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rates of erosional and depositional processes that act on the landscape. Within arid continental interiors
single earthquake scarps can be preserved for thousands of years, and yet the interval between surface

Editor: A, Yin ruptures on faults in these regions may be much longer, such that the lack of evidence for surface

faulting in the morphology may not preclude activity on those faults. In this study we investigate the
Keywords: 50 km-long ‘Toraigyr’ thrust fault in the northern Tien Shan. From palaeoseismological trenching we
Tien Shan show that two surface rupturing earthquakes occurred in the last 39.9 + 2.7 ka BP, but only the most
geomorphology recent event (3.15-3.6 ka BP) has a clear morphological expression. We conclude that a landscape reset
palaeoseismology took place in between the two events, likely as a consequence of the climatic change at the end of the
earthquake recurrence interval last glacial maximum. These findings illustrate that in the Tien Shan evidence for the most recent active

landscape evolution faulting can be easily obliterated by climatic processes due to the long earthquake recurrence intervals.

Our results illustrate the problems related to the assessment of active tectonic deformation and seismic

hazard assessments in continental interior settings.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction Quaternary cover. These characteristic landforms are a primary tar-
get of neotectonic studies because they allow identification of the
In this paper we address whether the absence of earthquake  faults, they can be used to determine long-term slip-rates and,

surface ruptures and fault scarps can be used to infer the inactiv- when combined with palaeoseismic trenching, allow the timing
ity of faults in tectonically active regions. This issue is not only of and magnitudes of past earthquakes to be uncovered (e.g. Wallace,
interest for understanding the distribution of tectonic deformation, 1977; Thompson et al., 2002).

but also for assessing the seismic hazard of a region, which typi- However, the preservation of surface ruptures and fault scarps

cally relies on the mapping of faults that cut young (Holocene/late
Pleistocene) alluvial cover.

The youngest imprints of tectonic activity in the landscape are
the remains of surface ruptures from individual earthquakes, which
within the interior of Asia can be retained in the landscape for sev-
eral thousand years (e.g. Campbell et al., 2015; Rizza et al., 2015;
Walker et al., 2015). The surface effects of repeated large earth-
quakes sum to create cumulative fault scarps and/or folding in late

from cumulative displacements is governed by the interplay of
earthquake magnitude and recurrence interval, erosion of the land-
scape, and rates of sedimentation. Furthermore, as dramatic cli-
mate changes have occurred repeatedly through the Quaternary,
the present-day rates of sedimentation and erosion may not be
representative of the long-term (Molnar et al., 1994; Poisson and
Avouac, 2004). If the recurrence interval between earthquakes is
larger than the interval between major periods of environmentally-
driven landscape evolution, indications for prior late Quaternary
* Corresponding author. fault activity may be lost (Walker et al., 2015; Abdrakhmatov et

E-mail address: chg39@cam.ac.uk (C. Griitzner). al., 2016). The situation is acute in intraplate deformation zones,
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Fig. 1. (A) Topography and earthquakes of the Tien Shan. The study area (black box) is located near the northern margin of the Tien Shan. Focal mechanisms of earthquakes
determined from body-waveform modelling are coloured according to centroid depth, data from Sloan et al. (2011). White dots are earthquakes >My 4.5 1960-2008 from
the catalogue of Engdahl et al. (1998) and the ISC catalogue from 2009-2016 (ISC, 2016). Topography is based on ETOPO1 data. The pale yellow line marks international
borders. (B) Active faulting and earthquakes in the study area. The location of the focal mechanism of the 1978 Dzhalanash-Tyup earthquake is from Kriiger et al. (2015)
and focal data from CMT (2016). All other data sources are as in Fig. 1A. The Toraigyr Fault is marked in red. Inferred ruptures of the 1889 M,, 8.0-8.3 Chilik Earthquake
(Bindi et al., 2014; Kriiger et al, 2015; Abdrakhmatov et al., 2016) are shown in blue, though the earthquake may also have ruptured faults within the interior of the
Kurmenty mountains (Crosby et al., 2007; Abdrakhmatov et al., 2016). Yellow lines mark the surface ruptures of the 1911 Chon Kemin Earthquake (Bogdanovich et al., 1914;
Crosby et al., 2007). GPS velocities relative to stable Eurasia with 95% confidence ellipses (Zubovich et al., 2010) show distributed N-S shortening. (C) The S-dipping Toraigyr
Fault (red line) is an E-W striking thrust located between the Chilik and Charyn Rivers. The black line marks the mapped scarp. All maps are in Mercator projection. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

where large earthquakes with long recurrence intervals are known
to have occurred (e.g. Prentice et al.,, 2002; Abdrakhmatov et al.,
2016).

We address these issues through a study of the Toraigyr Fault,
sited within the semi-arid Ili Basin, in the NE Tien Shan of Kaza-
khstan (Fig. 1). The Toraigyr Fault is expressed in alluvial fans as a
well-preserved and continuous scarp. However, as we show later,
the scarp results from a single prehistoric surface-rupturing earth-
quake, with only very localised evidence preserved in the land-
scape for prior late Quaternary activity. We combine data from
satellite remote sensing, low-altitude photogrammetry, field map-
ping, palaeoseismological trenching, and Quaternary dating tech-
niques to survey the palaeo-ruptures along the Toraigyr Fault, and
to bracket the age of this event, and an older event exposed by
trenching. We show the consequences of the interplay between
tectonic uplift and erosion events on the preservation of earth-
quake surface ruptures, and the implication of these findings for
neotectonic studies and seismic hazard assessments in Central
Asia.

2. Geological and tectonic setting

Our study area is located in the NE Tien Shan in Kazakhstan.
The Tien Shan is bordered by the stable Kazakh Platform to the
North and by the relatively rigid Tarim Basin and the rapidly de-
forming Pamirs to the South (Fig. 1A). The most recent and still
ongoing episode of orogeny was initiated in the Neogene as a re-

sult of the India-Eurasia collision, which is happening more than
1000 km to the South today. The Tien Shan is made up of sub-
parallel east-west elongated mountain ranges and inter- and in-
tramontane sedimentary basins (Tapponnier and Molnar, 1979).
Most of the ranges are fault-bounded and formed of Palaeozoic
rocks (Burtman, 1975). The largest basins show Cenozoic succes-
sions of up to several kilometres thickness (e.g. Hendrix et al.,
1992). An extensive Mesozoic erosional surface is preserved in
many locations across the orogeny and can be conveniently used
as a marker to estimate cumulative Cenozoic uplift and deforma-
tion (e.g. Selander et al., 2012).

GPS data show shortening of about 12 mm/a in the eastern Tien
Shan (Abdrakhmatov et al., 1996; Zubovich et al., 2010), which
increases to ~20 mmy/yr in the western part due to the rota-
tion of the Tarim Basin. Shortening is accommodated at the sur-
face by a combination of east-west thrust faults, and conjugate
left- and right-lateral strike-slip faults (Molnar and Tapponnier,
1975; Tapponnier and Molnar, 1979; Avouac and Tapponnier, 1993;
Avouac et al., 1993; Thompson et al., 2002; Cording et al., 2014).
Quaternary slip-rates have been measured or inferred for only a
limited number of active reverse faults in the Kazakh Tien Shan
(e.g. Cording et al., 2014; Selander et al., 2012).

Instrumental seismicity within the Tien Shan has typically been
moderate in magnitude (Fig. 1A), and within the Ili Basin itself
there have been few significant earthquakes in recent decades
(Fig. 1B). To the south of our study area, the Dzhalanash-
Tyup earthquake of Mw6.9 with an oblique-slip mechanism
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Fig. 2. (A) Panchromatic Kompsat-2 satellite image (1 m resolution) showing the active fault scarp (arrows) and overlaid DEM from SfM. Black bar indicates the trench site
in offset alluvial fans (T1), characterised by a continuous scarp of ~1. 5 m height. Inset marks the position of B; the black bar indicates the location, but not the size of the
trench. (B) SfM DEM with profiles from DGPS in white and profiles from the DEM in red. Two terrace levels T1 and T2 can be distinguished. See appendix A for profiles.
(C) Vertical fault surface offsets measured from the 15 fault-perpendicular profiles (marked by red lines in (b)) taken across the aerial-derived DEM. Individual point offsets
are coloured by the percentage uncertainty in the estimation of the vertical fault offset. Red line: mean offset for T1 (from the 11 points <3 m); light grey band: 1o standard
deviation in offsets, dark grey band standard error in the estimate of the mean (0.1 m). Histograms of vertical surface offsets are shown by the blue bars on the right, bins
are in 0.1 m intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

struck the Kyrgyz-Kazakh border area on 24th March 1978 (e.g.
Abdrakhmatov et al., 2016). On 12th November 1990 a M 6.2
strike-slip earthquake occurred in the Saty area near the Chilik
River at a depth of 18 km (Sloan et al, 2011; Fig. 1B). In both
cases, no surface ruptures were reported. Instrumentally-recorded
earthquake centroid depths within the Tien Shan appear to be re-
stricted to less than 30 km, though deeper events are known from
the forelands (e.g. Sloan et al.,, 2011).

The potential for large earthquakes to occur in the NE Tien
Shan is shown from historical events (Fig. 1B). The largest historical
earthquake close to our study area is the 11 July 1889 Chilik Earth-
quake. This event was one of the strongest continental earthquakes
ever recorded with a magnitude of M,, 8.0-8.3 (Bindi et al., 2014;
Kriiger et al., 2015). Abdrakhmatov et al. (2016) mapped ~175 km
of surface ruptures in the Chilik River valley and related them
to the 1889 earthquake based on palaeoseismological trenching
results. The 1911 Chon-Kemin earthquake (M,, 7.8-8.0), also re-
ferred to as the Kemin or Kebin earthquake, struck north of
Issyk Kul in the Chon-Kemin valley (Bogdanovich et al., 1914;
Delvaux et al., 2001; Kulikova and Kriiger, 2015; Arrowsmith et
al., 2016).

Our study area is sited at the western margin of the Ili Basin,
which is a ~400 km long and ~120 km wide E-W elongated
basin bordered by the Tien Shan in the South and the Dzhungar-
ian Alatau in the North (Fig. 1A). To the west it opens towards
the Kazakh platform. The basin is surrounded by almost linear
mountain ranges. Some - though not all - of these ranges show
clear fault scarps on satellite imagery and in the field (Fig. 1B).
The southern boundary of the Ili Basin strikes mainly E-W, with
the exception of an ENE-WSW mountain range between the Chilik
and Charyn rivers, which is the morphological expression of the

left-lateral Chilik-Chon-Kemin fault zone. This range separates a
small basin from the main Ili Basin, which narrows to the west
and is bound by the Toraigyr Mountains to the south (Fig. 1C).
A fault scarp is visible at the northern base of the Toraigyr range
(Fig. 2) as the morphological expression of the Toraigyr thrust fault.
This fault scarp, which we show to result from a single surface-
rupturing earthquake, is the focus of our study. The fault probably
continues further to the East beyond the Toraigyr Range for the al-
luvial fans east of the Charyn River show subtle hints for relatively
recent deformation (red line in Fig. 1B). However, since no signif-
icant topography is associated with this section, the role of the
fault here is unclear and we do not consider it in our further anal-
ysis. The Toraigyr Fault was recognized as active by Ostropiko et
al. (1987) and Kober et al. (2013), the latter refer to it as Charyn
Canyon Fault. Ostropiko et al. (1987) use the term Bartogai Fault
for the ENE-WSW striking section of the Chilik-Chon-Kemin fault
that crosses the Bartogai Reservoir.

3. Data and results
3.1. Scarp mapping and profiling

We initially used panchromatic 1 m Kompsat-2 satellite im-
agery to remotely map the fault scarp (Fig. 2A), with observations
verified during fieldwork. The scarp offsets alluvial fans (Figs. 3, 4),
and its height and geometry were measured in the field with kine-
matic differential GPS (DGPS), along with an ~10 cm resolution
digital elevation model for one short stretch, as described below.

The visible scarp extends for 25 km along the fault, though is
not continuous within that length. The scarp is only well preserved
where it displaces alluvial fan surfaces, and there is a ~5 km gap
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in our mapping within the central part of the fault where the scarp
rejoins the rangefront (Fig. 1C). Given that the scarp is not well
preserved at all points along its length, we infer that the 25 km
mapped length is a minimum. We observe curvature that follows
the local alluvial fan morphology, which indicates a shallow dip of
the fault to the south (Fig. 2A). The scarp faces to the north and
consists of continuous segments with lengths of several hundred
meters to two kilometres each. No horizontal displacements were
encountered.

To survey the ruptures in detail we constructed a digital eleva-
tion model (DEM) from low-altitude aerial photography using the
‘structure-from-motion’ (SfM) technique (e.g. Johnson et al.,, 2014).
A Ricoh GR digital 2 camera was mounted on a Kkite-stabilised
helium balloon (a Helikite), attached to a heavy-duty fishing ca-
ble, and walked along a 4 km portion of the fault at an altitude
of ~60 m. The camera took a photo every five seconds. Ground
control points (orange 1 x 1 m squares) were laid out and their
precise locations measured using DGPS. The photographs were
processed using Agisoft PhotoScan to produce a digital elevation
model (DEM).

The resulting DEM is shown in Fig. 2B. Fifteen topographic pro-
file lines extracted from the DEM are also indicated (red lines),
with two of them shown in Fig. 3. White lines in Fig. 2B mark
additional profiles recorded with DGPS. All other topographic pro-
files are included as supplementary data. Unfortunately we were
only able to process the photographs from the western part of
the survey due to camera focus malfunction, and so our trench
site was not covered. To determine scarp heights we adopted the
method of Walker et al. (2015), using a MATLAB script to com-
pute linear regressions of the DGPS points of the upper and lower
fan slope, respectively. Where these lines intersect the fault, which
is assumed to be located where the scarp gradient is the steepest,
we determined the vertical offset. Rather than using the formal un-
certainties in determining an offset from the difference in the two
linear fits to the upper and lower surfaces, we apply a Monte Carlo

approach to better incorporate the subjective nature in selecting
the DGPS points to use in estimating the upper and lower surfaces
(as well as better characterising the effect of the slight undulatory
nature of some of the fan surfaces, and also the uncertainty in the
exact location of the fault). We sample a range of points with dif-
fering reasonable bounds of extent on each surface (some shorter,
some longer), and do this 10,000 times for each profile, taking the
standard deviation in the calculated offsets as a better estimate of
uncertainty in the true vertical offset.

The scarp is clearly visible on the hillshaded DEM (Fig. 2B). Two
separate alluvial surfaces of different heights are present in the
hanging-wall geomorphology. The lower terrace (T1) is extensive
and well-preserved. Small ephemeral streams have incised through
the fan surface on the southern, uplifted, side of the fault, but
away from the stream channels the surface is planar. No promi-
nent knick-points are observed in the stream channels. For T1, the
mean scarp height from all the profiles extracted from the aerial-
derived DEM is 2.3 £ 0.1 m (Fig. 2C). Three topographic profiles
drawn through the small remnant of the T2 surface yield scarp
heights of ~8.5 m, ~10 m, and ~12 m (Figs. 2B, C). A single
scarp height measurement of ~6 m (profile 10) may result from
a heavily eroded part of T2. It may also belong to a separate ter-
race intermediate in height between T1 and T2, which is hard to
tell in the absence of age constraints. We found no other examples
of the 6 m scarp elsewhere along the fault.

The scale and continuity of the scarp in the T1 surface lead us
to suggest that it resulted from a single surface-rupturing earth-
quake, as we confirm from palaeoseismology. Therefore, to provide
measurements of scarp height and morphology within the T1 sur-
face along the length of the fault, we made DGPS measurements at
six sites S1-S6 (Figs. 1C, 4). At each site, several profiles were mea-
sured. Offsets were determined along profiles perpendicular to the
scarp for and extending for ~50-100 m into both the hanging-wall
and footwall. The mean scarp height from all the DGPS profiles is
1.6 m, and at most sites the measurements cluster between 1-2 m
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Fig. 4. Field photographs and scarp heights estimated from DGPS topographic profiles. See Fig. 1 for individual site locations. All DGPS profiles and vertical offset estimates
are provided in the supporting information. S1-S6 refer to the investigation sites marked on Fig. 1C. View is to the south, except for (B), where view is to the east. (G) is the

location of the paleoseismological trench.

vertical offset (Fig. 5A). We interpret the consistent scarp heights
as evidence for a single-rupture origin.

We found vertical offsets of between 10-14 m at three sites
(S2, as shown in the DEM, S3, and S5). None of the T2 remnants
are continuous for more than a few hundred meters. We interpret
these features as isolated relicts of a cumulative scarp, which has
been eroded in most places. Without the presence of the smaller,
continuous scarp, it would have been hard to identify the isolated
fragments as tectonic features.

3.2. Palaeoseismic trench

We opened a trench across the fault at N43°20.776'E78°54.543’
in order to confirm that the Toraigyr scarp results from a single
earthquake event. From the trench we are also able to estimate
the magnitude of the last surface-breaking event, to investigate the
deformation associated with the last earthquake, to identify ear-
lier surface-rupturing earthquakes, and to place age constraints on
the palaeo-earthquake(s). The trench was excavated close to the
main road, along a well-preserved and uniform stretch of the fault
scarp in the T1 surface (Fig. 4G). DGPS data from the vicinity of
the trench show that the scarp height is around 1.3 m (Figs. 5, 6).
Furthermore, the topographic profiles do not show any evidence
for folding in the hanging-wall of the fault south of the scarp.

Following excavation the eastern trench wall was cleaned and
gridded. A trench log was documented noting lithology, grain size,
colour, bedding and deformation. Photographs were taken (also see
supplementary data), and using the structure from motion tech-
nique (SfM) a 3D model and orthophoto of the trench were pro-
duced. In the following we document footwall and hanging wall
stratigraphy and describe the observed deformation.

3.2.1. Trench stratigraphy and structure

Two faults were encountered in the trench, both of which offset
marker horizons (Fig. 6). Fault zone F1 coincides with the fault
scarp and offsets all units but the modern soil. F2 is located south
of F1 and only offsets the lowermost units. Fault 1 dips 25° to the
south at the base of the trench, and becomes gradually shallower
one metre above the trench floor (10° to the south), and then runs
approx. horizontal to sub-horizontal (Fig. 6A, B). Fault F2 dips 18°
to the south (Fig. 6A, C).

The base of the footwall of F1 is made up of a coarse, poorly
sorted alluvial gravel deposit (unit 5). This unit is overlain by a 0.8
m thick silty layer with medium-coarse gravel intercalations. We
interpret the homogeneous silty parts as a loess deposit (unit 4).
The gravel horizon (unit 4a) probably represents a time of active
channel migration - fine silt was deposited on the channel banks
and levees, the coarse gravel was deposited where transport en-
ergy was high. A reddish palaeosol (unit 3) of ~0.2 m thickness
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covers the silt-gravel layer. It is offset and truncated at the fault
plane and it is the stratigraphically highest layer affected by fault
F1. Unit 2 is present only on the footwall and is interpreted as a
colluvial wedge that formed after the surface offset by the most re-
cent earthquake. It contains material similar to that found in units
3 and 4 as well as gravels. The unit is less consolidated than units
3 and 4 and has a rather chaotic texture. Therefore, it is likely
made up of re-worked material from units 3 and 4 of the hanging-
wall. Unit 1 is the recent soil.

The hanging-wall of F1 is covered by the modern soil, unit 1.
Units 5-3 are also observed in the hanging-wall. Unit 3 is a pale-
osol with the same characteristics as the one in the footwall. Units
4 and 4a in the footwall and in the hanging-wall share their sed-
imentological characteristics (grain size, sortening, moisture con-
tent, cementation) and are of the same colour. They have a similar
thickness and they are bracketed by the same units. Unit 5 is ex-
posed as a whole in the hanging-wall. This poorly sorted alluvial
deposit is 0.5-1.0 m thick and contains lenses of whitish silts with
very coarse gravels (unit 5a) and intercalations of yellowish fine
silt with medium gravels (5b). The latter is strongly affected by
warping and even back-thrusting close to the fault F1. Units 3-5
are offset by the fault, tilted and partly warped. This lead to a
rather complex stratigraphy in the hanging-wall. Stratigraphically
below unit 5 we found a layer of well sorted medium-coarse gravel
with significantly less silt and a more grayish colour (unit 6). The
contact between units 5 and 6 is an erosional unconformity par-
allel to the surface, except close to the fault F1 where small-scale
deformation affected both units. Within unit 6 an orange silt layer
with medium gravel (unit 6a) stands out, part of which can be
used as a marker horizon. This layer is deformed at the fault F1,
and offset at the second fault, F2 (Figs. 6-8).

We developed a retro-deformation of the trench log to recon-
struct the earthquake history (Fig. 7). The penultimate surface
rupturing event occurred at fault F2, offset layers 6 and 6a at

an angle of ~18° along the fault plane, and produced a scarp
(Fig. 7B). Erosion obliterated the scarp after the penultimate earth-
quake (Fig. 7C). Restoring the section indicates a vertical offset of
~0.2 m and a horizontal offset of ~0.6 m, which equals a total
slip of ~0.63 m. This is a minimum displacement, because the
offset wedge of unit 6a could in fact have come from a similar
unit stratigraphically below, as is further indicated by IRSL ages
determined for the two units 6 and 6a (see later). In this case, the
erosional event would have removed most relicts of unit 6a in the
hanging-wall.

After the erosional event, a period of alluvial fan deposition
led to the emplacement of units 5-4 (Fig. 7D), and the formation
of a palaeosol (unit 3). The last surface rupturing event occurred
on fault F1, offsetting the palaeosol and all units stratigraphically
below (Fig. 7E). This event was associated with ~1.8 m of dis-
placement measured along the curved fault plane. With a fault dip
of 25° we calculate ~1.6 m of shortening and 0.8 m of a vertical
displacement. However, to measure the total slip we must also ac-
count for tilting and internal warping of the layers in the hanging-
wall directly beneath the surface scarp, which has resulting in the
localised disruption of units 5, 5b, 6 and 6a. In particular 5b has
been back-thrusted and warping of units 5b and 6a occurred close
to the fault. Furthermore, the pre-event palaeosol (unit 3) is tilted
at the scarp. Restoration of the base of the palaeosol to its initial
planar geometry by extrapolating its gradient from the hanging-
wall to the footwall (Fig. 7F), yields a vertical displacement of
~1.3 m, in agreement with the DGPS topographic measurements.
As this uplift occurred on a 25°S dipping fault, it yields a total fault
slip in the shallow subsurface of ~3 m.

3.2.2. Age constraints from the trench

We took two samples from the stratigraphy exposed in the
eastern trench wall for radiocarbon dating and seven samples for
infra-red stimulated luminescence (IRSL; Table 1, Fig. 6A). Bulk
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Fig. 8. On the northern site of the small basin, the Bartogai Fault offsetting gravel layers can be seen in a gravel pit (see Fig. 1 for location). The fault does not, however,
produce a surface offset, which indicates that the scarp underwent erosion since the last surface rupturing earthquake. (A) View of the entire section, the fault is in the
centre of the photo, marked by the red arrows. Note the undeformed reddish layer on top which is the most recent alluvial unit. (B) Close-up of the fault zone. (C) Geological
interpretation of B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

samples from the palaeosol were used for radiocarbon dating
(C1 and C2) since no charcoal, shell, or similar material was en-
countered. The age of the palaeosol should pre-date the last sur-
face rupturing event. Bulk sample C1 from the palaeosol in the
footwall gave a 20 calibrated age of 7310-7175 BP; bulk sample
C2 from the hanging wall has an age of 3640-3545 BP. This vari-
ation is most likely due to the fact that in bulk palaeosol samples
material from a wide time span of soil formation processes is accu-
mulated. Also, groundwater flow through the sediments can alter
the apparent age. We interpret the older age of ~7.2 ka BP as a
maximum value, as older material from upslope areas of the allu-
vial fan might have been washed down and incorporated into the
soil and the soil was probably stable for many thousands of years.
The lower age of ~3.6 ka BP probably marks the youngest stage
of soil development. We therefore assume that the younger of the
two values most immediately predates the earthquake.

All luminescence dating samples were collected using stainless
steel tubes, hammered into clean vertical sections. The samples
were subsequently processed at the University of Sheffield lumi-
nescence laboratory using a single grain post-IR IRSL K-feldspar
dating approach. Under controlled laboratory lighting conditions,

sand-sized (180-212 pm) grains of K-feldspar were extracted from
the inner part of each sample using a sodium polytungstate sep-
aration with a density of 2.565 gcm™3, followed by a short 10%
hydrofluoric (HF) acid treatment for 10 min to etch and clean the
grain surfaces (Roder et al., 2012). This dating protocol was se-
lected to overcome problems of low quartz sensitivity commonly
encountered in regions characterized by active tectonics (Rhodes,
2011). Although feldspar post-IR IRSL is less rapidly reduced by
light than quartz OSL (Roder et al., 2012; Smedley et al., 2015), the
presence of many sensitive feldspar grains in bedrock samples, and
in sediments derived from bedrock with little transport or weath-
ering, provides the opportunity to measure this signal using single
grains, and to isolate those grains that were well-bleached prior
to deposition from those with residual IRSL signals owing to in-
complete bleaching. The measurement protocol was modified for
application to single grains from Buylaert et al. (2009), who iso-
lated a thermally-stable component by measuring a second IRSL
signal at 225°C after the measurement of an IRSL signal at 50 °C.
The protocol uses a preheat treatment of 60s at 250 °C before the
measurement of the natural, regenerated or test-dose IRSL, and
has been assessed in comparison to different samples from loca-
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Table 1

Results from the radiocarbon dating of samples C1 and C2 and results from the IRSL dating of samples OSL 3-7. Radiocarbon dates
are reported as radiocarbon years before present where present = AD 1950. By international convention the modern reference stan-
dard was 95% the 4C activity of the National Institute of Standards and Technology (NIST) Oxalic Acid (SRM 4990C) and calculated
using the Libby 'C half life (5568). Conventional age represents the measured radiocarbon age corrected for isotopic fractionation.
The calibrated result is calculated from the conventional age using the calibration curve INTCAL13 after Reimer et al. (2013). Single
grain K-feldspar post-IR IRSL results are reported based on the minimum consistent single grain results, following the procedures
described in the text, in the supplementary material, and by Rhodes (2015).

Sample s13¢ Conventional +20 Calibrated Calibrated
(%00) 14C age 20 age 10 age

(BP) (BP)
C1 -17 6320 30 7310 to 7175 7270 to 7250
2 -175 3340 30 3640 to 3545 3610 to 3560
Sample Lab code Depth Equivalent dose Total dose rate Age

(m) (Gy) £10 (mGy/yr) £10 (ka before AD 2015)
+1o

KAZ14-BG-OSL3 Shfd14075 110 74.6 +3.4 3.80+0.16 17.7+£1.1
KAZ14-BG-0SL4 Shfd14076 1.30 18247 3.61+0.16 44.0+2.6
KAZ14-BG-0SL5 Shfd14077 1.30 175+8 3.74+0.16 39.9+2.7
KAZ14-BG-0OSL6 Shfd14078 0.35 140+£13 413+£0.19 3.15+0.32
KAZ14-BG-OSL7 Shfd14079 0.80 27.7+2.1 4.99+£0.25 5.87+0.51

tions where the age was constrained by independent techniques
(Rhodes, 2015). It has been applied to date several different con-
texts where the sediment age provides fault slip-rate or palaeo-
seismic constraint. The single grain post-IR IRSL dating protocol
applied to the samples in this project was unchanged from that
assessed by Rhodes (2015). The combined equivalent dose (De)
values used in the age estimates presented in Table 1 were de-
rived by excluding incompletely bleached grains (open symbols in
Appendix ]) until those remaining were mutually consistent with
their measurement uncertainties plus an overdispersion value of
15% added in quadrature primarily to allow for the effects of vari-
ations in dose rate. Fading measurements confirmed very little
anomalous fading was observed in these samples, and the ages
presented are not corrected for this effect. Sediment dose rates
were based on ICP-OES (K) and ICP-MS (U, Th) elemental determi-
nations of the material taken from the end of each sample collec-
tion tube; an internal potassium concentration of 12.5 + 1.0% was
assumed to estimate the internal beta dose rate, based on Huntley
and Baril (1997). Further technical details may be found in the sup-
plementary material, along with plots showing the equivalent dose
values measured for each sample. Sample OSL6 was taken from
what we interpret as a colluvial wedge (unit 2; Fig. 6) and gave
an age of 3.15 + 0.32 ka. This age is younger than that of the two
radiocarbon samples, which makes sense when the wedge formed
immediately after the earthquake. Sample OSL7 comes from the
palaeosol in the footwall of F1, close to sample C1, and returned an
age of 5.87+0.51 ka and lies within the age range bracketed by C1
and C2. These three samples from the palaeosol span ~3.5 ka. One
possible explanation for this mismatch is that bulk radiocarbon
samples from soils contain organic material from different stages
of soil formation and thus, a rather wide spread in ages can be
expected. We interpret the radiocarbon samples to mirror a pe-
riod of ongoing soil formation which lasted at least from ~7.2 ka
to 3.5 ka. The IRSL date returns the burial age of the non-organic
sample material. We therefore interpret this age to reflect the in-
corporation of fine-grained sediment into the palaeosol, which may
happen at any time during the soil formation, for example by wind
or downslope wash during rain. Sample OSL3 from unit 4 should
pre-date the last surface faulting, and post-date the penultimate
fault (Figs. 6 and 8). This sample gave an age of 17.7 + 1.1 ka, in-
dicating that the penultimate surface rupture happened before the
end of the LGM.

Sample OSL5 was taken from unit 6a, a silty layer in the foot-
wall of fault F2, pre-dating the penultimate event. This sample has
an age of 39.9 + 2.7 ka. Finally, sample OSL4 from unit 6a in the

hanging-wall of F2 also predates the penultimate event and re-
turned and age of 44.0 £ 2.6 ka. This is accordance with sample
OSL5, as both samples pre-date the penultimate earthquake and
the ages of the units overlap.

To conclude, radiocarbon and IRSL dating indicate that the
last surface rupturing earthquake happened at fault F1 around
3.2 ka BP. The penultimate event at fault F2 occurred between
17.7+£1.1 and 39.9 £ 2.7 ka BP.

3.2.3. Morphological dating of the fault scarp

Scarp diffusion provides a method for morphological dating of
scarps (e.g. Avouac, 1993; Hanks, 2000). This technique assumes
that scarp degradation occurs as a diffusive process after scarp for-
mation, and thus a geometrical analysis of the DGPS profiles allows
estimating when the scarp was formed. Degradation over time ¢
(ka) is assumed to be proportional to the slope angle:

ou 8%u 1)
ot < ox2

where u is the scarp height (m), x is the distance along profile (m)
and « is the mass diffusivity (m?/ka). Solving equation (1) for «t
allows estimating the age of the scarp when the mass diffusivity
for the study area is known. Diffusion ages k't are therefore given
in m?, as the real ages depend on the local «-value. We used a
MATLAB script which calculates the fault offset and slope angles as
described in section 3.1. These values are used to calculate the dif-
fusion age «t, by analysing the near-field scarp profile and solving
equation (1) for xt using the solution given by Andrews and Hanks
(1985), as outlined in Walker et al. (2015). We estimate an uncer-
tainty on the value of diffusion age by a Monte Carlo approach
using the estimated uncertainty in the offset, fan slopes and also a
range in our selection of initial scarp slope angle (35 =+ 2°).

We analysed twelve DGPS profiles across the fault scarp at the
trench site S1. Here, the scarp has a mean diffusivity age («7)
of 21.9 + 3.1 m? (Fig. 5B). No values for the mass diffusivity of
this part of Kazakhstan are currently available. Avouac (1993) es-
timated a mass diffusivity of 5.5+ 2 m2/ka for the Dzhungarian
Basin, which has comparable lithology and climatic conditions. Ap-
plying this value returns a scarp age of ~4 4 1.6 ka. This age is
consistent with the IRSL results, but yields a large error due to the
uncertainty in the mass diffusivity. However, the close fit of the
morphological dating and the results from independent age con-
straints indicates that a mass diffusivity of ~5.5+ 2 m?/ka can be
assumed for our study area.
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Table 2

Magnitude estimates based on different input values for the two most recent surface rupturing earthquakes (WC94: Wells and Coppersmith, 1994; HK79: Hanks and
Kanamori, 1979). Note that the values derived from the vertical offsets measured with DGPS were calculated with a fault dip of 25° as seen in the trench.

Fault Magnitude relationship Input value Moment magnitude Reference

Last event, F1 Fault length (mapped) 50 km 71 WC94
Fault length, visible scarp 25 km 6.7 WC94
Area, 20 km depth, 45° dip, 25 km length 700 km? 6.9 W(C94
Area, 20 km depth, 45° dip, 50 km length 1400 km? 7.2 W(C94
Slip in trench 3m 6.7-73 WC94
Offset from DGPS, maximum displacement 6.1 m 6.9-7.3 W(C94
Seismic moment, 25 km length, 20 km width, 3 m slip 6.4 x 10" Nm 7.2 HK79
Seismic moment, 50 km length, 20 km width, 6.1 m slip 26 x 10" Nm 76 HK79

F2 Offset in trench, maximum 0.63 m 6.4-6.5 WC94
Offset in trench, average 0.63 m 6.6-6.8 WC94

3.2.4. Palaeo-earthquake magnitudes

For the most recent event we can estimate a moment mag-
nitude based on empirical relationships between surface rupture
length, fault length, rupture area, and amount of offset (Wells and
Coppersmith, 1994). We emphasise that the reliability of the re-
lationship between offset and magnitude for thrust faults suffers
from low correlation. All estimates are shown in Table 2.

The rupture extends for a mapped length of ~25 km, and yet
the surface break may have extended along the entire 50 km
fault length. We therefore use 25-50 km to give the minimum-
maximum M,y range of M,, 6.7-7.1. We found 3 m of total slip in
our trench excavation at a fault dip of 25°. The maximum scarp
height from along the rupture was 2.6 m, which corresponds to
6.1 m of slip with a dip of 25°. The range of slip values yields
M, 6.9-7.3. If the dip angle of the fault plane near the surface is
variable along strike, a rather constant slip would also lead to a
variation of the scarp height. Based on our observations we cannot
distinguish between these cases or a combination of both.

For the fault area relationships we assume a seismogenic thick-
ness of 20 km, which is typical for the earthquake depths in the
region (Sloan et al., 2011; Kriiger et al., 2015). We also use a fault
dip of 45° instead of 25° as seen in the trench, as we suspect
that the fault dip steepens at depth beneath the Toraigyr range.
Relatively steep reverse faults with angles >45° are reported on
faults within the NE Tien Shan region (e.g. Sloan et al, 2011;
Selander et al., 2012; Kober et al., 2013; Campbell et al., 2015).
Fault lengths of 25-50 km yield M,y 6.9-7.2. Using the Hanks and
Kanamori (1979) relationship to calculate moment from fault area
and slip, with a rigidity of & =3 x 10’ Nm~2, a slip of 3-6.1 m, a
fault length of 25-50 km, and converting this value to M,, results
in magnitudes between M,y 7.2 and M,y 7.6.

Depending on whether we use the mapped rupture length of
~25 km, or the overall fault length of 50 km, our measured slip
of 3-6.1 m yields a slip to length ratio of between 0.6 x 10~4 and
2.44 x 1074, These figures are within the range for global earth-
quakes (Scholz et al., 1986), but rather large. For the penultimate
event we can only use the offset visible in the trench (~0.6 m),
which leads to an estimate of at least M,y 6.5. As noted earlier, this
offset should be considered a minimum, such that the magnitude
of the penultimate event is likely to have been larger.

4. Discussion

Fault scarps generated by repeated surface rupturing are known
throughout the Tien Shan (e.g. Tapponnier and Molnar, 1979;
Avouac et al., 1993; Brown et al., 1998; Thompson et al., 2002;
Korjenkov et al., 2006; Selander et al., 2012; Campbell et al., 2013,
2015) and they are commonly seen as clear evidence for active
faulting. On the Toraigyr Fault we found evidence for two sur-
face rupturing earthquakes in the last 39.9 + 2.7 ka in a trench
excavation. Only the most recent one (~3.2 ka) has left visible evi-
dence at the surface, apart from three remnants of larger scarps.

Since the penultimate event happened between 17.7 = 1.1 and
39.9 + 2.7 ka BP, we conclude that the landscape was reset since
then, which resulted in the deposition and abandonment of the T1
fan surface.

The T1 fan surface could represent the 10-15 ka post-glacial
terrace, which is widespread across the Kyrgyz Tien Shan (Thompson
et al., 2002; Landgraf et al., 2016). Avouac et al. (1993) report a
period of rapid fan accumulation at the beginning of the Holocene
from the Chinese Tien Shan. They explain their observations with
a general change to a warmer and wetter climate and with an in-
crease of discharge due to melting of ice stored during the LGM.
Poisson and Avouac (2004) also see a change of the erosional pat-
tern and an increase of discharge at the onset of the Holocene,
based on incision patterns in the Northern Tien Shan. In contrast,
Brown et al. (1998) studied alluvial fans in the southern Tien Shan
and found that they were abandoned during the LGM and not after
22 ka. Molnar et al. (1994) show that abandonment and incision
of flood plains does not solely occur after the last glacier retreat.
Glaciation patterns indicate that the local LGM in the Tien Shan
generally preceded the global LGM but did not result in large-scale
ice advances (Lifton et al., 2014 and the references therein). In-
stead, local variations in climate seem to have occurred. T1 might
therefore be older than 10-15 ka. Both cases - a change in ero-
sion pattern during or after the LGM - fit our data because we can
only bracket the penultimate earthquake between 17.7 + 1.1 and
39.9+2.7 ka BP.

Along the Toraigyr Fault, the landscape reset has obliterated
the morphological expression of surface faulting that occurred
before the LGM. As a consequence, faults with recurrence inter-
vals exceeding 10-15 ka may appear as inactive if they have not
ruptured since the end of the LGM. Recent studies show that
in the Tien Shan the recurrence intervals of great earthquakes
can indeed be exceptionally long on some, if not many, faults
(e.g. Prentice et al., 2002; Campbell et al., 2015; Abdrakhmatov
et al., 2016). Our interpretation is supported by similar observa-
tions from the neighbouring faults. The ENE-WSW striking Chon
Kemin-Chilik Fault zone, the local segment of which is named
Bartogai Fault by Ostropiko et al. (1987), is a major strike-slip fea-
ture with a vertical component of motion (Delvaux et al., 2001;
Selander et al., 2012). It bounds the Toraigyr Fault to the west and
forms the northern margin of the basin (Fig. 1B). Close to the Bar-
togai reservoir the fault offsets and deforms alluvial fan material in
a gravel pit, but is capped by undistorted sediments and does not
have a surface expression (Fig. 8). To the SE of the Toraigyr Fault
the south margin of the Ili Basin exhibits a prominent range front,
but no fault scarps clearly offset the alluvial fans there (Fig. 1B).
This might be another case where any traces of Late Quaternary
faulting were obliterated by erosion and sedimentation due to long
earthquake repeat times.

Recent studies and our data show that in the Tien Shan, the
lack of fault scarps is not a sufficient condition for identifying a
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fault as inactive. Relatively young ruptures may also be buried un-
der alluvial fan material. Many faults here have very extraordinar-
ily long recurrence intervals, as in general strain rates are moderate
and the faults tend to break in great, but rare earthquakes (Camp-
bell et al., 2013, 2015). This problem might also be present in other
parts of Central Asia, for example in the low-strain areas of Mon-
golia (e.g. Rizza et al., 2015; Walker et al., 2015). It may also be
applicable in other continental interior settings.

5. Conclusions

We show that faults in the Tien Shan may have very long recur-
rence intervals for surface rupturing events. Consequently, the sur-
face expressions of these faults can be obliterated by erosional/de-
positional events, which mask evidence of Pleistocene activity. The
absence of fault scarps and similar morphological indicators can
thus not be regarded as evidence for fault inactivity. Our study
shows the value of palaeoseismological investigations when instru-
mental and historical seismicity records are short with respect to
earthquake recurrence intervals. It also highlights challenges, as ac-
tive faults with little or no surface expression will be overlooked
and the seismic hazard posed by them will be underestimated.
The lack of morphological evidence for active faulting on faults
that ruptured in the Late Quaternary may also hinder our under-
standing of how a part of the convergent motion between India in
Eurasia is accommodated in the Tien Shan.
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