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ABSTRACT

The northwest-trending Altai Mountains of cen-
tral Asia expose a complex network of thrust and
strike-slip faults that are key features accommo-
dating intracontinental crustal shortening related
to the Cenozoic India-Asia collision. In this study,
we investigated the Quaternary slip history of the
Fuyun fault, a right-lateral strike-slip fault bounding
the southwestern margin of the Altai Mountains,
through geologic mapping, geomorphic survey-
ing, and optically stimulated luminescence (OSL)
geochronology. At the Kuoyibagaer site, the Fuyun
fault displaces three generations of Pleistocene-
Holocene fill-cut river terraces (i.e., T;, T,, and T,)
containing landslide and debris-flow deposits. The
right-lateral offsets are magnified by erosion of ter-
race risers, suggesting that river course migration
has been faster than slip along the Fuyun fault. The
highest T, terrace was abandoned in the middle
Pleistocene (150.4 * 8.1 ka uppermost OSL age) and
was displaced 145.5 +45.6/-12.1 m along the Fuyun
fault, yielding a slip rate of 1.0 +0.4/-0.1 mm/yr
since the middle Pleistocene. The lower T, ter-
race was abandoned in the late Pleistocene and
aggraded by landslides and debris flows in the
latest Pleistocene-Holocene (36.7 + 1.6 ka upper-
most OSL age). T, was displaced 67.5 +14.2/-6.1 m
along the Fuyun fault, yielding a slip rate of 1.8
+0.5/-0.2 mm/yr since the late Pleistocene. Our
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preferred minimum slip rate of ~1 mm/yr sug-
gests the Fuyun fault accommodates ~16% of the
average geodetic velocity of ~6 mm/yr across the
Altai Mountains. Integration of our new Fuyun slip
rate with other published fault slip rates accounts
for ~4.2 mm/yr of convergence across the Chinese
Altai, or ~70% of the geodetic velocity field.

M 1. INTRODUCTION

Along-strike variations in slip rate and termina-
tions of intracontinental strike-slip faults provide
insight into their role in accommodating strain
during orogeny. The central Asia and Tibetan
Plateau regions serve as a natural laboratory for
studying how intraplate strike-slip faults accom-
modate and redistribute strain related to various
plate-boundary conditions, including the India-Asia
collisional plate boundary to the south and the
western Pacific subduction system plate bound-
ary to the east. In particular, the major strike-slip
faults distributed across central Asia are important
structures in accommodating Cenozoic India-Asia
convergence, including the Altyn Tagh, Kunlun,
and Haiyuan faults in Tibet and the Fuyun and
other strike-slip faults in the Altai Mountains (e.g.,
Cowgill, 2007; Cowgill et al., 2009; Frankel et al.,
2010; Gold et al., 2011; Mériaux et al., 2005; Van
der Woerd et al., 1998, 2002; Yin, 2010). The Fuyun
active, right-lateral oblique thrust fault, located
along the southern margin of the Altai Mountains,
likely played a key role in constructing the Altai
Mountains since the Oligocene (e.g., Calais et al.,
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2003; Yin, 2010; Klinger et al., 2011; Liang et al.,
2021), yet its detailed slip history is not adequately
constrained. Existing tectonic models for the Fuyun
fault make different predictions for along-strike
variations in Quaternary slip rates (e.g., Ding et al.,
1985; Bai et al., 1996; Lin, 1994a, 1994b; Lin and Lin,
1998; Wang et al., 2001; Zhang et al., 2008a, 2008b;
Klinger et al., 2011) that are not compatible with
regional geodetic velocities (e.g., Calais et al., 2003,
2006; Yin et al., 1998; Gan et al., 2007; Yin, 2010;
Fig. 1). Constraints on the Quaternary slip history
of the Fuyun fault are also hindered by sparse age
control in the region.

To address this issue and improve our under-
standing of the tectonic evolution of the Altai
Mountains and central Asia, we conducted surficial
geologic mapping, geodetic surveying, and lumi-
nescence geochronology along the Fuyun fault.
We then compared our refined slip rate estimates
for the Fuyun fault to regional geodetic velocities
and slip rates for other strike-slip faults to improve
our understanding of how active intracontinental
deformation accommodates and partitions India-
Asia convergence.

H 2. GEOLOGICAL SETTING

The Altai Mountains, located in central Asia
between the Junggar Basin in the southwest
and Great Lakes Valley in the northeast, expose
a complex system of thrust and strike-slip faults
that developed due to the Cenozoic India-Asia colli-
sion (Fig. 1; Cunningham, 1998, 2005; Cunningham
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Figure 1. Map of active faults in the Altai Mountains region of central Asia from Tapponnier and Molnar (1979), Cunningham et al. (2003), Walker et al. (2006),
Bayasgalan et al. (1999a, 1999b, 2005), Nissen et al. (2009), and Ritz et al. (1995). Red circles and black arrows denote the locations of global positioning sys-
tem (GPS) stations and their velocities, respectively, based on Calais et al. (2003, 2006). The location of the study area is shown by the red dashed box. Base

map is from Geomapapp.org (Ryan et al., 2009). HF —Hvod fault; MF—Mengildyk fault; TGF—Turgen Gol fault.

et al., 1996, 1997; Tapponnier and Molnar, 1979).
Northeast-directed shortening across the Altai
Mountains has been accommodated by northwest-
striking thrust faults that are linked by strike-slip
faults (Cunningham et al., 2003). These thrust and
strike-slip faults from southwest to northeast con-
sist of the Fuyun, Sagsay-Megildyk, Hoh Serkh, Ar
Hot6l, Hovd, and Har-Us-Nuur faults (Cunningham
et al., 2003; Cunningham, 2005, 2013). Several of
these faults link with thrust and strike-slip faults
in the Gobi Altai to the southeast (Cunningham

et al., 2003; Cunningham, 2005, 2013; Fig. 1). The
southwestern range front of the Altai Mountains
is marked by the Fuyun fault (Fig. 1), an active,
oblique right-lateral slip fault that initiated in the
Oligocene (e.g., Klinger et al., 2011; Liang et al.,
2021). Recent activity along the Fuyun fault was
highlighted by a 1931 M,, ~8 earthquake near the
Kalaxiangeer Mountain (Fig. 2; Ding et al., 1985).
Geodetic velocities throughout central Asia
show that up to ~15% of the total India-Asia con-
vergence is accommodated north of the Tian Shan
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(e.g., Yin et al., 1998; Gan et al., 2007; Yin, 2010). In
this region, geodetic velocities decrease northward
from ~10 mm/yr south of the Altai Mountains at
Urumgi to ~4 mm/yr in the Altai Mountains and
near zero on the Siberian platform (Fig. 1; Calais
et al., 2003). About 6 mm/yr of India-Asia conver-
gence is likely accommodated by right-lateral slip
along north-northwest-striking faults in the Altai
Mountains (Calais et al., 2003). Klinger et al. (2011)
examined offset stream channels and terraces
along the Fuyun fault and reported an average
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Figure 2. Quaternary surficial geologic map of the main segment of the right-lateral Fuyun fault. The eastern strand of the Fuyun fault (F,) has a minor normal-slip component. The
western strand of the Fuyun fault (F,) has a reverse-slip component. “E” represents Paleocene-Eocene red inland lake strata; T, and T,—Pleistocene alluvial terraces adjacent to
Paleocene-Eocene red inland lake strata; Q;, Q,, Q,, and Q,—Quaternary alluvial fans composed of debris and sandy clay; F,—Kuerti fault. Base map is from Google Earth.

right-lateral coseismic displacement of 6.3 m asso-
ciated with the 1931 M,, ~8 earthquake. Results of
microlite and pseudotachylite studies along the
Fuyun fault suggest that the minerals formed
during shallow seismic slip via selective melt-
ing under water-saturated conditions (Lin, 1994a,
1994b). Tree offsets and tree-ring analysis of Sabina
pseudosabina specimens along the Fuyun fault
zone indicate maximum surface displacements
of ~10-15 m near the epicenter during the 1931
earthquake (Lin and Lin, 1998). Ding et al. (1985)
examined offset geomorphic features along the
Fuyun fault and reported right-lateral slip rates of
8.7 mm/yr since the middle Pleistocene, 19.5 mm/yr
since the late Pleistocene, and 22.8 mm/yr during
the Holocene. Based on offsets of stream chan-
nels, Bai et al. (1996) reported comparably slower
right-lateral slip rates of 1.8 + 0.1 mm/yr since the
late Pleistocene and 3.8 + 0.1 mm/yr during the
Holocene. Zhang et al. (2008b) reported average
Quaternary right-lateral slip rates for the Fuyun
fault of 1.1-4.2 mm/yr based on offsets of stream
channels. The results of these studies highlight
how the slip rates along the Fuyun fault vary sig-
nificantly based on the study site, time scales of
displacement, and research group and methods.

M 3. METHODS

In this study, we performed neotectonic mapping
of the Fuyun fault (Fig. 2) to identify and measure
laterally offset Quaternary alluvial terraces. Key
sedimentary horizons within offset terraces were
dated via using luminescence geochronology to
determine slip rates. Fault offsets of staggered ter-
races are usually measured as the distance between
lines projected from each terrace edge to the fault
trace (e.g., Cowgill, 2007; Cowdgill et al., 2009). We
examined offset alluvial fans along the Fuyun fault
using 0.5-m-resolution Quickbird satellite imagery
in Google Earth. Sites were mapped in the field, and
remote sensing was used to differentiate different
terrace surfaces and adjacent risers based on the
relative heights of surfaces, inset relationships, and
surface morphology and roughness (e.g., Cowgill,
2007; Cowgill et al., 2009). To measure offsets, we
surveyed one site near Kuoyibagaer site using a
Trimble 5700 real-time kinematic global position-
ing system unit, which has 10 mm horizontal and
20 mm vertical precision. AutoCAD software was
used to measure offsets from the survey data. Surfer
software was used to generate digital elevation
models of sites along the Fuyun fault.
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We performed optically stimulated lumines-
cence (OSL) dating of sediment samples collected
from terrace deposits at the Kuoyibagaer site
(Table 1). OSL samples were collected by insert-
ing steel tubes (5 cm diameter x 20 cm long) into
sheltered terrace risers. Sedimentologic and strati-
graphic details of the sample sites are described
in the following sections. OSL sample tubes were
wrapped with aluminum foil and tightened using
plastic tape to prevent light and water contamina-
tion. OSL samples were processed and analyzed
at the Institute of Hydrogeology and Environ-
mental Geology, Chinese Academy of Geological
Science, Shijiazhuang City, China. Prior to analy-
sis, OSL samples were processed under subdued
red light. Processing included pretreatment with
30% HCI and 40% H,0, to remove carbonate and
organic material, respectively, and immersion in
H,SiF, (30%) for 3 d to obtain quartz grains. Fine-
grained quartz grains ~8-15 ym in diameter were
isolated. All OSL analyses were performed under
maximum power using a Daybreak2200 automated
OSL reader equipped with blue (470 + 5 nm, max-
imum power 60 mW/cm?) and infrared (880 + 80
nm, maximum power 80 mW/cm?) light-emitting
diodes and *°Sr/*°Y beta sources (0.103871 Gy/s) for
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TABLE 1. RESULTS OF OPTICALLY STIMULATED LUMINESCENCE (OSL) GEOCHRONOLOGY AT THE KUOYIBAGAER SITE

Sample no. Depth U Th K Equivalent dose Ambient dose rate ~ Water/Water, Age Terrace tread
(cm) (ppm)  (ppm) (%) (Gy) (Gy/k.y.) (%) (ka)
OSL-0a-1 15 2.21 8.93 2.44 15.95+0.13 4.28 3.86 3.7+0.2 Active channel
OSL-1a-1 10 2.38 13.7 2.34 19.74 +1.08 4.77 2.14 41+03 T,
OSL-1b OSL-1b-1 15 2.19 8.81 2.36 13.57 + 0.58 4.21 3.49 3.2+02
OSL-1b-2 25 2.44 12.6 2.35 23.89+1.18 4.58 5.62 52+0.3
OSL-1b-3 40 2.35 10.1 2.21 23.53 £ 0.42 4.18 4.61 56+0.2
OSL-2a OSL-2a-3 15 2.13 117 2.1 29.32 + 1.26 422 3.37 6.9+0.3 T,
OSL-2a-1 20 2.07 10.4 217 26.65 + 1.05 4.06 6.07 6.6 +0.3
OSL-2a-2 30 2.16 115 2.00 61.44 +2.10 4.00 6.50 15.3+0.8
OSL-2b OSL-2b-4 15 2.61 12.3 2.40 21.24+1.25 4.66 5.56 45+0.3
OSL-2b-3 30 2.62 13.1 2.28 21.17 £0.44 4.54 8.50 4.7+0.2
OSL-2b-2 60 2.20 9.74 1.56 119.66 + 2.22 3.26 14.93 36.7+1.6
OSL-2b-1 80 2.25 114 1.69 138.30 + 2.78 3.71 6.89 37.3+1.7
OSsL-2d OSL-2d-1 15 2.10 111 2.30 16.44 + 0.56 4.32 3.98 3.8+0.2
OSL-2d-2 25 2.24 13.7 2.24 46.55 + 2.66 4.48 6.92 10.4 £ 0.7
OSL-3a OSL-3a-1 10 2.35 12.2 2.21 29.33 £ 0.40 4.42 4.08 6.6 +0.3 T,
OSL-3a-2 25 2.23 10.2 2.16 37.69 +2.92 4.08 6.22 9.2+0.8
OSL-3a-3 30 2.19 9.80 2.45 49.72 £ 1.94 4.34 4.55 115+ 0.6
OSL-3b OSL-3b-1 10 2.65 13.4 2.29 48.16 = 1.52 4.59 8.90 10.5+0.5
OSL-3b-2 15 2.19 9.56 1.93 100.21 + 1.54 3.68 11.03 272+1.2
OSL-3c OSL-3c-1 15 2.35 13.4 2.25 33.49 £ 1.42 4.53 6.13 74+0.4
OSL-3c-2 30 2.25 115 1.96 40.85 + 0.35 3.97 8.22 10.3+0.4
OSL-4a-1 25 2.29 10.3 2.10 68.30 + 3.78 4.05 6.34 16.9+1.2 T,
OSL-4b-1 20 3.10 20.3 1.91 71.47 £3.37 5.14 5.16 13.9+09
OSL-5a-1 30 2.13 8.28 1.28 457.70 + 16.40 3.04 3.29 150.4 + 8.1 T
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irradiation. OSL samples were preheated prior to Li
measurements (natural and regenerative OSL) at
260 °C for 10 s and prior to Ti measurements (test
dose OSL) at 220 °C for 10 s. Equivalent doses for
the OSL samples were obtained for fine-grained
quartz grains following the sensitivity-corrected
multiple-aliquot regeneration method. Neutron
activation analysis was used to measure the U, Th,
and K concentrations for all OSL samples.

M 4. RESULTS

4.1. Structure and Geomorphic Expression of
the Fuyun Fault

The Fuyun fault is ~180 km long (47.5°N to 45.9°N
latitude) and consists of several closely spaced,
north-northeast-striking, right-lateral slip faults
(Fig. 1). The eastern side of the Fuyun fault is the
Altai Mountains foothills (~1800 m elevation; Fig. 2)

composed of Devonian gneiss, phyllite, foliated tuff,
and felsic stocks (Xinjiang BGMR, 1978). The west-
ern side of the Fuyun fault is a west-sloping alluvial
plain (~1200 m elevation) composed of regional
debris and sandy clay with pavement surfaces
(Fig. 2). Scarps along the Fuyun fault occur within
alluvial fans and have displaced stream drainages
(Fig. 2; Ding, 1982). Strands along the northwestern
Fuyun fault segment are discontinuous and have
major extensional components as evidenced by
mapped surface ruptures associated with the 1931
Fuyun earthquake (Ding et al., 1985). Normal slip
along the northwestern Fuyun fault may have been
responsible for opening the adjacent Keketuohai
Lake and Tuerhong Basin (Fig. 1). Between Qiaer-
gou to Kalaxiangeer, the central Fuyun fault splits
into two strands, the northeastern and southwest-
ern strands (Fig. 1). The southwestern fault strand
(F,in Fig. 2) is a right-lateral thrust fault that forms a
restraining bend at Kalaxiangeer Mountain (Fig. 1).
F, continues southeastward along the southwestern
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margin of the Altai Mountains (Fig. 3B). The
northeastern strand of the central Fuyun fault has
displaced the Qiaergou and Baiyanggou river drain-
ages and merges with the southwestern strand at
the southeastern termination of the Kalaxiangeer
restraining bend (Fig. 2). Younger normal faults
evidenced by scarps have dissected the Kalaxian-
geer restraining bend (Fig. 3A). The southeastern
segment of the Fuyun fault is a discrete fault zone
that splays into north-northwest-striking, en ech-
elon thrust faults (Fig. 3B; Tapponnier and Molnar,
1979). These en echelon thrust faults have tilted
Devonian strata on the eastern side of the fault
and generated a depression on the western side
of the fault (Fig. 3B).

4.2. Kuoyibagaer Site

At the Kuoyibagaer site, located north of the
Kalaxiangeer restraining bend (46.82°N, 89.84°E), F,
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Figure 3. Field photographs of scarps along the Fuyun fault. (A) The western strand of the Fuyun fault has a normal-slip component north of Kalaxiangeer Mountain.
(B) The eastern strand of the Fuyun fault has a reverse-slip component along the southern margin of the Altai Mountains.

and F, have displaced the west-flowing Kuoyibagaer
river by ~1700 m (Fig. 2). Fluvial terraces associated
with the Kuoyibagaer river are mostly located west
of F, (Fig. 2). The eastern side of F, is a steep and
narrow bedrock valley (Fig. 2). We interpreted F, is
the most recently active surface trace of the Fuyun
fault, whereas F, was interpreted as an older, poten-
tially inactive fault strand. F, can be considered as
the main fault. F, and F, may be linked at depth, with
the speculated wedge-shaped feature sandwiched
in the middle like a flower structure.

4.2.1. Fluvial Terrace Distribution and Offsets

West of F, at the Kuoyibagaer site, we differen-
tiated five Quaternary fluvial terrace units (T, T,,
T,, T,, and T,) based on their elevations (Fig. 4). On
the southern side of the Kuoyibagaer river, west
of F,, portions of T, and T, are heavily eroded. As
a result, the T,/T, and T,/T, risers on the southern
side are not preserved. On the northern side of
Kuoyibagaer river, fluvial terraces are displaced
north of the active drainage and have measured
offsets of 67.5 +14.2/-6.1 m for the T,/T, riser d,,
121.4 +8/-10 m for T,/T, riser d,, 217.1 +17.4/-13.4 m
for T,/T, riser d;, and 145.5 +45.5/-12.1 m for T,,/T,

riser d,,. Our methods of measuring offsets and
determining their uncertainties are illustrated on
Figure 5.

4.2.2. Terrace Stratigraphy and Results of OSL
Geochronology

On the western side of the Fuyun fault, the
Kuoyibagaer river has incised Paleocene-Eocene
red inland lake strata, labeled “E” (Fig. 2; Xinjiang
BGMR, 1978). The inland lake deposits were not
directly related to the activity of the Kuoyibagaer
river. Middle Pleistocene alluvial strata were depos-
ited atop the Paleocene-Eocene strata (Xinjiang
BGMR, 1978) and subsequently incised, forming the
T,, terrace. T,, has an elevation of ~9 m above the
active drainage and is composed of poorly sorted,
subrounded gravels and mostly well-sorted and
layered fluvial sand-gravel deposits. Three minor
terraces (i.e., Ty, T,, T;) were mapped in T,,. T; is
only exposed along the northern side of active
drainage. T, and T, are exposed along both sides
of the active drainage, with the southern T, being
poorly preserved due to erosion (Fig. 4). Sedi-
mentary horizons within these minor terraces
are typically ~2-5 m thick and contain coarse and
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angular pebble gravels, sand, and silt (Fig. 6). T, is
the active drainage and is expressed by abandoned
bars and braided channels. Details of geomorphic
characteristics are described in Table 2. The terrace
profile is shown in Figures 7 and 8.

In this study, we performed OSL geochrono-
logical analysis on terrace deposits to determine
the terrace abandonment ages. OSL samples were
collected from fine-grained layers deposited in a
low-energy environment. Sampling locations and
details are shown in Figures 4 and 6. The results of
the OSL geochronology are listed in Table 1. Sam-
ples OSL-2a-1, OSL-3a-2, OSL-4b-1, and OSL-5a-1
yielded OSL ages of 6.6 + 0.3 ka, 9.2 + 0.8 ka, 13.9
+0.9 ka, and 150.4 + 8.1 ka, respectively. OSL ages
are generally older with stratigraphic depth, with
the exception of few samples, most of which over-
lap within error (Table 1). We interpret that these
OSL ages represent upper bounds on the terrace
abandonment ages of T,, T,, T;, and T,,, respec-
tively, given the potential incomplete bleaching of
sediments in alluvial fans and high-energy fluvial
environments (Rhodes, 2011).

Samples OSL-2b-1 and OSL-2b-2 were col-
lected at stratigraphic depths of 80 cm and 60 cm,
respectively, below the tread of T,. These samples
yielded OSL ages of 37.3 + 1.7 ka and 36.7 + 1.6 ka,
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Figure 4. Three-dimensional digital elevation model showing the distribution of fluvial terraces at the Kuoyibagaer site along the Fuyun fault. T ,, T;, T,, T,, and T,—Quaternary fluvial
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Figure 5. Map showing right-lateral offsets of fluvial
terraces along the Fuyun fault at the Kuoyibagaer site.
Offsets were measured in AutoCAD software based on
the real-time kinematic surveying data. Separations are
listed in Table 3. The trace of the Fuyun fault (red line)
marks the contact between bedrock and Quaternary
alluvium. Displacement measurements are shown as
yellow lines. Uncertainties in displacement measure-
ments are represented by white lines. The west-flowing,
active stream channel is shown as light blue lines. Cross
sections shown in Figure 8 are denoted by dark blue text
and lines. Base map is from Google Earth.
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TABLE 2. KEY GEOMORPHIC FEATURES AT THE KUOYIBAGAER SITE

Figure 6. Field photographs of collection sites for samples (A) optically stimulated
lumi (OSL)-1b, (B) OSL-2a, (C) OSL-3a, and (D) OSL-4b.

Geomorphic  Height above active Topography Soil-profile characteristics Class of terrace Samples
surface stream channel —
(m) Depth Description
(cm)
T, 0.5 Bar and braided channel 0-3 Thin and weak carbonate coating Active floodplain
(Fig. 6A)
3-50  Alluvial deposits with yellow-brownish OSL-1a-1,0SL-1b-1,0SL-1b-
sandy clay filling between poorly 2,0SL-1b-3
sorted subangular gravels (Fig. 6A)
T, 2 Smooth tread with surface 0-2 Gray-brownish active washing deposits Fill-cut terrace
washing deposition and organic matter
2-30 Yellow-brownish sandy clay loam and OSL-2a-1, OSL-2a-3, OSL-2b-3,
coarse, angular gravel deposits OSL-2b-4, OSL-2d-1
(Fig. 6B)
30-80 Poorly sorted outwash deposits OSL-2a-2, OSL-2b-1, OSL-2b-2,
(Fig. 6B) OSL-2d-2
T, 3.5 Smooth tread with surface 0-2 Gray-brownish active washing deposits Fill-cut terrace
washing deposition and organic matter
2-80  Yellow-brownish sandy clay loam and OSL-3a-1, OSL-3a-2, OSL-3a-3,
coarse, angular debris (Fig. 6C) OSL-3b-1, OSL-3b-2,
OSL-3c-1, OSL-3c-2
T, 5 Smooth tread with surface 04 Gray-brownish active washing deposits Fill-cut terrace
washing deposition and and organic matter
dendritic drainage incision 4-50  Yellow-reddish sandy clay loam and OSL-4a-1, OSL-4b-1
in downstream reach angular gravel deposits (Fig. 6D)
T 9 Ridge and ravine 0-4  Thin weathered material and organic Fill terrace
matter
4-70  Gray-yellow sandy clay loam and OSL-5a-1
pebble gravels
70-140 Poorly sorted subrounded gravel

deposits

150-350 Well-sorted and layered fluvial sand-

gravel deposits
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Figure 7. Field photographs of fluvial terraces and active channels at the (A-B) upstream and (C-D) downstream areas of the Kuoyibagaer river. The active stream

channel is represented by light blue lines.

respectively. Whereas other samples collected in
the uppermost part of T, yielded ages that clustered
ca. 7-4 ka, these two samples are older than ages
for samples from T,, T,, and T;. For this reason, we
assume that the beds from which samples OSL-2b-1
and OSL-2b-2 were collected are older than the sam-
pled beds of T;, T,, and T,.

4.3. Baishibao Site

Surficial ruptures of the central Fuyun fault are
well expressed and laterally continuous (Fig. 2). The
well-preserved piedmont surfaces along this fault
segment contain numerous offset stream channels
(Fig. 2). At the Baishibao site (46.58°N, 90.02°E), a
surficial rupture cuts an alluvial fan and is associ-
ated with more than 10 right-lateral channel offsets
along a 400 m section of the fault (Fig. 9). These
right-lateral offsets are ~10 m as measured in Goo-
gle Earth.

4.4. Saertuohai Site

At the Saertuohai site (46.09°N, 90.28°E), the
southeastern Fuyun fault cuts two Quaternary flu-
vial terraces (T, and T,;; Fig. 10C). T, is the highest
and oldest terrace, and T, is the lower and younger
terrace. The Fuyun fault has produced two offsets
of T, and T, (d, and d,,; Fig. 10D).

H 5. DISCUSSION
5.1. Terrace Chronology along the Fuyun Fault

In this study, we identified six levels of displaced
fluvial terraces along the Fuyun fault (i.e., Toar Torr Ta
T, Ti, and Ty; Fig. 4). T, is afill terrace that formed
in the middle Pleistocene and was abandoned ca.
150 ka. From this finding, we interpret that the pen-
ultimate ice age of the Fuyun area terminated in
the middle Pleistocene. T, is a fill terrace that is

Chen Wu et al. | Fuyun strike-slip fault

inset in T, suggesting that the last ice age of the
Fuyun area had ceased by the late Pleistocene. The
youngest depositional age of T, inset in T, is ca.
37 ka. The upper layer of T,,; may have been eroded
during the formation T, and T,, and therefore its age
does not represent the latest depositional timing of
T,.. However, the obtained age is the nearest aban-
donment age of T,; in our samples. T, T,,and T, are
fill-cut terraces inset in T, that have abandonment
ages of ca. 14 ka, ca. 9 ka, and ca. 7 ka, respectively,
and they are interpreted to be related to younger
episodic landslides and debris flows. T, is the active
floodplain surface or an immature fill-cut terrace
characterized by gravel bars.

5.2. Geomorphic Evolution at the Kuoyibagaer
Site

Quaternary glaciations in the Altai Moun-
tains consist of the Buerjin Ice Age in the middle
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Pleistocene, the penultimate ice age at the end
of the middle Pleistocene, the last ice age in the
late Pleistocene, and the Neo-Ice Age neoglacia-
tion and Little Ice Age in the Holocene (Zhao et
al., 2013; Lehmkuhl and Owen, 2005). The ages of
these glacial events determined via OSL dating of
moraine deposits are ca. 476 ka for the Buerjin Ice
Age, ca. 266-145 ka for the penultimate ice age,
ca. 103 ka and ca. 32 ka for the last ice age, and ca.
4 ka for the Neo-Ice Age (Rudoy, 2002). As the cli-
mate warmed since ca. 10 ka, the Altai Mountains
experienced a glacial retreat (Rudoy, 2002), which
resulted in widespread alluviation in glacial valleys
(Shi et al., 2006).

The Kuoyibagaer site is located at the outlet
where piedmont discharge flows to the flood-
plain (Fig. 11). T, is a fill terrace that is inset in
Paleocene-Eocene strata and contains at least 3.5 m
of sediment. The space for this aggradation may
have been induced by stream entrenchment during
base-level fall as an ancient lake dried in the Jung-
gar Basin since the late Eocene. Aggradation of a fill
terrace requires large sediment yields and sufficient

stream power to transport these sediments. Thus,
we assume that T, was deposited during the transi-
tion between glacial and interglacial periods, while
the warming climate melted glaciers and enhanced
the stream power to transport weathered glacial
sediments from the Altai Mountains to the Kuoyiba-
gaer site. T,, was described as middle Pleistocene
alluvium in Xinjiang BGMR (1978). One OSL sample
collected in this study from uppermost T, yielded
an abandonment age of ca. 150 ka, which is slightly
older than the youngest moraine age of the pen-
ultimate ice age in the Altai Mountains (Shi et al.,
2006). This suggests that the penultimate ice age
in the Fuyun area may have terminated during the
middle Pleistocene.

At the Kuoyibagaer site, OSL results show that
the depositional timing of the uppermost T, T,, and
T, clusters ca. 17-3 ka, whereas the lowermost T,
depositional timing clusters ca. 37-27 ka. The ages
of the uppermost, older terraces are younger than
the lowermost, younger terraces, suggesting that
the depositional timing of the uppermost T, and
T; was more recent than that of the lowermost T,.

Chen Wu et al. | Fuyun strike-slip fault

Figure 10. Maps of displaced fluvial
terraces along the Fuyun fault at two lo-
cations (A/C and B/D) at the Saertuohai
site. T,,—oldest terrace, T,,—younger
terrace, T,,—immature terrace; d,, and
d,,—right-lateral offsets of the T,/T,,
riser and T,,/T, riser, respectively. Base
map is from Google Earth.

The uppermost, younger T;, T,, and T, thicknesses
are less than 1 m. The coarse, angular deposits
of these sedimentary horizons indicate their sedi-
ment was deposited in a high-energy environment.
Thus, we consider that T,, T,, and T; at the outlet of
Kuoyibagaer river experienced aggradation from
landslides and debris flows, similar to the process
described in Korup et al. (2004) and Selby (1988).
Along the Fuyun fault, tectonic weakening made
the gneiss and phyllite highly erodible and suscep-
tible to slope failure. Warming climate conditions
and glacial retreat during the Holocene may have
provided the proper conditions for landslides and
debris flows. The thin and coarse, uppermost T,,
T,, and T, terraces were deposited as a result of
landslides and debris flows during aggradation
and subsequently abandoned during degradation.
Under T,, T,, and T,, one terrace was reformed by
subsequent landslides, which we refer to as T,,.
Pleistocene deposits occur under T, but not T,, sug-
gesting that T, was the active drainage when T,
was abandoned. This indicates that the T, riser is
at least located under the T,/T, riser.
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Figure 11. Model showing the geomorphic evolution and slip history of the Fuyun fault (F,) at the Kuoyibagaer site.
(A) T, was abandoned in the middle Pleistocene. (B) T,, was abandoned in the late Pleistocene. (C) Landslides and
debris flows induced aggradation of T; in the latest Pleistocene. (D) Landslides and debris flows induced aggrada-
tion of T, in the early Holocene. (E) Landslides and debris flows induced aggradation of T, in the middle Holocene.
(F) T, was abandoned and T, was generated in the late Holocene. E—Paleocene-Eocene red inland lake strata.

From these findings, we interpret that the climat-
ically induced aggradation of T, raised the active
channel and provided the vertical space for degra-
dation. An ~3 m thickness of T,, was removed by
stream downcutting during degradation (Fig. 11A).
During the late Pleistocene, a climate-induced
aggradational event, similar to the depositional
event of T, occurred in the Kuoyibagaer river,

resulting in deposition of the fill terrace T, (Fig. 11B).
The ages of samples OSL-2b-1 and OSL-2b-2 cluster
ca. 37 ka, representing the depositional timing of T,
which coincides with the youngest moraine age of
ca. 32 ka for the last ice age in the Altai Mountains.
This overlap in ages suggests that aggradation of T,
occurred during the late Pleistocene transition from
the last ice age to an interglacial period.
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As discussed above, T;, T,, and T, inset in T,
were second-order responses to landslides and
debris flows. Landslides and debris flows could
provide rapid and high-energy sedimentation of
T,., and the subsequent incision could down cut
into T,, and abandon the fresh tread. Thus, we
consider that the T;, T,, and T, are fill-cut terraces
that formed as the result of short-term, local adjust-
ments of T,, aggradation and landslides during the
late Pleistocene-Holocene (Fig. 11).

The geomorphic evolution of the Kuoyibagaer
site demonstrates the formation and reformation
of fluvial terraces in a piedmont zone (Fig. 11).
During a glacial period, the colder climate induced
an increase in physical weathering and decrease
in vegetation density in source regions such as
mountains (e.g., Rudoy, 2002; Korup et al., 2004;
Shi et al., 2006). Snow precipitation decreased
stream power so that debris accumulated in the
upstream area. Following the transition from a
glacial to interglacial period, the warming climate
produced abundant ice meltwater that enhanced
stream power and transported debris to the down-
stream piedmont, resulting in terrace deposition.
During the interglacial period, ice meltwater and
sediment yields in the source region decreased.
Although landslides and debris flows can induce
rapid deposition on preexisting terraces, signifi-
cant aggradation is rare, and degradation would
be dominant in the river system (Fig. 11).

5.3. Slip Rates along the Fuyun Fault

Our constraints on the geomorphic evolution
of the Kuoyibagaer site suggest that T, and T,
are filled terraces that developed as long-term
responses to climatic changes, whereas T;, T,,
and T, are fill-cut terraces that developed as short-
term responses to landslides and debris flows.
The measured offset of the T, riser d,, is 145.5
+45.5/-12.1 m (Figs. 5 and 12). The riser of T, is at
least under the T,/T, riser. From this, we assume
the offset of T, riser d,,, is at least 67.5 +14.2/-6.1 m.
The measured offsets of the T,/T, riser d,, T,/T, riser
d,, and T,/T, riser d, are 67.5 +14.2/-6.1 m, 121.4
+8/-9.9 m, and 217.1 +17.4/-13.4 m, respectively
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(Table 3; Figs. 5 and 12). The measured offsets of
the younger fill-cut terrace risers d;, d,, and d, are
greater than those of the older fill terrace risers d,,
and d,,. This suggests that river channel migration
was faster than slip along the Fuyun fault since the
latest Pleistocene, leading to overestimated offset
measurements of the T,/T, riser, T,/T, riser, and T,/
T, riser. Faster river channel migration than fault
slip has been identified along other faults, where
it occurred, albeit on a much larger spatial scale
and much longer temporal scale. In the southwest-
ern Tibetan Plateau, the Indus River crossing the
Karakorum fault migrated ~120 km (Gaudemer et
al., 1989; Matte et al., 1996), whereas the fault offset
is ~65 km (Murphy et al., 2000). In the northeast-
ern Tibetan Plateau, the Huang He River crossing
the Haiyuan fault migrated ~100 km (Gaudemer
et al., 1989, 1995), whereas the fault offsets are
~10.5-15.5 km (Burchfiel et al., 1991). For the Kuoy-
ibagaer site, we interpret that deflection of the river
course by the Fuyun fault was followed by erosion
of unconsolidated landslide and debris-flow depos-
its on the downstream cutbank of the river. This

process gradually increased the apparent offset of
the riverbank along the Fuyun fault and promoted
river course migration.

Given the magnified right-lateral offsets of fill-
cut terraces d;, d,, and d, due to erosion, we used
the offsets of fill terraces T,, and T, to estimate
slip rates along the Fuyun fault. The offset of the
T,, riser (145.5 +45.5/~12.1 m) and its upper-terrace
abandonment age of T, (150.4 + 8.1 ka) yielded
a minimum slip rate of 1.0 +0.4/-0.1 mm/yr since
the middle Pleistocene (Table 3; Fig. 12). Because
F, is a strand of the Fuyun fault, we suggest that
the ~1T mm/yr rate is a minimum for the entire
integrated Fuyun fault system. Our inferred offset
of the T, riser (67.5 +14.2/-6.1 m) and its upper-
terrace abandonment age of T, (36.7 + 1.6 ka)
yielded a slip rate of 1.8 +0.5/-0.2 mm/yr since
the latest Pleistocene (Table 3; Fig. 12). Given the
conservative offset estimate of the T, riser and
potential that its OSL age is older than the actual
abandonment age of T,,, we assume that the
~1.8 mm/yr rate is slightly faster than the actual
slip rate of the Fuyun fault.

TABLE 3. OFFSET MEASUREMENTS AND SLIP RATE
ESTIMATES FOR THE KUOYIBAGAER SITE

Feature T, riser T, riser
Offset (m) 145.52 +45.46/-12.07 67.54 +14.24/-6.11
Sample OSL-5a-1 OSL-2b-2
Upper-terrace abandonment age (ka) 150.4 + 8.1 36.7+1.6

Slip rate (mm/yr)

0.97 +0.37/-0.13

1.84 +0.54/-0.24
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5.4. Comparison of Fuyun Fault Slip Rates and
Geodetic Data

Calais et al. (2003, 2006) reported that ~15% of
north-south India-Asia convergence is accommo-
dated north of the Tien Shan based on geodetic
velocities. These velocities decrease from south to
north: from ~10.4 mm/yr north of the Tien Shan to
~2.9 mm/yr in the Uvs Nuur Basin (Fig. 1). Velocities
of ~6 mm/yr and ~4.4 mm/yr are likely accommo-
dated by north-northwest-striking right-lateral
slip and thrust faults, respectively, in the Altai
Mountains. Our minimum right-lateral slip rate of
1.0 +0.4/-0.1 mm/yr compared with the observed
~6 mm/yr average geodetic velocity across the Altai
Mountains implies that at least ~17% of strike-slip
motion across the Altai Mountains is accommo-
dated by the Fuyun fault. Nissen et al. (2009)
determined a maximum late Quaternary slip rate
for the Har-Us-Nuur fault of 2.4 +£ 0.4 mm/yr. Frankel
et al. (2010) reported a minimum late Pleistocene
slip rate of 0.8 +0.2/-0.1 mm/yr for the Hoh Serkh
fault. Given our minimum right-lateral slip rate of
1.0 +0.4/-0.1 mm/yr since the middle Pleistocene,
a total rate of ~4.2 mm/yr is accommodated along
the integrated Fuyun, Har-Us-Nuur, and Hoh Serkh
faults. In this sense, Quaternary slip rate studies for
these faults can account for ~70% of the observed
geodetic convergence rate across the Altai Moun-
tains. The remaining slip may be accommodated by
thrust faults or distributed off-fault deformation and
complex rupture patterns (e.g., Pierce et al., 2021).

l 6. CONCLUSION

In this study, we performed geologic map-
ping, geomorphic surveying, and luminescence
geochronological analysis of the Fuyun fault in
the Chinese Altai to establish its Quaternary slip
history. At the Kuoyibagaer site, climatic change-
induced fill terraces T, and T, were formed in the
middle Pleistocene at the end of the penultimate
ice age and in the Pleistocene at the end of the last
ice age, respectively. Fill-cut terraces T;, T,, and T,
at the Kuoyibagaer site were formed in the latest
Pleistocene-Holocene as short-term responses to
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landslides and debris flows. Offsets of these fill-
cut terraces along the Fuyun fault are magnified
due to lateral erosion of unconsolidated terrace
risers, indicating that river course migration was
faster than slip along the fault. Measured offsets
of Pleistocene terraces (145.5 +45.5/-12.1 m) and
their interpreted abandonment age (150.4 + 8.1 ka)
yielded a minimum right-lateral slip rate of 1.0 +0.4/—
0.1 mm/yr since the middle Pleistocene. Measured
offsets of T, (67.5 +14.2/-6.1 m) and its interpreted
abandonment age (36.7 + 1.6 ka) yielded a mini-
mum right-lateral slip rate of 1.8 +0.5/-0.2 mm/yr
since the latest Pleistocene. Our minimum slip
rate of ~1.0 +0.4/-0.1 mm/yr compared with the
average geodetic velocity of ~6 mm/yr in the Altai
Mountains suggests that at least ~16% of regional
convergence is accommodated by right-lateral slip
along the Fuyun fault zone. Integration of our new
Fuyun slip rate with other published fault slip rates
across the Altai Mountains accounts for ~70% of the
average geodetic velocity field across the region.
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