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The height of a thrust-fault scarp on a fluvial terrace would be modified due to erosion
and deposition, and these surface processes can also influence the dating of terraces.
Under such circumstances, the vertical slip rate of a fault can be misestimated due to the
inaccurate displacement and/or abandonment age of the terrace. In this contribution,
considering the effect of erosion and deposition on fault scarps, we re-constrained
the vertical slip rate of the west end of the Minle–Damaying Fault (MDF), one of the
thrusts in the north margin of the Qilian Shan that marks the northeastern edge of the
Tibetan Plateau. In addition, we tried to explore a more reliable method for obtaining
the vertical fault displacement and the abandonment age of terraces with AMS 14C
dating. The heights of the surface scarps and the displacements of the fluvial gravel
layers exposed on the Yudai River terraces were precisely measured with the Structure
from Motion (SfM) photogrammetry and the real-time kinematic (RTK) GPS. The Monte
Carlo simulation method was used to estimate the uncertainties of fault displacements
and vertical slip rates. Based on comparative analysis, the dating sample from the fluvial
sand layer underlying the thickest loess in the footwall was suggested to best represent
the abandonment age of the terrace, and the fluvial gravel layer could better preserve
the original vertical fault displacement compared with the surface layer. Using the most
reliable ages and vertical offsets, the vertical slip rate of the MDF was estimated to be
0.25–0.28 mm/a since 42.3 ± 0.5 ka (T10) and 0.14–0.24 mm/a since 16.1 ± 0.2 ka
(T7). The difference between the wrong vertical slip rate and the right one can even reach
an order of magnitude. We also suggest that if the built measuring profile is long enough,
the uncertainties in the height of a surface scarp would be better constrained and the
result can also be taken as the vertical fault displacement. Furthermore, the consistency
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of chronology with stratigraphic sequence or with terrace sequence are also key to
constraining the abandonment ages of terraces. The fault activity at the study site is
weaker than that in the middle and east segments of the MDF, which is likely due to its
end position.

Keywords: erosion and deposition, vertical slip rate, vertical offset, terrace abandonment age,
Minle–Damaying Fault

KEY POINTS

• The vertical slip rate of the Minle–Damaying Fault is re-
estimated to be 0.25–0.28 mm/a since 42.3± 0.5 ka at the outlet
of the Yudai River.
• The topographic profile extracted from the top of the faulted

gravel layer and that with sufficient length from the faulted
loess layer are suggested to be used to constrain the vertical
fault displacement.
• The age of the fluvial sand layer underlying the thickest loess in

the footwall of a thrust fault is suggested to best represent the
abandonment age of the terrace.

INTRODUCTION

The vertical slip rate of a fault is a significant metric to quantify
the intensity of tectonic activity (Tapponnier et al., 1990; Hetzel
et al., 2002; Ai et al., 2017; Liu et al., 2017), reconstruct the
behavior of the fault over time (Zheng W. J. et al., 2013; Xiong
et al., 2017; Hetzel et al., 2019), evaluate the seismic risk (Ren
et al., 2019; Lei et al., 2020), and understand the regional active
deformation (Yang et al., 2018; Liu et al., 2019; Ren et al., 2019;
Zhong et al., 2020). The estimation of vertical slip rates mostly
depends on two factors: the magnitude of the offset and the age
of offset landmarks (Burbank and Anderson, 2011). However,
accurate determination of vertical slip rates is not easy because
the complex surface processes including erosion and deposition
would affect the estimation of the original displacement and the
representation of the collected dating samples.

For thrust faults, the vertical displacement recorded by
the geomorphic surface can be obtained by extracting the
topographic profile perpendicular to the fault scarp (e.g., Hetzel,
2013; Wei et al., 2020). However, as the fault scarp degrades
with time (Avouac, 1993; Hetzel, 2013; Jayangondaperumal et al.,
2013), the hanging wall can be eroded and acts as the sediment
source for the footwall (Stewart and Hancock, 1988). In addition,
the stream that formed the terrace may shed sediments onto the
footwall (Hetzel et al., 2004; Hetzel, 2013). Fluvial aggradation is
also possible in the footwall due to the adjoining stream (Priyanka
et al., 2017), and the footwall is also more likely to accumulate
aeolian sediments (Avouac and Peltzer, 1993). Therefore, it is
a consensus that vertical offsets derived from scarp profiles
may underestimate the real displacement of a fault especially
in areas with heavy loess cover (Wallace, 1980; Peterson, 1985;
Stewart and Hancock, 1988; Hetzel, 2013; Liu et al., 2017; Yang
et al., 2018). In recent years, as Laser Radar (Cunningham
et al., 2006; Ren et al., 2016), high-resolution satellite optical

image (e.g., QuickBird, WorldView, and Pleiades), and aerial
photogrammetry (Matthews, 2008; Fraser and Cronk, 2009) are
gradually gaining usage relative to the traditional total station
and the tape measure, it becomes more accurate and efficient
to acquire topographic profile based on large-scale and high-
precision topographic data. Although many studies on the fault
tend to focus on the resolution or precision of the topographic
data (Blakely et al., 2009; McPhillips and Scharer, 2018; Hetzel
et al., 2019), inadequate evaluation of surface processes may lead
to errors or mistakes in the measurement of fault displacement.
It has been suggested that we should select sites less affected
by surface processes to extract profiles (Palumbo et al., 2009),
calculate the vertical slip rate based on the offset of the top of
the fluvial gravel layer in the trench (Liu et al., 2014; Ren et al.,
2019), or attempt to estimate the effect of the surface processes
to correct the height of the scarp (Priyanka et al., 2017; Yang
et al., 2018). More often, however, researchers acknowledged
the underestimation of the vertical displacement but did not
discuss much about it (Blakely et al., 2009; McPhillips and
Scharer, 2018; Hetzel et al., 2019). In different geomorphic
conditions, how to choose more reasonable topographic profiles
and obtain more accurate vertical displacements needs to be
systemically understood.

Another challenge in constraining the vertical slip rate
is chronology. Taking the Qilian Shan area as an example,
geomorphic dating tends to be affected by loess cover and
erosion. If we assume that the loess overlying the terrace surface
begins to deposit immediately after the abandonment of the
terrace, there will be no significant gap between the age of the
bottom of the loess and that of the top of terrace deposition
(Pan et al., 2003; Xu et al., 2010; Lu et al., 2018; Lu and Li,
2020). However, in most cases, the deposition of the loess layer
usually lags behind the abandonment of the terrace, thus taking
the bottom age of the loess as the abandonment age of the terrace
will affect the estimated deformation rate (Stokes et al., 2003;
Küster et al., 2006; Lu and Li, 2020). For example, when dating
the same terrace of the Xie River, OSL age from the bottom of
the loess is 12.7 ± 1.4 ka (Xiong et al., 2017), while 14C age
from the floodplain sand layer is 16,405 ± 210 cal a BP (Lei
et al., 2020). The age gap between the two results is ∼4 ka.
The latter is the age of the uppermost fluvial sediment and is
close to the abandonment age of the terrace, while the OSL age
is younger due to the lagging deposition of loess mentioned
previously. In the middle and western Qilian Shan, the loess
deposition with a thickness less than 1.5 m is mostly younger
than 13 ka by OSL dating (Stokes et al., 2003; Küster et al.,
2006). The loess possibly has deposited since the Holocene,
thus the bottom of the loess is significantly younger than the
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FIGURE 1 | Topography and active tectonics of the study area. (A) Topography and active tectonics of the Hexi Corridor and its peripheral zone with an insert
topographic map of inner Asia in the lower left (Yuan et al., 2013; Zheng W. et al., 2013). NQTS: north Qilian thrust system. (B) Active tectonics and river system
around the MDF. The white box indicates study sites along the fault with a known slip rate. YD, Yudai River; CM, Chaomian site; TZB, Tongziba River; DXG, Daxiang
Gully; MQG: Mingquan Gully. The earthquake data (since the year AD 1917) are downloaded from the website of USGS: http://earthquake.usgs.gov/earthquakes.

abandoned terrace (Hetzel et al., 2002, 2004; Hetzel, 2013). In
addition, it is usually hard to find organic materials suitable for
14C dating in the front of the middle and western Qilian Shan
due to the arid climate. Therefore, the 10Be exposure dating is
widely used to constrain the terrace age (Hetzel et al., 2004, 2019;
Liu et al., 2017; Yang et al., 2018). The shielding and erosion
effect of the loess should still be considered when collecting
the 10Be exposure dating samples (Hetzel, 2013). If the fluvial
deposits are eroded or covered by loess after deposition, the
nuclide concentration of surface samples would be relatively
low (Hetzel, 2013). For this reason, the sampling site of the
10Be exposure dating should be selected in the hanging wall
dominated by erosion (Hetzel, 2013), and in the profile without
the cover of loess (Champagnac et al., 2010; Zheng W. et al.,
2013; Liu et al., 2017, 2019; Hetzel et al., 2019), otherwise, the
loess shielding effect must be corrected (Hetzel et al., 2004,
2006; Palumbo et al., 2009; Yang et al., 2018; Cao et al., 2019).

Compared with the western Qilian Shan, the eastern Qilian is
more humid (Geng et al., 2017; Cai et al., 2020) with abundant
charcoal for 14C dating (Ai et al., 2017; Xiong et al., 2017;
Lei et al., 2020; Zhong et al., 2020). However, the erosion
and deposition processes can also make it difficult to collect
14C dating samples.

The Minle–Damaying Fault (MDF) is an active fault in the
north margin of the Qilian Shan during the late Quaternary
(Xiong et al., 2017; Lei et al., 2020; Zhong et al., 2020). A better
constraint of its vertical slip rates is critical to understanding
the northeastward propagation of the Tibetan Plateau (Figure 1;
Institute of Geology and Lanzhou Institute of Seismology [IGLS],
1993; Xiong et al., 2017). The vertical slip rates of the MDF have
been constrained at several sites (Figure 1B; Xiong et al., 2017;
Lei et al., 2020; Zhong et al., 2020), but the influence of surface
processes on fault scarps and the collection of dating samples has
not been discussed in depth. Especially at the outlet of the Yudai
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River, the west end of the MDF, intense erosion and deposition
seriously damaged the original morphology of the fault scarp, and
also interfered with the collection of dating samples. As a result,
measuring the height of the surface scarp would underestimate
the vertical fault displacement and collecting the charcoal from
the loess overlying the fluvial sediment would cause a relatively
young abandonment age of the terrace (Lei et al., 2020). However,
the clearly exposed fluvial gravel layers provide an opportunity to
redetermine the vertical slip rate at this site.

In this contribution, we studied the activity of the MDF at
the outlet of the Yudai River. Structure from Motion (SfM)
photogrammetry and real-time kinematic (RTK) GPS were used
to constrain the height of the surface scarp and the displacement
of the fluvial gravel layer exposed on the terrace. Combining
them with AMS 14C dating, we aimed to (1) re-estimate the
vertical slip rate of the MDF at the Yudai River site based
on accurate ages and vertical offsets, (2) discuss the methods
of obtaining accurate vertical offsets and reliable 14C dating
samples in different geomorphic conditions, and (3) re-evaluate
the spatial variation of shortening rates along the MDF strike. The
method for obtaining correct vertical slip rates of thrust faults
summarized in this paper can help researchers save time and
money and better understand the properties of thrust faults.

GEOLOGICAL SETTING

As an early Paleozoic orogenic belt, the Qilian Shan has
been reactivated by a series of thrusts and folds due to the
collision between India and Asia, with an average altitude of
∼4000 m (Tapponnier et al., 1990; Yin and Harrison, 2000;
Hetzel et al., 2004). The Qilian fold–thrust belt marks the
geomorphic feature in the north of the Tibetan Plateau and
is considered as the growth front of the NE Tibetan Plateau
(Tapponnier et al., 2001; Allen et al., 2017; Zheng et al., 2017).
The northern front of the Qilian Shan has been inferred to
be limited by large, south-dipping, active thrusts (Tapponnier
et al., 1990), and they are collectively known as the North
Qilian Thrust Belt (Figure 1A; Institute of Geology and Lanzhou
Institute of Seismology [IGLS], 1993). The belt consists of a
series of near-NW-striking parallel faults, including the Hanxia–
Dahuanggou Fault, Yumen Fault, Fodongmiao–Hongyazi Fault,
North Yumu Shan Fault, East Yumu Shan Fault, Minle Fault,
MDF, and Huangcheng–Taerzhaung Fault (Figure 1A; Institute
of Geology and Lanzhou Institute of Seismology [IGLS], 1993).
They juxtapose the low-grade metamorphic early Paleozoic rocks
(slates, phyllites, limestones, and volcanic and granitic rocks)
over the Cenozoic sediments within the Hexi Corridor basin
(Zheng et al., 2017).

As the boundary fault between the Qilian Shan and the
Zhangye Basin, the MDF is a large thrust in the north margin
of the Eastern Qilian Shan. It is an N50–60W-striking fault,
extending from the eastern piedmont of the Yumu Shan in the
west to the south of Huangcheng area in the east over a length
of ∼120 km, with dip angles of 30–60◦ (Figure 1B; Institute
of Geology and Lanzhou Institute of Seismology [IGLS], 1993;
Lei et al., 2020). The fault may be divided into east and west

segments, with lengths of 45 km and 75 km, respectively (Lei
et al., 2020). Previous fieldwork shows that the tectonic activity
of the MDF pushes the Paleozoic strata over the Miocene strata,
indicating that the fault has been active since the late Tertiary,
but it also suggests that the MDF has not been active since
the Holocene (Institute of Geology and Lanzhou Institute of
Seismology [IGLS], 1993). However, recent studies show that the
fault has offset the Holocene fluvial terraces at many sites, and
the vertical slip rates vary from 0.1 to 1.6 mm/a at different
sites (Xiong et al., 2017; Lei et al., 2020; Zhong et al., 2020).
At the outlet of the Yudai River, one tributary of the Hongshui
River, the MDF offsets the terraces on both banks and pushes
the Carboniferous and Pliocene strata over the late Quaternary
fluvial gravels.

MATERIALS AND METHODS

Terrace Classification
The Hongshui River and its tributary, the Yudai River, have
formed the same terrace sequence since the late Pleistocene.
Based on detailed fieldwork, the shapes of the terraces were
recognized and mapped on the Google satellite imagery, and
the terraces were graded according to their heights above the
riverbed, stratigraphy, and distribution. RTK GPS survey was
used to define the absolute elevation of all levels of terraces
along the Yudai River to the lower part of the Hongshui River.
The strata of the natural exposures on each terrace were divided
by their colors, grain sizes, and components, and the TruPulse
200X laser rangefinder with an accuracy of 1 cm was used to
accurately measure the thickness of each stratum. The terraces are
divided into 14 levels according to their heights above the river
level, stratigraphy, and distribution (Figure 2). On the whole, the
terraces located in the hanging wall of the Minle Fault, especially
on the west bank of the Hongshui River, are scattered and broken
due to the effects of bedrock uplift and long-term erosion. The
high-level terraces T14–T12 are only distributed on the west bank
of the Hongshui River, terraces T11–T6 are widely distributed
on both banks of the Hongshui and Yudai River, and the low-
level terraces T5–T1 are distributed in the incised valley below
the terrace T6 (Figure 2).

At the outlet of the Yudai River, the MDF faulted T7 and
T10 on the east bank and T10 on the west bank (Figures 2B,
3). The structure of the terraces was reflected in the river-terrace
cross-section of the hanging wall and footwall (Figure 4). In the
hanging wall, the structure of T10 could be divided as∼3 m loess,
∼0.1 m fluvial sand, ∼14 m fluvial gravels, and the underlying
bedrock from top to bottom. Due to serious erosion, a ∼0.9-m-
thick mixture of loess and slope deposits overlying∼2.9-m-thick
fluvial gravels has deposited on the bedrock of T7 in the hanging
wall. A layer of∼2-m-thick fluvial sand has deposited on T5. Only
a layer of 0.1–1-m-thick loess and/or fluvial sand has deposited on
T4–T1, and the underlying bedrock was not exposed (Figure 4A).
In the footwall, the thicknesses of the fluvial gravels, fluvial sand,
and aeolian loess overlying the Jiuquan Conglomerate (Q2) (Zhao
et al., 2001) of T10 were similar to those in the hanging wall.
A loess layer has deposited on T7 in the footwall, with even a
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FIGURE 2 | Terrace classification based on the Google image. (A) Google satellite image in the vicinity of the study site. (B) Terrace distribution of the Yudai River
and the Hongshui River, and sampling sites of some samples. P1 and P2 show the locations of the sections in Figure 4.

thickness of 3.8 m somewhere. T6 in the footwall was composed
of ∼8 m fluvial gravels, 0.1–0.5 m fluvial sand, and ∼2.5 m
loess depositing on the top of the Jiuquan Conglomerate (Q2)
(Zhao et al., 2001). A layer of 0.1–1-m-thick loess and/or fluvial
sand has deposited above the fluvial gravels of T4–T1 (Figure 4B).

Sampling Strategy
To determine the abandonment ages of the terraces, charcoal
samples were collected from the natural exposures on each
terrace. The hydrodynamic conditions are usually weak on
the gravel layer when the river has just incised from it, thus
floodplain materials with sand and silt may deposit above it.
Therefore, the age of the charcoal collected from the fluvial sand
on the top of the gravel layer is closest to the abandonment
age of the terrace (Zhang et al., 2008; Xu et al., 2010; Xiong
et al., 2017; Zhong et al., 2020). Sampling sites are shown in
Figures 2, 3B, 5. Except for T5, T8, and T9, on which no
suitable dating materials were found, the samples from the
other terraces were sent to Beta Analytic Inc., United States,
or AMS 14C Laboratory of Peking University for AMS 14C
tests (Table 1). Samples of T1–T6 were all collected from the
fluvial sand overlying or within the gravel and cobble layer.
The fluvial sand layers are generally covered by silt and/or
loess, and even a layer of pebbles (Figures 5A–G and Table 1).

Among the seven samples of T7, five samples were collected
near the fault scarp of the MDF: MLF62 was from the fluvial
sand about 3 cm above the top of the gravel layer near the
fault (Figure 5H), MLF66 was from the sand 15 cm above
the top of gravel layer in the footwall of the fault (Figure 5I),
and MLF140 was from the silt above the interface between
the gravels and slope deposits in the hanging wall (Figure 5J).
YD04 and YD05 were collected from the loess about 0.9 m
and 0.1 m above the gravel layer, respectively (Figure 5K).
The other two samples were collected from the fluvial sand
overlying the gravel and cobble layer of the middle and lower
reaches of the Hongshui River, respectively (Figures 2, 5L,M).
Four samples were collected on T10. MLF38 and MLF39 were
collected from the fluvial sand above and within the gravel
layer at the same site, respectively (Figures 2, 5O). MLF03
was from the fluvial sand layer 15 cm above the gravel
layer, and MLF43 was from the loess 5 cm above the gravel
layer (Figure 5P).

The laboratory treated the samples following the standard
experimental procedure (De Vries and Barendsen, 1954). All
the samples were pretreated with an acid–alkali–acid sequence
to remove contaminants and then converted into graphite
samples, which were used for the radiometric C determination
by AMS.
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FIGURE 3 | SfM post-image processing. (A) Orthoimage of the MDF at the outlet of the Yudai River taken by the UAV. Yellow dots show the camera positions of
260 m above the ground. (B) Interpretation of the terraces based on the high-resolution orthoimage and sampling sites of some samples. (C) Positions of the control
points and checkpoints, with a total number of 16 with associated horizontal and vertical errors which control the precision of the DEM. (D) DEM generated from the
Orthoimage. Three profiles (W1/W2/W3) were extracted from T10 on the west bank of the Yudai River, corresponding to those in Figure 10. Six profiles, with lengths
of 50 m, 100 m, 200 m, 400 m, 600 m, and 800 m, respectively, were extracted from each site among the three sites (E1/E2/E3) on the east bank of T10 (taking
E1-50 as an example, it represents the profile with a length of 50 m extracted across the fault at the site of E1), corresponding to those in Figure 9. P1 and P2 show
the locations of the sections in Figure 4.

Measurement of the Scarp Height
The tops of the loess layer and fluvial gravel layer were considered
as the marker surfaces to obtain the topographic profiles across
the fault for the scarp heights. In this study, two methods were
used to obtain profiles across the fault.

The first was the SfM (Structure from Motion)
photogrammetry. The rapidly popular unmanned aerial vehicles
(UAVs) have provided platforms for SfM photogrammetry,
which has been commonly used to measure the height of
surface scarps (Priyanka et al., 2017; Xiong et al., 2017; Liu
et al., 2019; Zhong et al., 2020). The high-precision orthoimages
obtained from SfM photogrammetry can offer the most
visualized fault morphology, and the produced DEM can
be used to measure the accurate length and height (Harwin
and Lucieer, 2012). To obtain the topographic profile of the

top of the loess layer, the UAV of Dajiang phantom 4 Pro
was used to carry out the photogrammetry at the outlet of
the Yudai River. This type of UAV is equipped with a 1-inch
outsole Sony Exmor R CMOS sensor of 20 megapixels and
a satellite positioning module (GPS/GLONASS). Fourteen
control points and two checkpoints were set in the planned
area before the flight (Figure 3C). RTK GPS with centimeter
precision was used to measure the coordinates of each point,
and the vertical and horizontal precisions of the image were
respectively controlled at 0.2 m and 0.08 m (Figure 3).
Based on the produced DEM, topographic profiles across
the MDF were extracted from the loess layer of the T10.
Because T10 is limitedly distributed on the west bank of
the Yudai River, especially on the hanging wall, only three
parallel profiles with lengths of ∼80 m (W1/W2/W3) were
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FIGURE 4 | Terraces structure of the Yudai River. Panels (A,B) indicate the general structure of the terraces in the hanging wall and footwall of the MDF, respectively.
The locations of the two sections are shown in Figures 2B, 3D.

extracted from it (Figures 3B,D). However, T10 distributed
on the east bank is wide and flat. Thus, we extracted
profiles with different lengths from three sites (E1/E2/E3).
Seven lines were extracted from each site, with lengths of
50 m, 100 m, 200 m, 400 m, 600 m, 800 m, and 1000 m,
respectively (Figure 3D).

The second method was to measure the scarp height with
high-precision instruments, which was suitable for extracting
profiles from the top of the gravel layer if the gravel layer
is continuously exposed. RTKGPS with an accuracy of 5 cm
was used to obtain the location and absolute elevation of a
measuring point, and TruPulse 200X laser rangefinder with
an accuracy of 1 cm was used to measure the relative height
from the measuring point to the top of the gravel layer
in the same location. In this way, the absolute elevation of
the top of the gravel in the location was obtained. After
measuring a series of points and calculating the distance between
them, an elevation–distance profile was plotted (Figures 6B,
7B). As the gravel and loess layers of T7 on the east bank
were exposed well, the top of the gravel and loess profiles
were plotted with this method. However, part of the exposed
gravels in the hanging wall was located at the trailing edge
of T7. Because of the elevation difference between the trailing
and leading edges of the terrace, a sudden turning point of
elevation appeared in the profile. Therefore, the trendline of
the leading edge of the terrace was taken as the reference
line of the hanging wall (Figure 6). The outcrop on T7 also

shows the contact interface between Tertiary red sandstone
and Quaternary sediments on either side of the fault, and a
dip angle of 42◦ was measured at the contact interface with a
geological compass (Figure 6A). Considering the error of the
instrument is 3◦, the dip angle of the MDF at the outlet of
the Yudai River was determined to be 42 ± 3◦ (Figure 6A).
The gravels of T10 on the east bank were limitedly exposed,
especially near the fault scarp, where the top of the original
gravel layer in the hanging wall has suffered severe erosion
(Figure 6A). Therefore, the complete profile topography could
not be obtained by measuring the height of the scarp. However,
the top of the gravel layer of T10 on the west bank was well
exposed, and its profile could be used to measure the scarp
height (Figure 7).

The model proposed by Thompson et al. (2002) was used
to measure the vertical offset of the fault. First of all, the river
terrace was considered to be originally planar. Field data were
measurement points along the terrace surface and across the
fault. To calculate the vertical offset of the fault, all field data
were rotated and projected onto a vertical plane normal to the
structural trend (Figure 8A). Least squares linear regressions
of these points in an x–y coordinate system determined
trendlines representing the hanging wall (y1 = a1x + b1),
fault scarp (y2 = a2x + b2), and footwall (y3 = a3x + b3)
(Figure 8A).

The vertical offset could be calculated by function (1) if the
hanging wall was parallel to the footwall; otherwise, it could be
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FIGURE 5 | Sampling photos of terraces of the Yudai River and the Hongshui River. See Figures 2, 3B for sampling locations. (A) The dating sample of T1. (B–C)
The dating samples of T2. (D) The dating sample of T3. (E–F) The dating samples of T4. (G) The dating samples of T6. (H–M) The dating samples of T7. (N–P) The
dating samples of T10.

Frontiers in Earth Science | www.frontiersin.org 8 April 2021 | Volume 9 | Article 635702

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


feart-09-635702
A

pril23,2021
Tim

e:16:3
#

9

Liu
etal.

S
lip

R
ates

ofThrustFaults

TABLE 1 | AMS 14C dating data of the Yudai River and the Hongshui River terraces.

Sampled terrace level Sample number Sample location Terrace
elevation of

the sampling
site (m)c

Sampling
depth (m)c

Height above the top
of gravel and cobble

layer (m)d

Source of the
sample

Conventional
14C age (a BP)

Calibrated
14C cal age
(cal a BP)e

Terrace
abandonment
age (cal a BP)

T1 MLF52a 100◦52′2.54′′ E,
38◦16′8.12′′ N

2686 0.20 0.05 Fluvial sand 250 ± 30 324–270 300 ± 40

T2 MLF06a 100◦51′51.17′′ E,
38◦16′54.74′′ N

2636 0.49 0.15 Fluvial sand 1650 ± 30 1620–1517 1310 ± 40

MLF48a 100◦52′0.60′′ E,
38◦16′7.82′′ N

2686 0.48 0.26 Fluvial sand 1380 ± 30 1344–1270

MLF51a 0.64 0.10 Fluvial sand 1770 ± 30 1744–1605

T3 MLF143a 100◦52′1.36′′ E,
38◦15′59.45′′ N

2697 0.47 0.03 Fluvial sand 1920 ± 30 1947–1812 1880 ± 95

T4 MLF57a 100◦52′1.68′′ E,
38◦15′56.49′′ N

2699 0.75 0.05 Fluvial sand 7680 ± 30 8540–8412 6960 ± 70

MLF152a 100◦52′1.68′′ E,
38◦15′56.49′′ N

2699 1.34 0.06 Fluvial sand 6100 ± 30 7030–6883

T6 MLF44a 100◦51′54.91′′ E,
38◦16′39.27′′ N

2661 2.30 0.20 Fluvial sand 8390 ± 30 9487–9396 9420 ± 50

MLF45a 2.30 0.20 Fluvial sand 8370 ± 30 9471–9370

T7 MLF66a 100◦52′6.20′′ E,
38◦16′2.56′′ N

2710 4.35 0.15 Fluvial sand 13, 420 ± 40 16,310–15,970 16, 140 ± 240

MLF79a 100◦48′47.00′′ E,
38◦23′39.13′′ N

2359 1.30 0.35 Fluvial sand 13, 970 ± 40 17,156–16,719

MLF113a 100◦49′57.26′′ E,
38◦19′13.10′′ N

2509 0.90 0.1 Fluvial sand 16, 920 ± 50 20,587–20,205

MLF62a 100◦52′6.25′′ E,
38◦16′0.98′′ N

2709 0.47 0.03 Fluvial sand 4730 ± 30 5584–5500

MLF140a 100◦52′6.81′′ E,
38◦15′59.65′′ N

2713 0.90 0.01 Slope deposit 150 ± 30 233–166

YD04b 100◦52′7.21′′ E,
38◦15′59.75′′ N

2716 Loess 9185 ± 35 10,463–10,245
(Lei et al., 2020)

YD05b Loess 10, 905 ± 35 12,822–12,706

T10 MLF03a 100◦51′55.91′′ E,
38◦16′44.81′′ N

2679 1.80 0.15 Fluvial sand >43,500 >46,600 42, 260 ± 470

MLF43a 100◦49′51.27′′ E,
38◦21′2.98′′ N

2490 2.50 0.05 Loess 30, 170 ± 150 34,544–33,890

MLF38a 100◦48′54.47′′ E,
38◦23′48.67′′ N

2374 2.20 0.2 Fluvial sand 38, 040 ± 330 42,720–41,790

MLF39a 3.90 −1.7 Fluvial sand 43, 200 ± 630 47,838–45,233

The material for sampling is charred material and they are analyzed in Beta Analytic Inc., United Statesa, and AMS 14C dating laboratory of Peking Universityb. See the sampling locations and the sampled sections
in Figures 2, 3B, 5. cThe longitude and latitude of the samples and the terrace elevation were obtained by a Garmin handheld GPS. dThe sampling depth was measured by a tape with a scale of 1 cm. e IntCal13
atmospheric curve (Reimer et al., 2013) was applied in the laboratory for the calibration of the 14C age, with an uncertainty of 2σ. The half-life of 5568 years was used for calculation and dates were reported as years
before present (present = AD 1950).
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FIGURE 6 | Measurement of the scarp height of T7 on the east bank. (A) Exposure profile of T7. The boundaries between layers are marked by solid lines in different
colors. (B) Profile morphologies of the top of the loess layer, the fluvial gravel layer, and the bedrock layer. The profile was measured by differential GPS and the
height of the scarp was obtained by Monte Carlo simulation.

calculated by function (2). The value xp is the abscissa of point P
(xp, yp), at which the fault plane intersects the scarp plane.

v = b1 − b3 (1)

v(x) = xp(a1 − a3) + b1 − b3 (2)

Uncertainty Analysis
In this study, Monte Carlo simulation was implemented to
calculate the uncertainties of vertical offsets and the rates of
the fault. SEs of all the independent variables were taken
into account in this method (Thompson et al., 2002). For
independent variables in symmetric distributions such as a1, b1,
a3, b3, and dip angle θ, a normal distribution was used when
sampling them (Figure 8B; Thompson et al., 2002). For ease of
calculation, 14C age was also assumed to be normally distributed
(Figure 8B). Because the position of the intersection point P (xp,

yp) between the fault plane and the scarp surface was unknown,
the trapezoidal distribution was adopted. The probability of the
location of point P is maximum within the range of 1/3 to 1/2
the distance along the scarp surface measured from the base of
the scarp and diminishes to zero at the top and the base of the
scarp (Figure 8B; Thompson et al., 2002). In the estimation of
the fault scarp height and the vertical slip rate, 106 simulations
were conducted for each result and a 95% CI was defined as
the uncertainty.

RESULTS

Determination of the Abandonment Ages
of Terraces
MLF52 was collected from the fluvial sand overlying the gravel
layer, only 5 cm above the boundary between the two layers, thus
its age 300 ± 40 cal a BP can represent the abandonment age of
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FIGURE 7 | Measurement of the scarp height of T10 on the west bank. (A) Exposure profile of T10. The boundaries between layers are marked by solid lines in
different colors. (B) Profile morphologies of the top of the gravel layer and the bedrock layer. The profile was measured by differential GPS and the height of the scarp
was obtained by Monte Carlo simulation.

T1 (Figure 5A and Table 1). Among the three samples of T2,
MLF06 (1620–1517 cal a BP) is from the fluvial sand between
the cobbles and pebbles layer, only ∼0.5 m below the surface,
and its age is similar to that of MLF51 (1744–1605 cal a BP),
which approaches the top of the gravel layer. In addition, the
ages of these two samples are both older than that of MLF48
(1344–1270 cal a BP), which is from the upper fluvial sand.
This is consistent with the stratigraphic sedimentary sequence.
The deposition age of MLF48 (1310 ± 40 cal a BP) is closer to
the abandonment age of the fluvial sand, which can be taken
as the abandonment age of T2 (Figures 5B,C and Table 1).
We take the age of 1880 ± 95 cal a BP of MLF143 as the
abandonment age of T3, as the sample is from the upper fluvial
sand (Figure 5D and Table 1). The deposition heights above
the gravel layer of the two samples of T4 are similar, and they
are both from the fluvial sand, thus we take the younger age of
6960 ± 70 cal a BP as the abandonment age of T4 (Figures 5E,F
and Table 1). The ages of MLF44 (9487–9396 cal a BP) and
MLF45 (9471–9370 cal a BP) are very close, thus the younger age

of 9420 ± 50 cal a BP is taken to represent the abandonment age
of T6 (Figure 5G and Table 1).

The terrace T7 has suffered severe reconstruction near the fault
by surface processes so that the ages of the collected samples
are greatly different (Table 1). MLF66 (16,310–15,970 cal a BP)
is collected from the fluvial sand overlying the gravel layer in
the footwall, and a 3.8-m-thick loess overlies the fluvial sand at
this site, effectively protecting the fluvial sediments from erosion
(Figures 5I, 6A). YD04 (10,463–10,245 cal a BP) and YD05
(12,822–12,706 cal a BP) are from the loess overlying the fluvial
layer at the back of the terrace. Although they cannot represent
the abandonment age of the terrace, they show good stratigraphic
chronology with MLF66 (Figures 5K, 6A), indicating that the
ages are reliable. In addition, the ages of the samples of T7
collected from different sites along the Yudai River and even the
lower part of the Hongshui River [MLF79 (17,156–16,719 cal a
BP) and MLF113 (20,587–20,205 cal a BP); Figures 2, 5L,M] are
close to that of MLF66. In summary, the age 16,140 ± 240 cal a
BP of MLF66 is used to represent the abandonment age of T7.
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FIGURE 8 | Measurement of the scarp height and uncertainty analysis. (A) The model for measuring the vertical offset of the fault proposed by Thompson et al.
(2002). (B) The probability distribution of independent variables.

TABLE 2 | OSL dating result of the terrace T10.

Sampled terrace level Sample number Sample location Sampling depth (m) Material OSL age (ka)

T10 D528 100◦48′41.96′′ E,
38◦22′40.72′′ N

2.55 Fine sand 40.3 ± 4.3

The data refer to Zhu (2016).

MLF62 (5584–5500 cal a BP) is from the footwall sand layer near
the fault, where the topography is concave (Figures 5H, 6A).
A 0.5-m-thick sand layer overlies the gravel layer and the loess
deposition is missing. Thus, we speculate that the site may have
been eroded and redeposited by a small gully, which deposited
the young charcoals in the sand layer, resulting in the younger
age of MLF62 (Figures 5H, 6A). MLF140 (233–166 cal a BP)
was collected from the interface between the gravel layer and the
slope deposits. At this site, the primary aeolian loess has been
completely eroded or never deposited. The fluvial gravel layer
may also be eroded. Also, the overlying slope deposits composed
of reformed loess and broken gravels are only 0.9 m thick, which
may produce a very young age (Figures 5J, 6A). Therefore, the
age of MLF140 cannot represent the abandonment age of T7.

The abandonment ages of T10 derived from AMS 14C (Table 1)
and OSL (Table 2; Zhu, 2016) are all concentrated around 40 ka.
MLF38 and MLF39 were collected from the same site, with
MLF38 from the fluvial sand overlying the gravel layer and MLF
39 from the fluvial sand among the gravel layer. The ages of
MLF38 (42,720–41,790 cal a BP) and MLF39 (47,838–45,233 cal a
BP) are consistent with the sedimentary chronological sequence
(Figure 5O). The age of D528 (40.3 ± 4.3 ka), an OSL sample
collected from the sand layer among the top gravel layer (Table 2;
Zhu, 2016), covers the age range of MLF38 but has greater
uncertainty. MLF43 (34,544–33,890 cal a BP) is relatively younger

than the other samples, probably because MLF43 was collected
from the bottom of the loess (Figure 5P). In addition, MLF43 is
located on a wall of a gully which means it was deposited by the
gully after the abandonment of T10. Therefore, MLF43 is slightly
younger (Figure 5P). Overall, the age 42,260 ± 470 cal a BP of
MLF38 is suggested to represent the abandonment age of T10.

The Height of the Fault Scarp
After each profile was fitted to a Thompson et al. (2002) model,
106 trials were carried out in Monte Carlo simulation, and the
vertical offsets on the 95% CI were obtained. Results show that
by taking the leading edge of T7 as the reference to fit the profile
morphology, the vertical offset recorded by the top of the gravel
layer is 2.28–3.90 m. However, the vertical offset recorded by the
loess of T7 is only 0.07–2.83 m because the loess layer has been
seriously affected by surface processes (Figure 6). The vertical
offset recorded by the gravel layer of T10 on the west bank
is 10.63–11.67 m (Figure 7), while that recorded by the three
profiles of T10 on the west bank is only 1.73–5.15 m (Figures 3D,
9). These data indicate that the topographic profile of the loess
surface could be different from the original morphology more or
less due to the effect of the subsequent surface processes. It cannot
reflect the real vertical offset of the fault because it could be a
little smaller in general. On the contrary, the gravel layer of the
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FIGURE 9 | The height of the scarp obtained from three profiles of T10 on the
west bank of the Yudai River. The probability distribution of the scarp height
was obtained by Monte Carlo simulation, and the positions of profiles are
shown in Figure 3D.

terrace is more likely to preserve the original offset morphology
completely due to the protection of the overlying deposits.

For T10 on the east bank, profiles with the same length
extracted from different sites (E1/E2/E3) are different in the
morphology but similar in the vertical offset (Figure 9). However,
profiles with different lengths from the same site are different
both in the morphology and the vertical offset (Figure 9).
The morphology of the profile may further affect the fitting of
the trendlines of the hanging wall and footwall. Exceptionally,
the profiles in site E2 are significantly different from those
in the other two sites, which may be related to local erosion
(Figure 9). Without regard to E2, the vertical offsets of the
profiles with different lengths are 1.97–3.00 m (50 m), 2.87–
3.78 m (100 m), 4.30–5.41 m (200 m), 6.49–9.05 m (400 m),
8.37–11.74 m (600 m), 6.30–12.80 (800 m), and 2.78–9.82

(1000 m). Results show that with the increase of the length of
the profiles at site E1 and E3, the calculated vertical displacement
at the same site tends to increase. When the length of the
profile is equal to or greater than 600 m, the height of the
scarp remains steady, approaching the vertical displacement of
the gravel layer on the west bank (10.63–11.67 m; Figure 7).
However, in this case, the vertical offset derived from profiles
with a length of 1000 m seems to be underestimated (Figure 9).
This is because the 1000-m-long profiles go beyond T10 and
almost reach the piedmont in the hanging wall, resulting in
steeper trendlines of the hanging wall and smaller vertical offsets
(Figures 3, 10).

DISCUSSION

Reasonable Rates of the MDF in the
Yudai River Site
If all the vertical slip rates are accepted without regard to the
reasonability of vertical offsets and ages, 14 and 100 results will
be obtained since the abandonment of T7 and T10, respectively
(Tables 3, 4). Even though we use the single most reasonable age
according to the section “Determination of the Abandonment
Ages of Terraces” and respectively determine the abandonment
age of T7 and T10 to 16,140 ± 240 cal a BP (MLF66) and
42,260 ± 470 cal a BP (MLF38), the vertical slip rates calculated
from different profiles of the same terrace still have apparent
differences (Figure 11). The vertical slip rate (0.14–0.24 mm/a)
obtained from the top of the T7 gravel layer is more reasonable
than that from the surface scarp on T7 (Figure 9). The vertical
slip rate (0.25–0.28 mm/a) obtained from the top of the T10
gravel layer can represent that of the fault since the terrace
was abandoned, and it is similar to that (0.15–0.30 mm/a)
from the long profile (E1/E3-600 and E1/E3-800) on the T10
surface (Figure 9). Combined with a dip angle of 42 ± 3◦
(Figure 6), it is considered that the shortening rates of the MDF
are 0.24–0.36 mm/a and 0.15–0.29 mm/a since 42.3 ± 0.5 ka and
16.1± 0.2 ka, respectively. The vertical slip rate of the MDF in the
Yudai River site seems to be smaller since∼16 ka, compared with
that since∼42 ka. This is possibly because the activity of the MDF
is weak in the west end of the fault (Nash, 2013), and a certain
seismic event since∼16 ka may not have been transmitted to the
west end point of the fault to cause a surface rupture. Therefore,
the omission of the seismic event has led to the small slip rate
since∼16 ka.

In some cases, unreasonable displacements and ages can also
generate numerically correct rates, but the results should not
be adopted. The vertical slip rate of 0.14–0.24 mm/a since the
abandonment of T7 is consistent with the vertical slip rate of
0.2± 0.1 mm/a derived from the same terrace by Lei et al. (2020).
However, their vertical offset and age of the terrace are quite
different from the ones we use in our study. The vertical offset
of 2.2 ± 0.6 m in Lei et al. (2020) is based on the measurement
of surface scarp height, thus it is less than the true vertical
offset determined from the gravel layer (Figure 6B; 2.28–3.90 m).
Sample YD04 was collected from the upper loess (Lei et al., 2020),
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FIGURE 10 | The height of the scarp obtained from three profiles of T10 on the east bank of the Yudai River. The probability distribution of the scarp height is
obtained by Monte Carlo simulation, and the positions of profiles are shown in Figure 3D.
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TABLE 3 | All possible vertical slip rates of the MDF in the Yudai site since the abandonment of T7.

Ages of different samples (cal a BP)

MLF66 MLF79 MLF113 MLF62 MLF140 YD04 YD05

Vertical offsets of different profiles (m) 16,310–15,970 17,156–16,719 20,587–20,205 5584–5500 233–166 10,463–10,245 12,822–12,706

Top of T7 loess layer 0.07–2.83 0.01–0.18 0.01–0.17 0.01–0.14 0.01–0.51 0.33–16.75 0.01–0.27 0.01–0.22

Top of T7 gravel layer 2.28–3.90 0.14–0.24 0.13–0.23 0.11–0.19 0.41–0.71 9.84–22.64 0.22–0.38 0.18–0.31

The texts on the green background represent reasonable ages and vertical offsets according to the sections “Determination of the Abandonment Ages of Terraces” and
“The Height of the Fault Scarp.”

TABLE 4 | All possible vertical slip rates of the MDF in the Yudai site since the abandonment of T10.

Ages of different samples

MLF38 D528 MLF39 MLF43

Vertical offsets of different profiles (m) 42,720–41,790 (cal a BP) 40.3 ± 4.3 (ka) 47,838–45,233 (cal a BP) 34,544–33,890 (cal a BP)

W1 3.64–5.15 0.09–0.12 0.08–0.15 0.08–0.11 0.11–0.15

W2 2.67–3.39 0.06–0.08 0.07–0.08 0.06–0.07 0.08–0.10

W3 1.73–3.19 0.04–0.08 0.04–0.08 0.04–0.07 0.05–0.09

Top of T10 gravel layer on the west bank 10.63–11.67 0.25–0.28 0.23–0.35 0.22–0.26 0.31–0.34

E1-50 1.97–2.39 0.05–0.06 0.05–0.06 0.04–0.05 0.06–0.07

E2-50 0.75–1.67 0.02–0.04 0.02–0.04 0.02–0.04 0.02–0.05

E3-50 2.72–3.00 0.06–0.07 0.07–0.08 0.06–0.07 0.08–0.09

E1-100 2.87–3.33 0.07–0.08 0.06–0.10 0.06–0.07 0.08–0.10

E2-100 4.75–5.83 0.11–0.14 0.10–0.17 0.10–0.13 0.14–0.17

E3-100 3.50–3.78 0.08–0.09 0.07–0.11 0.07–0.08 0.10–0.11

E1-200 4.50–5.24 0.11–0.12 0.10–0.15 0.10–0.11 0.13–0.15

E2-200 8.29–9.29 0.20–0.22 0.18–0.28 0.17–0.20 0.24–0.27

E3-200 4.30–5.41 0.10–0.13 0.10–0.16 0.09–0.12 0.13–0.16

E1-400 8.42–9.05 0.20–0.22 0.18–0.27 0.18–0.20 0.25–0.27

E2-400 6.33–7.36 0.15–0.17 0.14–0.22 0.13–0.16 0.18–0.22

E3-400 6.49–8.22 0.15–0.19 0.14–0.24 0.14–0.18 0.19–0.24

E1-600 8.37–11.74 0.20–0.28 0.19–0.33 0.18–0.25 0.24–0.34

E2-600 5.47–6.57 0.13–0.16 0.12–0.19 0.12–0.14 0.16–0.19

E3-600 8.73–10.97 0.21–0.26 0.19–0.32 0.19–0.24 0.26–0.32

E1-800 9.94–11.72 0.23–0.28 0.22–0.34 0.21–0.26 0.29–0.34

E2-800 2.42–6.60 0.06–0.16 0.06–0.18 0.05–0.14 0.07–0.19

E3-800 6.30–12.80 0.15–0.30 0.15–0.34 0.14–0.28 0.18–0.37

E1-1000 6.60–8.28 0.16–0.20 0.15–0.24 0.14–0.18 0.19–0.24

E2-1000 4.16–5.50 0.10–0.13 0.09–0.16 0.09–0.12 0.12–0.16

E3-1000 2.78–9.82 0.07–0.23 0.07–0.26 0.06–0.21 0.08–0.29

The texts on the green background represent reasonable ages and vertical offsets according to the sections “Determination of the Abandonment Ages of Terraces” and
“The Height of the Fault Scarp.” The age of D528 refers to Zhu (2016).

but it is younger than the abandonment age of T7 as we have
stated previously.

The difference between the wrong vertical slip rate and the
right one can even reach an order of magnitude (Tables 3,
4). Avoiding mistakes in advance can save a lot of time and
money. However, if the wrong results cannot be eliminated,
the characteristics of the fault would be greatly misunderstood.
Therefore, general methods are needed to accurately determine
the vertical offset of a thrust fault and the abandonment ages
of the terraces according to the examples in this paper and the
previous studies.

The Accurate Vertical Displacement
Constraint
To obtain accurate vertical displacement, it is necessary to select
sites carefully and extract several parallel profiles across the same
scarp (Tapponnier et al., 1990; Avouac, 1993; Palumbo et al.,
2009; Xiong et al., 2017). The suitable site should be in good
geomorphic condition, such as the clear vertical scarp, excellent
geomorphic preservation of landform, exposure of landform
unobscured by vegetation, and consistent landform trend on
either side of the fault (Haddon et al., 2016). It should be noted
that the loess cover contributes to the formation of such good
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geomorphic conditions. Therefore, the influence of the surface
processes still needs to be taken seriously for the measurement of
the thrust fault scarp, especially in areas with heavy loess cover.

Surface processes will degrade the fault scarp, which leads to
the underestimation of the vertical displacement. In this study,
the fluvial gravel layer of the terrace can completely preserve the
original displacement of the fault because the gravels are usually
protected by loess and other overlying deposits. For example, the
T5 surface of the Hongshuiba River preserves only a 0.5-m-height
scarp of the Fodongmiao–Hongyazi fault, while the gravel layer in
the trench shows a vertical displacement of 1 m (Liu et al., 2014).
The gravel layer in the southeast wall of the Heihekou trench is
faulted by the East Yumu Shan Fault with a vertical displacement
of∼3.5 m, while the measured surface scarp height is only∼1.9 m
(Ren et al., 2019). The gravel layer in the southwest wall shows
a displacement of ∼3.7 m, but the surface scarp is only ∼2.5 m
high (Ren et al., 2019). Therefore, if conditions permit, it is more
reliable to take the offset recorded by the fluvial gravels in the
trench or on the outcrop as the vertical fault displacement.

In most cases, the fluvial gravel layer is buried, and the
excavation of a trench costs a lot of time and money while
the trench can only reflect the offset in the adjacent region
(Burbank and Anderson, 2011). If the gravels of the terrace are
not well exposed or the vertical offsets are largely varied along
the fault, measuring the surface scarps to estimate the vertical
fault displacement is a more efficient way. Some methods or
models can minimize the estimated errors, and make the surface
scarp height as close as possible to the real vertical displacement.
The topographic profiles can be extracted directly in the area
where the thicknesses of loess in the hanging wall and footwall
are close (Xiong et al., 2017), and where the thickness of the
footwall deposition is relatively thin (Palumbo et al., 2009). After
comparing the differences in the slope gradient of the footwall
and the present riverbed, the site with a small modification
in the footwall can be chosen to measure the vertical offset
(Palumbo et al., 2009; Yang et al., 2017). The height of the surface
scarp can be revised by measuring the thickness of footwall
aggradation (Priyanka et al., 2017) or estimating the thickness
of the footwall aggradation according to the deposition rate and
the age difference between the hanging wall and the footwall
(Yang et al., 2018).

Furthermore, the angularities at the crest of the scarp will be
rounded off and the curvature would increase, while the slope
angle of the scarp face would decrease and the scarp will widen
toward the two sides of the fault (Figure 12A; Wallace, 1977;
Bucknam and Anderson, 1979; Stewart and Hancock, 1988).
Surfaces of the hanging wall and footwall are significantly affected
by the surface processes near the fault scarp, but the parts far
away from the scarp are less affected. Therefore, it is necessary
to extract longer profiles to obtain the true extension trend of
the surface (Avouac, 1993; Wei et al., 2020). Shorter profiles
will cause significantly underestimated results (Figure 12B; Yang
et al., 2017). In our results, only short profiles with a length of
about 80 m were extracted due to the limited distribution of T10
on the west bank, thus the measured result (1.73–5.15 m) is far
less than the true vertical offset (10.63–11.67 m) (Figures 3D,
7, 8). The wide distribution of T10 with a steady surface on the
east bank enables us to extract long profiles with sufficient length

(≥600 m), which can produce a reliable offset (Figures 3D, 10).
It seems that the height of the scarp is random to some extent
when the profile is relatively short because the profile shape is not
stable. As the length of the profile increases, the profile shape is
gradually stable, and the scarp height is gradually close to the real
vertical offset (Figures 3D, 10). Thus, on a broad geomorphologic
surface, it is more likely to obtain accurate vertical offset if the
profile is long enough on both sides of the fault. However, it is
important to note that the maximum acceptable profile length
should not exceed the terrace range.

The Chronologic Establishment of the
Terrace Sequence
A lot of vegetation in the humid eastern Qilian Shan potentially
provides enough charcoal for 14C dating (Geng et al., 2017; Cai
et al., 2020), but the sampling site should be carefully chosen
considering the effect of geomorphic reconstruction. The age of
the charcoal from the fluvial sand layer overlying the gravel layer
is most close to the abandonment age of the terrace (Zhang et al.,
2008; Xu et al., 2010; Xiong et al., 2017; Zhong et al., 2020).
The age of the samples which were from the bottom of the loess
overlying the fluvial deposits is usually younger (MLF 43, YD05 in
Table 1 and Figures 5K,P) due to the age gap between the terrace
abandonment and the loess deposition. After the formation of
the terrace, gullies often develop on its surface with exposure
profiles on both sides for easy sampling. Because the structure
of the profiles may suffer erosion and redeposition of the gully,
ages of the charcoals from such positions are usually younger
than the abandonment age of the terrace (MLF43 in Table 1 and
Figures 2, 5P). The region adjacent to the fault scarp is most
likely to be affected by surface processes, and gullies are easy to
develop along the scarp. Therefore, the charcoal near the scarp
may deposit during the subsequent surface processes, and its age
cannot represent the abandonment age of the terrace (MLF62
in Table 1 and Figures 3B, 5H, 6A). Fluvial deposition of the
terrace in the hanging wall is easy to be eroded (Wallace, 1980;
Stewart and Hancock, 1988; Nash, 2013) and then the hanging
wall may be covered by a mixture of broken gravels and clay due
to the surface processes. Charcoal in the mixed sediments may
be too young to indicate terrace age (MLF140 in Table 1 and
Figures 3B, 5J, 6A). The footwall far from the fault with thick
overlying loess and well-preserved fluvial deposition is the most
ideal for charcoal collection to determine the abandonment age
of the terrace (MLF66 in Table 1 and Figures 3B, 5I, 6A).

Charcoal samples can be collected at different heights in the
fluvial and aeolian layers of a terrace because the consistency
of chronological and stratigraphic sequences could indicate the
robust abandonment age of the terrace (Figures 5C,I,K,L).
In addition, the consistency of grades and ages of terraces is
also an effective means to constrain the abandonment age of
terraces (Table 1).

Spatial Difference of the Rates of the
MDF
The shortening rate (0.24–0.36 mm/a) since the late Quaternary
in our study is less than that in the middle or eastern segment
of the fault (Figure 13; Xiong et al., 2017; Lei et al., 2020; Zhong
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FIGURE 11 | Vertical slip rates of the MDF derived from the correct ages and different measuring profiles. The green strips are reasonable rates.

FIGURE 12 | A model for the evolution and height measurement of the reverse fault scarp. (A) The model of scarp morphology with time (Stewart and Hancock,
1988). 1 to 5 represent the scarp morphologies in different periods. I–I′ and II–II′ are the short and long profiles showed in Figure 12B across the fault, respectively. H
is the vertical displacement of the fault scarp. (B) Measurement of the scarp heights from two profiles with different lengths.

Frontiers in Earth Science | www.frontiersin.org 17 April 2021 | Volume 9 | Article 635702

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


feart-09-635702 April 23, 2021 Time: 16:3 # 18

Liu et al. Slip Rates of Thrust Faults

FIGURE 13 | Rates of the MDF along its strike. Positions of study sites are shown in Figure 1B. The slip rate in the Yudai River site is derived from this study. Vertical
slip rates in the Chaomian site (CM), Daxiang Gully (DXG), and Mingquan Gully (MQG) refer to Lei et al. (2020), and shortening rates in these sites are calculated
combined with the dip angle in each site. Slip rates in the Tongziba River and Xie River site refer to Xiong et al. (2017) and Zhong et al. (2020), respectively.

et al., 2020), which may be because the outlet of the Yudai River
is located in the west end of the fault. The activity of the whole
fault represented by the results in a single site may ignore the
variation of slip rates along the strike, resulting in the omission of
seismic events and the misjudgment of seismic risks. In addition,
the study area is the most densely populated in the Qilian Shan–
Hexi Corridor. Therefore, the activity and seismic risk of the large
fault should be judged comprehensively after a multi-site study
along the fault. However, in the east segment of the MDF, only
the Xie River site has been studied (Xiong et al., 2017). Compared
with the west segment of the MDF, the spatial-varied rates in the
east segment require further research in the future.

According to the 10-year scale GPS data, the shortening rate
between the Qaidam basin and the Gobi Alashan across the east
Qilian Shan is 7.6 ± 1.5 mm/a (Zhong et al., 2020). Using the
shortening rate of the MDF in the Xie River site (Figure 13) to
represent that of the North Qilian Frontal Thrust System, we find
that the system only accounts for 9–15% deformation across the
Qilian Shan and its foreland basin. The other deformation should
be absorbed by the orogenic interior and the faults or folds in the
foreland basin (e.g., the Yonggu Anticline; Zhong et al., 2020).
The deformation distribution in the Qilian Shan is very different
from that in the Himalaya, where most of the shortening rate
(20± 3 mm/a) seems to be absorbed mainly by the Main Frontal
Thrust fault in its south margin (Lavé and Avouac, 2000). The
difference may be due to the different tectonic positions of the
two thrust systems. The Main Frontal Thrust fault is located at
the India-Eurasian plate collision boundary, thus the high strain
leads to the high shortening rate of the Main Frontal Thrust
fault. The difference may be also related to the fact that the Main
Frontal Thrust fault of the Himalaya (Lavé and Avouac, 2000)
and the North Qilian Frontal Thrust System (Zuza et al., 2016)
have different crustal structures, for example, the depth of the
décollement.

CONCLUSION

Considering the effect of geomorphologic processes, we
redetermine the vertical slip rate in the west end of the

MDF, a part of the North Qilian Thrust System. The SfM
photogrammetry and precise measurement with the RTK GPS
were used to constrain the height of the surface scarp and the
vertical displacement of the fluvial gravel layer exposed on the
Yudai River terrace. AMS 14C dating was used to determine the
abandonment ages of the terraces. Uncertainties were estimated
by Monte Carlo simulation. We consider that the age of the
dating samples from the fluvial sand layer underlying the thickest
loess in the footwall can best represent the abandonment age
of the terrace as the sample has been well protected. And it is
more reasonable to take the gravel layer displacement as the
fault offset because the layer is usually protected by overlying
sediments. Using the most reliable ages and vertical offsets, the
vertical slip rate of the MDF was estimated to be 0.25–0.28 mm/a
since 42.3± 0.5 ka (T10) and 0.14–0.24 mm/a since 16.1± 0.2 ka
(T7). The difference between the wrong vertical slip rate and
the right one can even reach an order of magnitude. We also
suggest that if the built measuring profile is long enough, the
uncertainties in the height of a surface scarp would be better
constrained and the result can also be taken as the vertical fault
displacement. Furthermore, the consistency of chronology with
stratigraphic sequence or with terrace sequence are also key to
constraining the abandonment ages of terraces. The study site is
less active compared with the middle and east segments of the
MDF probably due to its end position.
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