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The southernmarginal fault of the QaidamBasin (SMQBF) is a block-bounding border fault that
has played a key role in the structural evolution of the Kunlun Fault. However, its geometric and
dynamic deformation patterns since the Late Pleistocene have not been clearly observed. Field
investigations, combined with high-resolution imagery and shallow seismic profiles, show that
the SMQBF is a thrust fault with a sinistral strike-slip component composed of several
secondary faults. Its Late Quaternary deformation pattern is characterized by piggyback
thrust propagation, and the frontal fault may not be exposed to the surface. Due to the
flexural slip of the hanging strata of the secondary fault, sub-parallel faults with widths of
thousands of meters have formed on high terraces; these are important when assessing the
seismic hazard of this area. Based on high-resolution topographic data obtained using an
unmanned erial vehicle and optically stimulated luminescence chronology, the slip rates of
several secondary faults were obtained. The vertical and strike-slip rates of the SMQBF were
determined to be 0.96 ± 0.33mm/a and 2.66 ± 0.50mm/a, respectively, which may be the
minimum rates for the fault. Considering that the SMQBF is composed of several secondary
faults, these rates possibly correspond to minimum deformation only. The evident sinistral
strike-slip of the SMQBF indicates that although the sinistral slip of the Kunlun Fault system is
concentrated in main fault of this system, the branch faults have a significant influence on the
lateral extrusion of the Qinghai-Tibet Plateau.
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INTRODUCTION

The Indian Plate collided with the Eurasian Plate at 55 ± 5Ma and has since been continuously moving
northward (Dupont-Nivet et al., 2010;Hu et al., 2015). Thismovement has driven the uplift of theQinghai-
Tibet Plateau and resulted in six large strike-slip faults that border or crosscut the plateau (Tapponnier
et al., 2001). Southwest–northeast compression formed the topographic relief of the Kunlun Mountains
30Ma ago (Mock et al., 1999; Jolivet et al., 2001; Clark et al., 2010; Duvall, et al., 2013; Cheng et al., 2014).
An extensional basin began forming in the western segment of the Kunlun Fault before 15Ma, possibly
coincident with volcanic activity (Jolivet et al., 2001), indicating the initiation of a large-scale, sinistral
strike-slip displacement of the fault. Duvall et al. (2013) indicated that the strike-slip motion of the Kunlun
fault was initiated 20–15Ma ago. The semi-positive flower structure of the Kunlun Fault is formed by the
oblique extrusion of the Qinghai–Tibet Plateau along the Altyn Tagh Fault (Tapponnier et al., 2001;Luo
et al., 2013). The southern marginal fault of the Qaidam Basin (SMQBF), which is a northern secondary
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fault of the Kunlun flower structure, marks the border of the plateau
and the Qaidam Basin (Tang et al., 2002). Seismic-reflection profiles
of this area show that the reverse fault, which dips southwestward at
an angle of ∼45°, is one of the main structures controlling the
northeastward growth of the Kunlun Mountains (Burchfiel et al.,
1989; Wang et al., 2011; Cheng et al., 2014; Wu et al., 2014).

Over the last 30 years, considerable effort has been dedicated
studying faults with high slip rates (Xu et al., 2005; Cowgill, 2007;
Zhang et al., 2007; Cowgill et al, 2009; Elliott et al., 2011; Luo et al.,
2019; Cheng et al., 2015a). Several studies have been focused on the
Kunlun Fault system. Historical earthquakes and geomorphic
features reveal that the Kunlun and Kunlun Mountain Pass Faults
have been heavily deformed by multiple earthquakes. Many
researchers have focused on the slip rates of the Kunlun Fault
which maintains uniform slip-rate (Van der Woerd et al., 2000;
Van der Woerd et al., 2002). The 2001 Mw 7.8 earthquake in the
KunlunMountain Pass Fault further increased the interest in this area
(Xu et al., 2005; Klinger et al., 2006; Xu et al., 2006). However, faults
with low slip rates have been overlooked. For example, the
Longmenshan Thrust Zone was assigned a moderate to low
seismic hazard rating before the 2008 Wenchuan Mw 7.9
earthquake, due to the low seismic activity and slow deformation
in this area (Xu et al., 2009; Zhang, 2013). The Chelungpu Fault was
also not considered seismically active prior to the 1999 Chichi
earthquake (Chen et al., 2002), and the fault trace was simply
represented by a dashed line on geologic maps (Chang, 1971;
Chinese Petroleum Corporation, 1982a, Chinese Petroleum
Corporation, 1982b). Nevertheless, faults with long recurrence
intervals and minor interseismic deformation could be as
destructive as fault with high deformation rates (Zhang, 2013).

The southern marginal fault of the Qaidam Basin (SMQBF) has
also experienced earthquakes with very slow deformation rates and
had been assigned a low seismic hazard rating (China earthquake
administration, 2015). Over the past decades, a few studies have been
conducted on the SMQBF, which have reported that it is a large
blind fault where the last seismic activity occurred in the Late
Pleistocene (Zhou et al., 2009). Because the traces of the SMQBF
are indistinguishable due to intense erosion, the activity and faulting
behavior of the SMQBF is still not entirely clear. However, this fault
is crucial for assessing the regional seismic hazard.

In this study, we present a detailed deformation record of the Late
Quaternary fluvial terraces at three sites in the Golmud segment of
the SMQBF. Optically stimulated luminescence (OSL) dating was
used to constrain the timing of terrace formation and unmanned erial
vehicle (UAV) photogrammetry was utilized to generate a digital
elevation model (DEM) for accurate determination of fault offsets.
The slip rate and deformation model of the fault since the Late
Pleistocenewere determined to facilitate seismic hazard assessment of
the southern Qaidam Basin and Golmud City, which constitute an
important transportation junction of the Qinghai–Tibet Railway in
western Qinghai Province.

GEOLOGICAL BACKGROUND

The Qaidam Basin is bordered by the SMQBF, the northern
marginal fault of the Qaidam Basin (NMQBF), and the Altyn

Tagh fault to the south, northeast and northwest, respectively
(Figure 1). The NMQBF separates the Qaidam Basin and Qilian
Mountain, extending ∼700 km in the E-W direction, and is
divided into four sections. The Xitie Mountain and Amoniki
Mountain sections offset the youngest alluvial fans, with
abandonment ages of 8.9 ± 0.7 ka (Ye et al., 1996), thus, these
represent active Holocene faults. Seismic profile interpretations
have revealed that the shortening rate of the fault has been
approximately 0.73 mm/a since 3.58 Ma (Yuan, 2003).

The middle segment of the Altyn Tagh Fault, located west of the
QaidamBasin, experienced a large-scale sinistral displacement 15Ma
ago (Wu et al., 2012a, Wu et al., 2012b, Wu et al., 2013; Cheng et al.,
2015b, Cheng et al., 2016). Its slip rate since the Late Pleistocene, as
reported in previous studies, is ∼10mm/a (Chen et al., 2013; Cowgill,
2007, Cowgill et al., 2009; Zhang et al., 2007; Gold et al., 2009, 2011),
which is consistent with the value of 10 ± 2mm/a obtained from the
Global Positioning System (Bendick et al., 2000; Wallace et al., 2004;
He et al., 2013).

The SMQBF represents the southern boundary of the Qaidam
Basin, with an estimated onset age in the Early Paleogene (Zhou
et al., 2009). There is no evident continuous linear trace of this
fault on the surface (Zhou et al., 2009; Chen et al., 2012).
However, the elevation differences between the Kunlun
Mountain and Qaidam Basin can reach 2,000–2,500 m. This
fault thrusted Proterozoic metamorphic rocks and Late
Paleozoic and Mesozonic granites over Cenozoic strata in the
basin. The affected strata lie 7–8 km below the surface on the
north side of the fault and form the basement of the basin.

The SMQBF underwent intense movement in the Early and
Middle Quaternary (Engineering Seismology Research Center,
China, 2001). It developed a curved anticline with an axial
direction that is consistent with the fault strike in
Nuomuhong. North of Xiangride, the fault displaced Early and
Middle Pleistocene strata, and the thickness of the Quaternary
strata on two sides differ by approximately 600–800 m
(Engineering Seismology Research Center, China, 2001). In the
Late Quaternary, particularly in the Holocene, the activity of the
fault became very weak, and the latest fault activity affected only
the Holocene strata within the Utumeiren segment, with five to
six magnitude earthquakes (Institute of Crustal Dynamics, China
Earthquake, 1992). Secondary faults cutting moraine deposits in
the Late–Middle Pleistocene can be observed in some sections
near the Golmud segment (Qinghai Petroleum Administration,
1986). Based on seismic profiles, the fault not only displaced the
bedrock but also strata from the Paleocene to the Middle
Pleistocene, with a dip angle of 45° (Qinghai Petroleum
Administration, 1986).

MATERIALS AND METHODS

Surveying the Golmud Segment of the
Southern Marginal Fault of the Qaidam
Basin
Detailed fault traces of the Golmud segment of SMQBF were
mapped using Google Earth imagery to identify topographic
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lineaments, fault scarps and offset terraces. We constructed
three high-resolution digital elevation models (DEM) using
Agisoft Photoscan, based on the structure-from-motion
method. At each site, the photographs were captured using
a DJI Phantom 4 Pro drone, which is an unmanned erial
vehicle (UAV). The resultant DEMs had a resolution of
3–5 cm/pixel.

Optically Stimulated Luminescence Dating
To constrain the timing of past fault activity, we collected OSL
samples on the deformed terraces using stainless steel tube.
Each OSL sample was processed under subdued red light, as
per the methods of Aitken and Smith (1988) and Lu et al.
(2007). Sediments were processed with H2O2 and HCl to
eliminate organic materials and carbonates. Quartz-rich
fractions with diameters of 4–11 μm were etched with 40%
HF acid to remove feldspar minerals and alpha-irradiated
surfaces of quartz grains. The quartz purity was checked by
measuring the infrared stimulated luminescence signal. The
etched samples were mounted on stainless steel discs for
equivalent dose measurements in accordance with the
single-aliquot regenerative dose (SAR) protocols (Murray
and Wintle, 2000; Lu et al., 2007). The OSL dating results
are listed in Table 1.

Slip Rate Calculations
Numerous studies have discussed methods for combining the age
and measurements of offset terraces and alluvial l fans to
determine fault slip rates (Van Der Woerd et al., 2002;
Cowgill, 2007; Zhang et al., 2007; Hetzel et al., 2019). We used
the riser crest to determine horizontal displacement and upper
terrace approach to obtain the age of offset riser (Cowgill, 2007).
When projecting the offset riser, the curved riser segment
adjacent to the southern scarp would lower the total offset and
thus decrease the slip rate. More northerly trending riser
projections led to an increased total offset.

To quantify the vertical fault displacements, we extracted
topographic profiles across the fault scarp. Separate straight
lines were then fitted to the heights above the scarp and those
below the scarp via linear regression. The two separate lines were
finally projected onto the fault trace to estimate the vertical
displacement. We calculated the uncertainties by propagating
them in the displacement and terrace abandonment ages.

Shallow Seismic Reflection
To constrain the subsurface structure of the SMQBF, we
conducted shallow seismic exploration. For our shallow
seismic reflection, we used a multiple time coverage reflection
wave method that not only suppresses interference and improves

FIGURE 1 | Active tectonics of the Qaidam Basin and surrounding area. (A) Inset map shows the regional plate tectonic setting. Abbreviations of faults are as
follows: AFT, Altyn Tagh fault; HF, Haiyuan fault; KLF, Kunlun fault; KF, Karakoram fault; LMSF, Longmenshan fault; XSHF, Xianshuihe fault; RRF, Red River fault; SF,
Sagaing fault; MFTF, Main Frontal thrust. Modified from Tapponnier et al. (2001). (B) More detailed map of faults in the Qaidam Basin. Modified from China earthquake
administration, 2015. The black rectangle represents the approximate area of Figure 2. F1-Altyn Tagh fault, F2-Kunlun fault, F3-Kunzhong fault, F4-Nanshankou
fault, F5-Wulukesu fault, F6-Southern marginal fault of the Qaidam Basin, F7-Mangya-Huatugou fault, F8-South-central fault of Qaidam Basin, F9-North-central fault of
Qaidam Basin, F10-Northern marginal fault of the Qaidam Basin F11- Zongwulongshan fault F12-Halahunanshan fault F13-Elashan fault.
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the signal-to-noize ratio of seismic data but also helps determine
the existence and form of the fault via a visual image of the
subsurface structure. This shallow seismic data acquisition was
performed using the ARIES digital seismograph manufactured by
CEO-X Corporation. We used a 60 Hz vertical component
geophone per receiver station and a 5 m receiver spacing
throughout the acquisition of both profiles. Profiles 1 and 2
were acquired with an asymmetric split spread, and were ∼5.8
and ∼4.08 km in total length, respectively.

RESULT

The Golmud segment of the SMQBF does not extend to the
surface of the northern alluvial fan in the Kunlun Mountains,
although a few gentle deformations and residual scarps can be
observed on the terraces. Due to long-term erosion, scarps are

incompletely preserved. Here, we describe the deformations of
the alluvial fans at three sites (Figure 2). We mapped the
deformed Late Pleistocene and Holocene alluvial fan and
quantified vertical offsets of several major secondary faults
using topographic profiles at the Xinlechun and Hongliugou
sites, where the ages of the terraces were determined via OSL
dating. We also obtained two shallow seismic profiles at the
Golmud and Hongliugou sites.

Terrace Deformation at the Golmud
Segment of Southern Marginal Fault of the
Qaidam Basin
Terrace Deformation at the Xinlecun Site
The Xinlecun site is located 16 km west of the Golmud River,
which forms three different alluvial terraces (Figure 3). The third
terrace (T3) is considerably developed, as shown in Figure 3B,

TABLE 1 | OSL samples and dating results.

Sample Id Deipth
(m)

U-238
(Bg/kg)

Th-232
(Bg/kg)

K-40
(Bg/kg)

Water
content

(%)

Dose
rate

(Gy/ka)

Equivalent
dose
(Gy)

Age (ka)

CDMTK-F2-
OSL-1

0.6 40.8 ± 4.1 45.6 ± 2.3 490.7 ± 19.6 12.0 ± 5.0 3.37 ± 0.10 69.21 ± 2.98 20.51 ± 2.28

CDMTK-F1-
OSL-2

0.6 30.9 ± 1.9 39.9 ± 2.0 466.0 ± 18.6 11.0 ± 5.0 3.10 ± 0.10 38.66 ± 0.69 12.46 ± 1.30

CDMD-T2-OSL-1 0.45 48.8 ± 1.0 46.0 ± 1.8 476.0 ± 19.0 10.1 ± 5.0 3.69 ± 0.10 44.17 ± 1.39 11.97 ± 1.28
GEMD-T1-OSL-1 0.5 30.2 ± 3.3 49.5 ± 4.5 467.9 ± 46.8 9.7 ± 5.0 3.49 ± 0.10 17.85 ± 1.38 5.11 ± 0.66
GEMD-T2-OSL-2 0.5 46.1 ± 0.5 24.5 ± 2.2 496.4 ± 5.0 9.0 ± 5.0 2.96 ± 0.10 29.40 ± 1.71 9.94 ± 1.17

FIGURE 2 | Interpretation of Alluvial fans in front of the Kunlun range. The black boxes indicate the locations of the following figures. Blue line indicate the locations of
the Shallow Seismic Profile.
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while the second terrace (T2) is developed on the western side of
T3. There are small seasonal rivers on T2, and new alluvial fans
have formed due to faulting along the SMQBF. The first terrace
(T1) is developed on the eastern side of T3 and is the most recent
terrace; it was been formed by seasonal rivers.

Based on the interpretations of satellite imagery and field
investigations, T1–T3 are faulted by the SMQBF. A deformation

zone with a width of ∼300 m is visible on T3. Rows of Middle
Pleistocene (Q2) gravel layers are generally observed on T3, and
they thrust onto the surface with a 0.5–1 m scarp. Two near-
parallel scarps have developed on T2, and both have formed new
alluvial fans on the northern side of the fault (Figure 3B). On T1,
several rows of approximately parallel surface deformation
features were developed in the same deformation zone as that

FIGURE 3 | (A) Image from Google Earth image at the Xinlechun site. Red arrows indicate the active fault traces. The black boxes indicate the location of Figure 4.
(B) Interpretation of the Terraces, alluvial fan and faults. Red bold lines represent the active fault traces.
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FIGURE 4 | (A) Google Earth image showing active trace of the SMQBF at the Xinlecun Site. Red arrows indicate conspicuous fault scarps. A-A’, B-B’ and C-C’
represent the location of topographic profiles in Figures 4D–F. The small black boxes indicate the location of samples. (B) and (C) Field photos of the scarps. (D,E)
Topographic profiles extracted from DEM data used to measure the scarp height. (F) Topographic profiles across terrace risers. (G,H)OSL sampling photo. Sample site
is shown in Figure 4A.
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of the northern deformation on T2; these features may reflect the
youngest deformation zone in this region.

The deformation zone is characterized by gradual pinching
outward to the southeast, indicating that deformation has
gradually extended toward the southeast. On T2, a secondary
fault scarp ∼500 m in length controls the front of multiple
secondary terraces, including T1 and T2. The secondary
terraces on the upper wall of the fault have been eroded by
seasonal streams, forming new small alluvial fans on the foot wall

(Figure 4A). DEM data on the height of the scarps were used to
quantify the vertical displacements of the north-facing fault
scarps. A profile across the scarp on T1 yielded a vertical
displacement of 0.75 ± 0.5 m (Figure 4E), whereas another
profile across the scarp on T2 yielded a displacement of 1.5 m
(Figure 4D). From this, we inferred that a displacement of 0.75 ±
0.5 m was caused by one paleo-earthquake; thus, the
displacement of T2 may be the product of the accumulation of
two paleo-earthquake events.

FIGURE 5 | (A) Image from Google Earth image at the Golmud river site. Red arrows indicate the active fault trace. Pink arrow indicates wind direction. (B)
Interpretation of the Terraces, alluvial fan and faults. Red thick solid lines represent continuous fault traces, and the height of the scarps is more than 1 m. Red thin solid
lines represent interrupted sub-parallel fault traces. (C,D) Field photos of the scarps.
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Terrace Deformation at the Golmud River Site
The Golmud River originates from the KunlunMountains and flows
northward to the Qaidam Basin, forming a large-scale alluvial fan.
Three terraces have developed asymmetrically and are preserved with
a length of ∼10 km from north to south and an approximate width of
4 km from east to west (Figure 5). An OSL dating sample collected
fromT3 exhibited an age of 18.89 ± 1.45 ka. Image interpretation and
field investigation further revealed that a series of sub-parallel scarps
are preserved on T3 (Figures 5A,B). The scarps may have formed at
the same time as the abandonment of T3 and were subsequently
subjected to erosion by braided rivers. The vertical displacements of
these scarps are 1.5–2m (Figures 5C,D).

Numerous small crescent-shaped dunes are deposited on T2,
along the NE320° midcourse direction; this indicates the
prevailing wind direction in the study area, which intercepted
the scarps at a high angle. Landforms substantially eroded by
wind can be seen on T3. Meanwhile, wind-eroded micro-valleys
intersect the parallel scarps and destroy their linear extensions.
These features indicate that the parallel scarps were likely formed
by tectonic deformation.

Terrace Deformation at the Hongliugou Site
At least three levels of fluvial terraces are developed at the
Hongliugou site, east of Golmud, where the terraces were
offset by the fault (Figure 6). The deformation width of T3 is
at least 5 km. Due to urban construction, parts of the deformed
area have been removed. Braided rivers developed on T3 and
fluvial erosion caused by tectonic deformation led to the
fragmentation of the deformed area. During this process, T3

was severely damaged, although E-W scarps remain
identifiable. According to satellite imagery and our field

investigations, T2, which is located to the east of the seasonal
river, has a deformation similar to that of T3. Due to the weak
deformation of T1, few fault scarps have been found, and we
believe that a long interval of seismicity and erosion may have
caused the degradation and irregularity of the scarps.

Similar to the Golmud River site, many sub-parallel scarps
with E–W orientations formed on T2. These scarps were likely
created by tectonic activities. The southernmost scarps located on
T2 had a deformation width of ∼350 m (Figures 7A,B). The
scarps were severely eroded, and the deformation zone was
composed of several rows of secondary scarps. Some of the
residual scarps showed a typical left-lateral strike, with a left-
lateral gully displacement of ∼3 m (Figure 7C). Image
interpretation revealed that the fault caused slight deformation
to T1 and T0, representing the most recent activity of the sub-
fault.

Slip Rate of the Golmud Segment of the
Southern Marginal Fault of the Qaidam
Basin
Three sites were investigated to estimate the slip rate of the
Golmud segment of the SMQBF. The vertical slip rate was
investigated at the Xinlecun Site, south Hongliugou Site and
north Hongliugou Site, whereas the horizontal slip rate was
investigated at the north Hongliugou Site.

Xinlecun Site
We excavated two pits at the tops of two terraces and collected OSL
chronology samples. A fine-grained sand lens with a thickness of
∼10 cm has developed in T2’ and surrounded by coarse sand 60 cm

FIGURE 6 | (A) Image from Google Earth image at the Hongliugou site. Red arrows indicate the active fault trace. The black boxes indicate the locations of the
following figures. (B) Interpretation of the Terraces. Red bold lines represent the active fault traces.
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below the surface (Figure 4G). The sample collected from the lens
exhibited an age of 20.51 ± 2.28 ka and was composed of fine sand,
which is ideal for OSL dating. We regarded this sample as
representative of the age of T2. The shallow sediments of T1 were
primarily composed of coarse sand-bearing gravels and fine-grained
sands (Figure 4H). A sample was collected from a fine-grained sand
layer with a thickness of 15 cm, 60 cm below the surface; it exhibited
an age of 12.46 ± 1.30 ka.

Considering the OSL derived age of 12.46 ± 1.30 ka from T2’
and a displacement of 0.75 ± 0.05 m, we obtained a vertical slip
rate of 0.06 ± 0.01 mm/a. Assuming the age of T2’ to be 20.51 ±
2.28 ka and considering a displacement of 1.5 m, we obtained a
vertical slip rate of 0.07 ± 0.01 mm/a. Accordingly, the mean
vertical slip rate of the fault was determined to be ∼0.07 mm/a.
Considering that several secondary faults have developed at this
site, this rate may be the minimum value for the SMQBF.

South Hongliugou Site
The vertical offsets at the south sub-fault are constrained by
topographic profiles perpendicular to the scarp, as shown in the
high-resolution DEM. The cumulative vertical offset since the
formation of T2 was estimated to be 9.70 ± 2.60 m (Figure 7D).
The pit at the top of T2 showed that the top of the sedimentary

profile, which has a thickness of 30 cm, consists of coarse sands
mixed with angular pebbles. The underlying layer has a thickness
of 20 cm and comprises fine-grained sand (Figure 7E). The OSL
sample collected from the bottom of the fine-grained sand
showed an age of 11.97 ± 1.28 ka. Based on this age and the
9.70 ± 2.60 m displacement, we obtained a vertical slip rate of
0.85 ± 0.30 mm/a.

North Hongliugou Site
In the front section of the middle deformation region of T2, fresh
vertical fault scarps suggest that negligible degradation has
occurred since the most recent earthquake when compared
with the southern scarp (Figures 8D,E). Two terraces have
developed in this area, and they show a left-lateral strike
offset, however, DEM data show that T1 and T2 have been
left-laterally displaced by 11.00 ± 10 m and 30.50 ± 1.50 m,
respectively (Figure 8A). To constrain the abandonment age
of the two terraces, we hand-dug two pits. The pit from T1

revealed coarse sands mixed with angular pebbles with a
thickness of 20 cm and an underlying layer of fine-grained
sand with a thickness of 35 cm, followed by a grayish-green
coarse sand layer at the bottom (Figure 8B). The OSL sample
was collected from the bottom of the fine-grained sand layer

FIGURE 7 | (A) DEM data at the Hongliugou Site. A-A’ represent the location of topographic profiles in Figure 7D. (B,C) Field photos of scarp and left-laterally
offset gully. Red arrows and bold line represent the active fault traces. (D) Topographic profiles extracted from DEM data used to measure the scarp height. (E) OSL
sampling photo. Sample site is shown in Figure 4A.
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FIGURE 8 | (A) DEM data showing displaced landform at the Hongliugou Site. Red bold line represents the active fault trace, and red dotted line indicates
conjectural fault trace. A-A’ represent the location of topographic profiles in Figure 8F. The small black boxes indicate the location of samples. (B,C) OSL sampling
photo. Sample site is shown in Figure 8A. (D,E) Field photos of scarp and left-laterally offset terraces. Red arrows indicate conspicuous fault scarps.

Frontiers in Earth Science | www.frontiersin.org June 2021 | Volume 9 | Article 63655410

Luo et al. Geometry and Dynamics of SMQBF

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


50 cm below the surface and exhibited an age of 5.11 ± 0.66 ka.
The T1 pit revealed a 10 cm thick coarse sand layer mixed with
angular pebbles; it was underlain by a thickness of 40 cm fine-
grained sand layer interbedded with coarse sand, with grayish-
green coarse sands at the bottom (Figure 8C). The OSL sample
was collected from the bottom of the interbedded sand layer
50 cm below the surface, showing an age of 9.94 ± 1.17 ka. Based
on the sample age and the displacement of the terraces, we
calculated the sinistral strike-slip rates to be 2.20 ± 0.53 mm/a
and 3.13 ± 0.48 mm/a for T1 and T2, respectively. The mean
sinistral strike-slip rate was found to be 2.66 ± 0.50 mm/a.

The vertical offset of T2 was estimated to be 1.13 ± 0.03 m
(Figure 8G). Combining the aforementioned value with the age
of T2, we obtained a vertical slip rate of 0.12 ± 0.02 mm/a.
Therefore, the total vertical slip rate is 0.96 ± 0.33 mm/a at
the Hongliugou site, which represents the minimum vertical
slip rate of the SMQBF.

Interpretation of the Shallow Seismic Profile
The subsurface structure shown in Profile A-A’ reveals two
primary faults (Figure 9A). The southern secondary fault dips
to the south, with an average apparent dip of ∼45°. The northern
secondary fault dips to the south, with an average apparent dip of
∼50°. We identified three primary faults in the reflection image of
Profile B-B’ (Figure 9B). The Southern and northern secondary
faults are similar to the faults in Profile A-A’, and the middle
secondary fault forms a back-thrust.

DISCUSSION

Dynamic Rate and Stress Adjustment
The SMQBF has not only absorbed the NE compression of the
Qinghai–Tibet Plateau but also shows evident sinistral slip. The

Kunlun and Kunlun Mountain Pass faults are dominantly
characterized by sinistral strike-slip, and the slip rate of the
middle segment is as high as ∼12 mm/year (Van Der Woerd
et al., 1998; Van Der Woerd et al., 2000; Van Der Woerd et al.,
2002). The Kunzhong Fault, which is located between the SMQBF
and the Kunlun Fault exhibits evident sinistral strike-slip; a series
of gullies are sinistrally displaced by 7–18 m (Wu et al., 1994).
Combining age constraints on the offset landforms with the
measured sinistral displacement, we determined the left strike-
slip rate of the SMQBF to be 2.66 ± 0.50 mm/a. This illustrates
that the NE extrusion of the Kunlun Fault is concentrated on the
main fault, while the secondary faults also have clear left-lateral
strike-slip components.

The variations in slip rates along the Altyn Tagh Fault were
quantitatively constrained by the lateral extrusion of the Kunlun
Fault system (Luo et al., 2020). The SMQBF is obliquely
connected with the Altyn Tagh Fault in the northwest of
Mangya city. Tectonic geomorphological studies and
Quaternary dating of the offset markers suggest that the slip
rate of ∼10 mm/a along the Altyn Tagh fault is largely consistent
on both sides of the inclined zone (Cowgill, 2007; Zhang et al.,
2007; Gold et al., 2009; Gold et al., 2011; Gold et al., 2017). This
also agrees with the lower shortening and sinistral strike-slip rate
of the SMQBF. Due to initiation of sinistral slip along the Kunlun
fault 10 Ma ago (Jolivet et al., 2003), the NW-trending mountains
within Kunlun mountain system accommodated less sinistral
displacement along the Altyn Tagh Fault.

Northward Growth Model of the SMQBF
The kinematics and geometry of the SMQBF were constrained
through image interpretation, detailed field studies, and
topographic measurements. Offset geomorphological markers
suggested that the SMQBF is mainly characterized by a thrust
at the Xinlecun site. Two deformation zones were identified, with

FIGURE 9 | (A) Seismic reflection profiles across SMQBF at Golmud river site is shown in Figure 2 (Profile A-A’). (B) Seismic reflection profiles across SMQBF at
Hongliugou site is shown in Figure 2 (Profile B-B’). T0 represents conjectural bottom of the quaternary strata. T1 represents conjectural bottom of the Cenozoic strata.
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the northern zone showingmore recent activity than the southern
zone and forming a piggyback thrust propagation sequence from
south to north. The offset geomorphology between the two fault
deformation zones on T3 was characterized by several
intermittent rows of scarps, which we speculate to have been
caused by flexural sliding of the underlying Neogene strata
(Figure 10A).

A series of sub-parallel scarps was well-preserved at the
Golmud River site. The geological profile adjacent to Golmud
shows that the SMQBF thrusted into the Paleogene strata up to
the Quaternary (Tang et al., 2002). The strata located on the
hanging wall of the fault were dominated by Paleogene and
Neogene interbedded sandstones and mudstones (Wang et al.,
2017), which provided an ideal environment for the formation of
flexural faults (Li et al., 2017). The mudstone also played a major
role in constraining the structural geometry and surface
deformation. Therefore, we infer that the sub-parallel scarps
distributed at the Golmud River site were caused by the
flexural slip of the hanging wall (Figure 10B). While the
shallow seismic profile clearly revealed the location of the
fault, there are still evident scarps distributed on T3 on the
north of the fault (Figure 9A); thus, this fault is likely not the
most recent active fault within the SMQBF.

Although the terraces reported herein have been heavily
eroded at the Hongliugou site, many sub-parallel scarps are
discernible on the southern side of the south scarp. We
consider these scarps to have been formed due to the flexural
slip of the overlying strata. The shallow seismic profile revealed
several sub-faults, one of which forms a back-thrust (Figure 9B).
We found left-lateral displacements in two deformation zones,
indicating the left-lateral strike-slip of the main fault branch. The
deformation of T0 in the southern deformation zone indicates
that the surface deformation caused bymajor earthquakes has not
been concentrated in the main fault, as it also occurs on the fault
branches and folds of the hanging wall (Figure 10C).

Several study sites showed that the SMQBF is characterized by a
large deformation width. In this study, the newest deformation zone
was not found. Thus, we speculate that the latest activity of the fault
maynot be exposed at the surface and that a deformation zone>10 km
absorbed the north-oriented growth of the Kunlun Fault system.

Significance of Earthquake Disasters
The lower deformation rate of the SMQBF when compared with
that of the Kunlun Fault has resulted in under-recognition of the
seismic hazard in Golmud. The middle-western segment of the
fault, which is 300 km long, has fractured the surface and cut

FIGURE 10 | The sketch map of Geometric and dynamic deformation of the SMQBF at three study sites (FSF represents flexural slip fault).
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Quaternary sediments, as evident form satellite imagery. Sub-
parallel scarps have formed a ∼3 km wide deformation zone in a
part of the segment. Due to a lack of field investigations, the slip
rate and paleoseismological history have not yet been determined.
The earthquake disasters that have previously occurred along the
SMQBF are relatively complex and require further study.

Seismic hazards caused by the slow deformation of continental
interior regions, where tectonic loadingmay be shared by an array
of faults, are difficult to quantify. Intraplate earthquakes in China
are characterized by high magnitudes and millennium-scale
recurrence (Ran et al., 2010; Luo et al., 2019), sometimes on
the order of 2,000–3,000 years. Therefore, we believe that the
seismic recurrence period of the SMQBF, the northern branch of
the flower structure of the Kunlun Fault, is relatively long.
Because of the high slip rates and occurrence of several major
earthquakes along the main Kunlun Fault, we identified a
potential seismic hazard for Golmud that has previously been
overlooked. The latest branch fault of the SMQBF may extend in
front of the alluvial fan and reach Golmud. However, further
analyses are needed before a comprehensive earthquake forecast
model can be established.

The secondary faults and flexural slip of the SMQBF have
formed a wide deformation zone. Although the coseismic
displacement of a flexural slip may be small, it can affect the
surface and cause damage to or even the collapse of buildings.
Golmud City is the starting point of the Qinghai–Tibet
engineering corridor, and many pipeline projects pass through
the SMQBF. Therefore, a deformation model of the fault
established here is critical for city planning in Golmud.

CONCLUSION

The main conclusions from this study are as follows:

1) Offset landforms and fault exposures indicate that the SMQBF
is a thrust fault with a sinistral strike-slip component
characterized by piggyback thrust propagation. A series of
sub-parallel scarps formed by flexural slip on the hanging

walls of secondary faults has accommodated the shortening of
the SMQBF.

2) The vertical and strike-slip rates of the SMQBF were
determined to be 0.96 ± 0.33 mm/a and 2.66 ± 0.50 mm/a,
respectively, which may be the minimum slip rates for
the fault.

3) The low deformation rate of the fault may present an under-
recognized earthquake hazard. Further investigations should
be conducted to assess future seismic hazards in the cities
surrounding this fault system.
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