5~23.1ka Event 2-1 (23.5 ka)

F3
i\ a E‘ S |wnit2
A A
N AN N\
23.5ka Event 1 (32.4 ~23.5 ka) 324ka Initial stage
El

—N  — ~—~7 |

[ Bedrock | JUnit1 [ JUnit2 [ JUnit3 [JUnit4 [0 Unit 5
E Unit 6 |:| Unit 7 E Unit 8 |:| Unit9 —Fault  ------ Inferred fault

|

Z

Fig. 7. Restoration of deformation in the trenched exposure in reverse order. The best-fit OSL ages are
provided for each panel.
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The amount of foreberg uplift was derived from a high-resolution (0.5 m/pixel) digital elevation model
(DEM) that was generated using ~7000 aerial images acquired by a drone (DJI Phantom 4 pro) in June 2018.
We acquired a series of cross-sectional profiles around the boulder sampling sites (Figs. 3, 8) and restored the
original surface of the alluvial fan by fitting the undeformed alluvial fan surface. The fitted surface possessed a
slope of ~1°, which is indicative of flat alluvial fans (Blissenbach, 1954). The amount of uplift was estimated
by subtracting the elevation of the restored fan surface from the foreberg elevation, which indicates the vertical
displacement between the deformed and original surfaces. The maximum amount of uplift is 41.0 + 0.8 m.

The boulders can be divided into two groups based on their locations (Fig. 8), as previously mentioned.
The first group (ABC001 and ABC002) is on top of a small, uplifted hill, which is an incipient foreberg, and
show ages of 40.7 + 3.2 and 43.8 + 3.5 ka. The second group (ABC004) lies on the original, flat alluvial fan
surface and has an age of 612.7 + 61.6 ka. The boulders in the first group may have been toppled or overturned
during the uplift due to thrusting, such that they yield an underestimate of the age of the alluvial fan surface.
Therefore, the boulder in the second group indicates the true timing of the deposition. It is worth noting that the
old age (~600 kyr) of the alluvial fan surface in our study region is similar to other ages reported in and around
the Gurvan Bogd (Vassallo et al., 2007b, 2011; Oh et al., 2019).

We estimated the long-term uplift rate of foreberg FB6 from the amount of foreberg uplift and the °Be-
derived age of the alluvial fan surface, which is 0.067 + 0.007 m/kyr. Our calculated slip rate is largely in agree-
ment with the previous results. Owen et al. (1999) derived a vertical slip rate of 0.050 £ 0.003 m/kyr based on
displaced sedimentary layers and their ages for foreberg FB6. Vassallo et al. (2005) derived a slip rate of 0.13 +
0.01 m/kyr based on a displaced surface and its age for foreberg FB2 (Figs. 2, 3a), which lies near the Artz
Bogd. Numerous studies have been conducted on the forebergs along the Bogd Fault, which is the main fault in
the region, and near the Ikh Bogd and Baga Bogd, with vertical slip rates ranging from 0.10 = 0.01 to 0.23 +
0.05 m/kyr (Fig. 2) (Hanks et al., 1997; Carretier, 2000; Ritz et al., 2003; Vassallo et al., 2005). Given that the
vertical slip rates from those studies were obtained near the Bogd Fault, whereas our study area is distal to the
Bogd Fault, we expect our slip rate to be lower, because the slip rate decreases toward the fault tip. Therefore,
we interpret our uplift rate of 0.067 + 0.007 m/kyr for foreberg FB6 as a reasonable estimate.

However, this uplift rate is based on the displaced geomorphic surface and its age, which is inconsistent
with the slip rate that we estimated from the trench. The long-term uplift rate is 0.067 £ 0.007 m/kyr, and the
vertical slip rate is 0.045 + 0.005 m/kyr. This discrepancy may result from (1) the different timescales for the
short- and long-term uplift rates and (2) the different locations where the slip rate calculations were made.

The timescale for the slip rate derived from the trench only covers the past ~32 ka, which is the age of
the oldest layer in the section, whereas the uplift rate based on the geomorphic surface covers the past ~612.7
ka, which is the age of the undeformed alluvial fan surface. This indicates that the long-term uplift rate over the
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Fig. 8. Vertical displacement of the alluvial fan surface due to thrusting and ’Be surface exposure ages of
the boulder samples from foreberg FB6. Shaded regions along each curve represent the surface elevation
range along the cross-sectional profiles.
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past ~612.7 ka is higher than the short-term slip rate that spans the past ~35.03 ka. Furthermore, the trench is
located on the tip of foreberg FB6, whereas the alluvial fan surface that is used for the vertical growth measure-
ment and '°Be exposure dating is ~700 m away from the tip. The slip rate generally exhibits a gradual decrease
toward both tips along the fault strike, reaching a maximum at the center. This trend suggests that the discrep-
ancy between these two rates can be explained by a slip rate gradient along the fault strike.

CONCLUSIONS

We conducted a paleoseismic study on a foreberg that has grown on an alluvial fan that drains the Artz
Bogd and preserves fundamental information on the frequency of earthquakes and their associated slip in the
Gobi-Altai, Mongolia. Forebergs grow both vertically and laterally on the alluvial fan surface when thrusting
either propagates or branches off from the mountain-bounding fault, forming the main fault system in the study
area. The main conclusions are as follows:

(1) We have identified eight fault strands in a trenched outcrop containing 23 sedimentary layers and
bedrock on the western tip of the foreberg. We have identified five faulting events based on the stratigraphic
sequence, cutting relationships, and timing of faulting along these fault strands;

(2) We have estimated a cumulative slip rate of 0.045 + 0.007 m/kyr and an earthquake recurrence interval
of 5.8 + 0.5 kyr for the past ~32 kyr based on the displacement of sedimentary layers and their OSL ages;

(3) The long-term (~600 kyr) uplift rate is 0.067 + 0.007 m/kyr, which we determined by dividing the
vertical displacement of the geomorphic surface (alluvial fan surface) by the '°Be-derived age of the alluvial fan;

(4) These inconsistent vertical growth rates of the foreberg may be due to the different time scales they
cover and a gradient in slip rate along the fault strike of the foreberg.
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