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The slip rate is a fundamental kinematic parameter of active faults. Traditional methods
using fault scarps or trenches may produce inaccurate estimates of a fault’s vertical slip
rate. A normal fault’s vertical slip rate requires constraints from the hanging wall and
footwall. Here, the vertical slip rate at each measuring point along the fault was calculated
by the joint constraints of terraces in the footwall and boreholes in the hanging wall. Nine
measuring points were selected along the Sertengshan piedmont fault. The vertical slip
rates of this fault since 65 and 12 ka were 0.74-1.81 and 0.86-2.28 mm/a, respectively.
Four measuring points were selected along the Wulashan piedmont fault. The vertical slip
rates of this fault since 60 and 12 ka were 2.14-3.11 and 1.84-2.91 mm/a, respectively.
Seven measuring points were selected along the Dagingshan piedmont fault; the vertical
slip rates were 2.5-3.88 and 1.78-2.83 mm/a since 58 and 11 ka, respectively. Analysis of
the slip rates, the elapsed time since the last palaeoearthquake and the mean recurrence
interval of palaeoearthquakes on each fault segment on the northern margin of the Hetao
Basin suggests that the Langshankou and Hongagicun segments of the Sertengshan
piedmont fault are at higher risk of earthquakes than the other segments. Among the fault
segments of the Wulashan piedmont fault, the Baotou segment is at the highest seismic
risk. The seismic risk of the Tuyouxi segment of the Dagingshan piedmont fault should not
be ignored, and the Tuzuoxi, Bikeqgi and Hohhot segments have high seismic risk. Based
on the findings and a dynamic model of the formation and evolution of the Ordos block, it is
concluded that the depositional centre of the Hetao Basin has tended to migrate from west
to east. The vertical force generated by deep material movement is the dominant factor
leading to a greater vertical slip rate in the eastern portion of the northern margin of the
Hetao Basin. The modern stress field in the Hetao Basin results in an increase in the vertical
slip rate of active faults from west to east along the northern margin of the basin.
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1 INTRODUCTION

The slip rate is a very important kinematic parameter of active
faults and an important index for evaluating the seismic risk of
faults. It refers to the velocity of fault dislocation over a certain
period of time and represents the long-term and average activity
level of the fault (Zhang et al., 2013; Zhang et al., 2017). It can be
used to quantitatively compare the relative activity of different
fault zones or the same fault zone in different periods and is also a
very important parameter for seismic risk evaluation. Accurately
obtaining the fault displacement amplitude is difficult, and
accurately determining the rate of normal fault vertical slip
requires constraints from the footwall and the hanging wall.
However, because the strata of the hanging wall are buried
underground by sedimentary cover when normal faults form,
only the characteristics of the footwall strata exposed by surface
faulting can be observed in the field, and it is difficult to find direct
indicators of fault displacement. When calculating the slip rate,
people usually consider only footwall strata and ignore the
information of hanging wall strata buried underground, which
leads to underestimating the slip rate of the fault and reducing the
expected seismic risk of the fault.

Taking the fault system on the northern margin of the Hetao
Basin, China, as an example, the vertical slip rate of the normal
fault is constrained by terraces in the footwall of the fault and
boreholes in the hanging wall of the fault. Located between the
Yinshan fault block and Ordos block (Deng et al., 1999; Feng
et al., 2015), the Hetao Basin is an important part of the
peripheral Ordos fault basin belt and seismic belt. The
northern margin fault system consists of the Sertengshan
piedmont fault, Wulashan piedmont fault and Daqingshan
piedmont fault from west to east and has controlled the
formation and development of the Hetao Basin. The Hetao
Basin experienced earthquakes with magnitudes of M7.5-M8 in
849 AD and M8 in 7 BC (He et al., 2018). In the 20th century, the
Bikeqi earthquake in 1929 (M6.0), the Wuyuan earthquake in
1934 (M6.75), the Lingeer earthquake in 1976 (M6.3), the
Bayinmuren earthquake in 1976 (M6.2), the Wuyuan
earthquake in 1979 (M6.0) and the Baotou earthquake in
1996 (M6.0) (Figure 1) successively occurred in the fault
zone; some small earthquakes of magnitude 4-5 have also
occurred. Such earthquakes are distributed in the fault zone
and are obviously controlled by major active faults at the
boundary (Chen, 2002).

Since the 1990s, studies have investigated the vertical slip rate
of the fault system on the northern margin of the Hetao Basin.
The vertical slip rate of the Sertengshan piedmont fault has been
0.88-3.6 mm/a since the late Pleistocene and 0.19-2.2 mm/a
during the Holocene (Institute of Crustal and Dynamics and
China Earthquake Administration, 1995; Yang et al., 2002); the
uplift rate of the Wulashan piedmont fault has been 0.5-2.0 mm/a
since the late Pleistocene and 0.4-1.0 mm/a during the Holocene
(Ma et al,, 1998); and the vertical slip rate of the Daqingshan
piedmont fault has been 2.61-4.49 mm/a since the late
Pleistocene and 0.37-1.72 mm/a during the Holocene (Wu
et al, 1996). In these previous studies, the fault slip rate was
calculated considering only the footwall uplift height, that is, the
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footwall uplift rate, rather than the complete vertical slip rate of
the fault. This approach leads to an underestimation of fault
activity and earthquake risk.

In this paper, based on chronological data from marker strata,
accurate vertical slip rates are calculated. The kinematic
parameters of the faults in the late Quaternary were
quantitatively studied by using boreholes in the hanging wall
and terraces in the footwall, and the activity characteristics of the
fault system in the late Quaternary and the seismic risk in the
future were analysed and summarized.

2 REGIONAL SEISMIC TECTONIC SETTING

The Ordos block is located on the northeastern Tibetan Plateau.
Due to the continuous influence of the uplift of the Tibetan
Plateau and the subduction of multiple plates in the east, faults
with different faulting intensities developed in different periods of
the Cenozoic and formed a series of graben basins (Deng et al.,
1999). The Hetao Basin between the northern margin of the
Ordos block and the Yinshan (Figure 1) developed in the
Oligocene mainly under the action of the maximum principal
compressive stress field oriented in the ENE direction and has
accumulated sediments since the early Neogene (Research Group
of Active Fault System around Ordos Massif, 1988).
Geomorphologically, the striking features of the Hetao fault
zone are normal fault tectonic landforms: fault-formed
terraces, fault scarps, river terraces, etc. (Wang and He, 2020).
From west to east, the fault systems on the northern margin of the
Hetao fault zone are the Sertengshan piedmont fault, the
Woulashan piedmont fault and the Daqgingshan piedmont fault.
The Sertengshan piedmont fault extends from Langshan Pass in
the west, extends nearly east-west to Wubulangkou, then turns to
120° and continues to the southeast until disappearing to the east
of Wulanhudong, with a total length of approximately 150 km.
The fault can be divided into four segments from west to east: the
Langshankou segment (East Wugai-Dahoudian), the Honggicun
segment (Dahoudian-Wubulangkou) with an E-W trend, the
Kuluebulong segment (Wubulangkou-Wayaotan) with a NW
trend, and the Dashetai segment (Wulyaotan-Tailiang) (Long
etal, 2017). The Wulashan piedmont fault starts at Wulateqgianqgi
in the west and ends in northern Kundulun District in Baotou city
in the east. The overall trend is nearly east-west, and the total
length is approximately 110 km. It can be divided into three
segments from west to east: the eastern segment of Wulateqianqi
(Wulateqianqi-Gongmiaozi), the  Gongmiaozi  segment
(Gongmiaozi-Heshunzhuang) and the eastern segment of
Baotou (Heshunzhuang-Baotou) (Ma et al., 1998; Institute of
Crustal and Dynamics and China Earthquake Administration,
2013). The Dagingshan piedmont fault extends from Zhaojunfen
on the south bank of the Yellow River in Baotou in the west to the
Kuisu area east of Hohhot in the east, with a total length of
approximately 200 km. It has a general trend of ENE and a dip to
the south with an angle of 45°-75° (He, 2006; Liu, 2012). It is a very
important active fault in the Hetao fault zone. It can be divided
into five segments from west to east: the Baotou segment (Yellow
River-Xuehaigou), the Tuyouxi segment (Xuehaigou-Tuyougi),
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the Tuzuoxi segment (Tuyouqi-Tuzuoqi), the Bikeqi segment
(Tuzuogi-Wusutu) and the Hohhot segment (Wusutu-Kuisu)
(Wu et al,, 1996; He et al, 2007) (Figure 1). In this paper,
nine measuring points along the Sertengshan piedmont fault,
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four along the Wulashan piedmont fault, and seven along the
Dagingshan piedmont fault were selected to calculate the vertical
slip rates of three active faults on the northern margin of the
Hetao Basin since the late Pleistocene and Holocene.
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FIGURE 1 | Regional geological structure map: (A) Locations of the three faults; (B) Distribution of the Sertengshan piedmont fault; (C) Distribution of the Wulashan
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strata.

FIGURE 2 | (A) Calculation and calibration of vertical displacement amplitude (modified from Wu et al., 1996); (B) Calculation diagram of dip angle a of a marker

3 METHODS

3.1 Vertical Displacement Calculation
Method

The vertical displacement of a normal fault must be determined
by comparing the same strata on both walls of the fault. The
footwall terrace on the Hetao fault system has well-preserved
stratigraphic outcrops, but the same strata in the hanging wall
have been dissected and buried tens of metres below the surface.
Therefore, only the stratigraphic sequence revealed by the
borehole in the hanging wall of the fault can be compared to
obtain more accurate fault displacement estimates. For the
correlation between terrace strata and borehole strata, marker
strata should be chosen first. The marker strata should meet the
following conditions: (1) special lithology and special
sedimentary tectonic strata or special interlayer interfaces; (2)
no or very few similar layers or interfaces appear in the
longitudinal direction; (3) the strata or interfaces are
distributed stably in the lateral direction with little change in
lithology or thickness; and (4) obvious features that are easy to
identify. In addition to the correlation of marker strata, the ages of
strata should be combined so that the activity rate can be
calculated more accurately (Wu et al., 1996).

The vertical displacement obtained from the elevation difference
of a marker strata is accurate only when the marker strata is
horizontal. However, according to the field observations, all strata
in this area have certain inclination angles, so it was necessary to
calibrate the displacement obtained, as shown in Figure 2A. The
real displacement can be calculated as follows: h = (H -L tan «) cos
a, where L is the distance between the borehole and the terrace and
a is the dip angle of the marker strata at the fault. H and L can be
measured according to the elevation and distance of the borehole
and the terrace, while a is measured according to the maker strata in
the adjacent borehole near the fault.

However, according to the formula h =(H-Ltana) cos o, L has
little effect, while « has a great effect on the correction of the
vertical displacement. The « referred to by Wu et al. (1996) is

obtained from the field estimation of the dip angle of the marker
strata in the terrace profile, which is quite different from the dip
angle of the borehole lacustrine strata in the basin. In this paper,
the ratio of the elevation difference between the borehole maker
strata (m) and the spacing between boreholes (d) in the basin is
adopted to calculate the dip angle of the maker strata, namely, a =
arctan (m/d), as shown in Figure 2B.

Additionally, h1-h2 = m

tan a = m/d

a = arctan(m/d)

3.2 Real-Time Kinematic Field Terrace

Survey

With the development of measurement technology, GPS RTK
technology has gradually been applied to surveying and
mapping in various industries (Wang et al, 2011). A Trimble
R10 global navigation satellite system (GNSS) was used in this
work. The system is a multichannel, multiband GNSS that
integrates receivers, antennas and digital transmission stations.
The horizontal accuracy of the instrument can reach 10 mm +
1 ppm, and the vertical accuracy can reach +20 mm + 1 ppm under
the RTK measurement mode. The initialization time is generally
less than 10 s, and the initialization reliability is greater than 99.9%.
Based on a large number of field explorations, field investigations
and comprehensive remote sensing interpretations, to accurately
determine the relative height of the terrace, the distribution of the
terrace and the height of the steep ridge on the footwall of the fault
on the northern margin of the Hetao Basin were systematically
measured, and a large-scale topographic map was produced in
this study.

3.3 Drilling and Terrace Chronological
Methods

To obtain a complete stratigraphic age profile since the late
Pleistocene on the hanging wall of the fault, drilling was
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performed within 3 km of the fault, and the cores were described
and sampled. The type of drilling rig used in this drilling was an
XY-300, and the depth of a single hole was generally less than
100 m. During drilling, the holes were required to cross the fault,
and the elevation of the top of the holes was recorded. After the
core was removed, the bottom of each section of the core was
marked with labels to indicate the depth and lithologic
characteristics drilled thus far to facilitate core cataloguing.
During core sampling, reliable radioactive carbon isotope
dating materials, such as carbon fragments and terrestrial
plant residues, that were found in the core were dated using
'“C dating, and samples of quartz-rich sand-bearing layers in the
core were dated using optically stimulated luminescence (OSL)
(Sun, 2012; Tao, 2020).

To determine the age of the piedmont terrace, photoluminescent
samples were taken from the sedimentary strata of the piedmont
terrace. The sampling principle of light-emitting samples was
strictly followed during the sampling, and the preservation in
the later period was also ensured using a strip that completely
blocked light. All OSL sample analyses were completed at the OSL
Laboratory of the National Institute of Natural Hazards. Sediment
photoluminescence dating can be expressed as follows: age (A) =
equivalent dose (DE)/environmental dose rate (D). Pretreatment
with test sample preparation at the Key Laboratory of Crustal
Dynamics, China Earthquake Administration, National Institute of
Natural Hazards, in a dark room under weak light involved opening
the packing and removing the iron pipe ends that may have been
exposed and retaining the centre without contamination. For the
samples that were used to determine the equivalent dose of
exposure, 20 g were taken to measure the moisture content and
saturation coefficient. Then, dry grinding was performed. The
contents of U, Th and K in the samples were determined after
the samples passed through a 63 pm sieve. For the measurement of
equivalent dose, the sample photoluminescent irradiation and
signal were measured on the Danish Risoeda-20-C/D thermal/
photoluminescent automatic measurement system of the Crustal
Dynamics Laboratory of China Earthquake Administration. The
natural photoluminescent dose (i.e., palacodose) of the sample was
measured by a monolithic reproduction method. For the
environmental dose rate measurement, the ambient radiation
dose absorbed by the sample was provided by the ionizing
radiation generated by the alpha, beta and gamma decay of the
radionuclides (238U, 232Th and 40K) in the sample itself and the
surrounding sediments, with a small contribution from cosmic
rays. The contents of U, Th and K in the samples were determined
by element plasma mass spectrometry at the Beijing Research
Institute of Uranium Geology. Finally, the age of the sample was
calculated (Aitken, 1998; Murray and Wintle, 2003).

Since the development of the '*C dating method, both theory
and technology have matured from initial applications in
archaeology to applications in geology (Qian, 2014; Zhao
et al., 2017; Sanchez et al, 2018). The basic principle of the
'C dating technique is to calculate the age of a sample according
to the decay rate of '*C atoms in the sample. Every living
organism on Earth is involved in the exchange of carbon
dioxide, and '*C is present. Once an organism dies, there is
no replacement of '*C in the organism, and its original '*C

Normal Faults Vertical Slip Rates

concentration decreases exponentially over time. During sample
dating, the age of biological death is calculated based on the
existing "*C content of the sample to determine the age of the
sample (Gao et al., 2004). Sample preparation methods were as
follows: first, a proper amount of samples was taken, and roots,
leaves and other plant residues and carbon fragments were
selected. The second step was to put the selected loose samples
into a 15 ml centrifuge tube and stir them with dilute sulfuric acid
to remove inorganic carbonate. The third step was to add 2% Na
OH solution to remove humic acid and clean the sample until
neutral. The fourth step was to dry the sample at a constant
temperature of 55°C and grind and wrap it for testing (Tao, 2020).

4 RESULTS

4.1 Fault Displacements and Slip Rates

Along the Sertengshan Piedmont Fault
4.1.1 Piedmont Terrace Ages

The sedimentary strata of the Sertengshan piedmont terrace are
mainly alluvial-diluvial sand and gravel layers and yellow-green
lacustrine layers (Figure 3D). According to the dating data of the
terrace strata, the age of the yellow—green lacustrine layer top is
approximately 70 ka (Figure 3B). Chen et al. (2008) dated the top
of the lacustrine layer in the HTS4 borehole to 71.90 + 7.34 ka,
which is similar to the dating results in this paper in the front
terrace. As is apparent from Supplementary Table S1, the
sedimentary age of the lacustrine layer in the T3 terrace is
between 50 and 70 ka. The sedimentary age of the T2 terrace
lacustrine layer is between 20 and 40 ka. The age of the T1 terrace
sedimentary strata is approximately 10 ka, and the sedimentary
strata are mainly interbedded with clay and gravel. The age of the
clay layer on the T1 terrace in northeastern Wujiahe town is 9.29 +
1.11 ka (Figure 3A). The sedimentary strata on the T1 terrace in
northern Dongquanzicun are mainly composed of sand and gravel
layers, and the two OSL ages are 8.32 + 0.96 ka and 9.79 + 1.44 ka.
Moreover, several faults can be found in the outcrop. The faults
may extend to the surface (Figure 3C). Liu et al. (2014) carried out
OSL dating of sedimentary strata in the Hetao Basin through
drilling. We used the QK3 borehole, which had complete
stratigraphic ages, as the standard borehole for comparison.
According to the selection basis of marker strata, the
yellow-green lacustrine top was regarded as the marker strata,
and the upper and lower stratigraphic sequences are completely
different, with obvious characteristics. Therefore, the late
Pleistocene slip rate could be calculated based on the
displacement and age of the lacustrine strata, while the
Holocene slip rate could be calculated based on the Holocene
stratigraphic thickness and T1 terrace height within the basin.

4.1.2 Vertical Slip Displacement of the Sertengshan
Piedmont Fault

The multistage activities of the Sertengshan piedmont fault resulted
in the formation of a multistage terrace, and the height of each
terrace reflects the uplift height of the footwall of the faults in
different periods. According to the RTK measurement results, the
height of terraces in front of Sertengshan was calculated in this

Frontiers in Earth Science | www.frontiersin.org

March 2022 | Volume 10 | Article 816922


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

Xu et al.

Normal Faults Vertical Slip Rates

9.79+1. 44 ka

o

and (D) northeastern Dashetai town (looking SE).

FIGURE 3 | Typical sampling points and ages in (A) northeastern Wuijiahe town (looking SE); (B) Xiliuguanzixi (looking NW); (C) northern Dongquanzi (looking W);

NN

(8| 72.05+9. 76 kal@UW

'
£

paper. The results are shown in Supplementary Table S2.
Supplementary Figures S1-S3 show geological maps of the
terraces associated with the Langshankou segment, Honggicun
segment and Kuluebulong segment.

As shown in Supplementary Table S2, the height of T1 terrace
is approximately 7 m. Some of T1 terrace is relatively low because
there are flood channels around it, and the height of terrace has
been reduced due to flood erosion. The height of T2 terrace is
approximately 14 m, the height of T3 terrace is approximately
26 m, and the height of T4 terrace is approximately 40 m. The
Wujiahe segment and Honggicun segment of the Sertengshan
piedmont fault have more fourth-grade terraces and higher
terraces, while the Kuluebulong segment and Dashetai segment
have more developed third-grade terraces. Because the progression
and height of the terrace can reflect the relative strength of activity
of each segment, the activity of the Wujiahe and Hongqgicun
segments is the strongest, that of the Kuluebulong segment is
weak, and that of the Dashetai segment is the weakest.

To obtain the displacement of the hanging wall, we used the
borehole data of the Hetao Basin for comparative analysis. The
stratigraphic age of the Hetao Basin is based on the age of QK3
(Liu et al., 2014). Boreholes VI-3 and QK3 are close to each other,
so it can be considered that the sedimentary sequences of the two

boreholes are similar. We describe the lithology of borehole VI-3
in Supplementary Table S7. According to the borehole lithologic
profile, it can be found that the Holocene strata are gravel layer
and clay sand layer, and the Holocene strata in VIII-1 and VIII-1
are mainly fine sand layer and clay sand layer, indicating that the
sedimentary environment in this area is relatively stable. In the
four boreholes Zh18, Zk3, Zké6 and Zk7, the Holocene strata are
relatively fine, with sand and gravel layers in the middle,
indicating that the formation was formed under the
interaction of strong flowing water and static water
environment. The strata of VI-1, H12 and H141 are all gravel
beds since 65 ka in the late Pleistocene, indicating that these three
places have strong activity and strong flowing water environment.
Due to the inhomogeneity of the activity of piedmont fault zone
in space, the elevation of the top of lacustrine layer in the borehole
is different, and the thickness of sedimentary strata is different in
different time periods. According to the lithologic characteristics
of each borehole and the selection principle of marker strata, we
select the top of silt layer, clay sand layer and yellow-green fine
sand layer as the top of lacustrine layer (Figure 4A). The ancient,
large Jilantai-Hetao lakes existed from 50 to 60 ka (Chen et al.,
2008). According to the borehole data on the Hetao Basin, the age
of the top of the lacustrine layer is approximately 65 ka.
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FIGURE 4 | (A) Column diagram of boreholes in front of Sertengshan; (B) Column diagram of boreholes in front of Wulashan; (C) Column diagram of boreholes in
front of Dagingshan.

4.1.3 Slip Rate of the Sertengshan Piedmont Fault the measured terrace height, to calculate the displacement of the
According to the displacement calculation method, we used the  fault. Figure 5A shows the elevation distribution of the terraces and
above data from nine boreholes, combined with the RTK data and ~ boreholes. Based on these data and the elevation of the 65.0 + 3.2 ka
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surface of the lacustrine layer top in the borehole, the displacement
ranges of the Sertengshan piedmont fault since the late Pleistocene
can be calculated for different places. The displacement was
calibrated according to the distance L between the borehole and
the terrace and the dip angle a of the marker strata.

Table 1 shows the displacement at the nine measuring points
since 65.0 + 3.2 ka in the late Pleistocene, and the displacement h of
each measuring point is as follows: 113.7 m in Fanrong, 94.2 m in
Fengyucun, 102.6 m in Tongyilong, 117.4 m in Wujiahe, 108.2 m
in Honggicun, 63.5m in Wubulangkou, 57.6m in northern
Delingshan, 61.1m in Xishuiquancun and 482 m in
Kuluebulong. The average slip rates are 1.75 mm/a in Fanrong,
1.45 mm/a in Fengyucun, 1.58 mm/a in Tongyilong, 1.81 mm/a in
Woujiahe, 1.66 mm/a in Honggicun, 0.98 mm/a in Wubulangkou,
0.89 mm/a in northern Delingshan, 0.94 mm/a in Xishuiquancun,
and 0.74 mm/a in Kuluebulong. The Fanrongcun measuring point
is located at the westernmost end of the Sertengshan piedmont
fault. According to the trend of fault activity, its slip rate should be
low, but in fact, its slip rate is high, which may be related to its
proximity to the Langshan piedmont fault.

The stratigraphic thickness since the start of the Holocene
cannot be determined by the sedimentary strata in three
boreholes (VIII-1, H125 and H141), which may lead to errors
in the correlation of marker strata. In addition, the Holocene
strata are mainly alluvial-diluvial strata, so it is impossible to
correct the vertical displacement of the Holocene marker strata
for all boreholes according to the dip angle of the strata. A
borehole without correction of Holocene displacement gives the
maximum displacement amplitude during the Holocene. Table 1
lists the displacement ranges in the Holocene at six measuring
points. The displacement at each measuring point is 17.7 m in
Fanrongcun, 20.6 m in Fengyucun, 10.5m in Wubulangkou,
24.4m in northern Delingshan, 12.6 m in Xishuiquancun and
222 m in Kuluebulong. The corresponding average slip rates
during the Holocene are 1.48 mm/a in Fanrongcun, 1.72 mm/a in
Fengyucun, 0.86 mm/a in Wubulangkou, 2.03 mm/a in northern
Delingshan, 1.05mm/a in Xishuiquancun, and 1.85mm/a in
Kuluebulong. In the Tongyilong, Wujiahe and Hongqicun
boreholes, the Holocene stratigraphic boundary cannot be
clearly demarcated, but according to the slip rate since the late
Pleistocene, the Holocene stratigraphic  thickness is
approximately 15m in the Tongyilong, approximately 18 m in
Woujiahe, and approximately 16 m in Hongqicun. Considering
the elevation of the borehole and terrace, the average slip rates at
Tongyilong, Wujiahe and Honggicun during the Holocene are
approximately 2.03, 2.28 and 1.86 mm/a, respectively.

4.2 Fault Displacements and Slip Rates

Along the Wulashan Piedmont Fault

4.2.1 Elevations and Stratigraphic Ages of the
Piedmont Terrace

To analyse the characteristics of the piedmont terrace of
Wulashan, we conducted a field exploration (Figure 6). Due
to the lack of data along the Wulateqianqi segment, we
summarized the elevations and ages of terraces around the
other two segments. Among them, the T1 terrace from

Normal Faults Vertical Slip Rates
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FIGURE 5 | (A) Elevation distribution of the boreholes and terraces in
Sertengshan; (B) elevation distribution of the boreholes and terraces in
Waulashan; (C) elevation distribution of the boreholes and terraces in
Dagingshan.

Gongmiaozi to Heshunzhuang is not well developed, the
yellow-green sand layer with horizontal bedding is exposed on
the front edge of the terrace in some sections, and the elevation of
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TABLE 1 | Vertical displacement of the Sertengshan piedmont fault.

Normal Faults Vertical Slip Rates

Location Fanrong Fengyu Tongyilong Wujiahe Honggicun Wubulangkou Delingshan Xishuiquan Kuluebulong
Borehole VI-1 VII-1 VIl-1 H125 H141 ZH18 ZK3 ZK6 ZK7
T3 elevation (M) 1,062.5 1,060.4 1,063.0 1,064.0 1,060.0 1,061.0 1,068.0 1,060.0 1,058.0
T1 elevation (m) 1,042.5  1,042.0 1,045.0 1,045.5 1,043.3 1,041.0 1,061.0 1,043.2 1,043.0
Wellhead elevation (m) 1,040.6  1,036.2 1,035.6 1,036.1 1,037.0 1,037.3 1,055.7 1,039.8 1,036.4
Elevation of the Holocene series inthe  1,017.9  1,021.4 — - - 1,030.5 1,035.2 1,026.2 1,018.2
footwall (m)

Vertical displacement of the Holocene 24.6 20.6 - — 10.5 25.8 17.0 24.8
series (M)

Holocene vertical displacement after 17.7 — - — — 24.4 12.6 222
correction (m)

Elevation of the top of the lacustrine 941.9 942.3 942.6 925.0 947.6 984.1 1,009.0 994.5 1,007.2
strata (m)

Displacement of the stratigraphic 120.6 118.1 120.4 139.0 112.4 76.9 59.0 65.5 50.8
marker strata since 65 ka (m)

Vertical displacement after 113.7 94.2 102.6 117.4 108.2 63.5 57.6 61.1 48.2

correction (m)

(NE), and (D) Huhe Braggol Holocene stratigraphic section.

FIGURE 6 | (A) Holocene stratigraphic section in Shaota (NW), (B) Hademengou diluvial fan stratigraphic section, (C) East Kundulun River stratigraphic section

the terrace is 1,022-1,035 m. T2 is a pedestal terrace with granite
gneisses in the basement and fluvial and lacustrine conglomerate
in the upper part. It forms a continuous belt along the Wulashan
piedmont fault with an elevation of 1,060-1,100 m. The T3
terrace is distributed intermittently in front of Wulashan, and
the elevation is approximately 1,135m. (dos Massif, 1988;
Institute of Crustal and Dynamics and China Earthquake
Administration, 2013; Research Group of Active Fault System
around Or).

There have been many studies on the formation age of the
terrace (Supplementary Table S3). Based on the analysis of the
dating results of the samples collected in this work, we

preliminarily determined that the formation age of the T1
terrace was the early Holocene, approximately 7-12 ka; the T2
terrace formed in the late Pleistocene, approximately 30-40 ka;
and the T3 terrace formed in the middle of the latest Pleistocene,
approximately 50-60 ka (He et al., 2020).

4.2.2 Vertical Slip Displacement of the Wulashan
Piedmont Fault

To accurately determine the relative heights of the terraces, large-
scale topographic maps of Xishanzui, Gongmiaozi, Dalagou,
Meigeng, Hayehutong, Hademen and other places were produced
with GPS RTK. The relative heights of various terraces along the
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Woulashan piedmont fault are listed in Supplementary Table S4.
Supplementary Figures S5-S7 show the topographic maps and
terrace data around Heshunzhuang, Hayehuutong and Dabagou.

To calculate the vertical displacement amplitude at each fault
point, in this paper, large-scale GPS RTK-based topographic
maps and borehole locations were used to estimate the
corresponding elevations of T1 and T3 in Dongerjugou,
Nailinggou, Santaobagou and Hademen. The results show that
the elevations of T1 and T3 in Dongerjugou are 1,028.6 and
1,114.5m, respectively. The elevations of Tl and T3 in
Nailinggou are 1,040 and 1,150m, respectively. In
Sandaobagou, the elevation of T1 is 1,050 m, and the elevation
of T3 is 1,140 m. In Hademen, the elevation of T1 is 1,045 m, and
that of T3 is 1,120 m.

To obtain the displacement of the Wulashan piedmont fault,
four boreholes in the hanging wall of the fault are used for
comparative analysis (Figure 4B). According to Figure 4B, the
Holocene strata in the four boreholes are mainly gravel, coarse
sand, clay and clay sand. The Bao6 borehole is mainly sand and
gravel layer, indicating that the sedimentary environment of the
borehole is strong flowing water. The clay layer in C11 and CO02 is
overlying the sand and gravel layer, which indicates that the
sedimentary environment tends to be stable in this period. The
coarse sand layer and gravel layer in the uppermost layer are the
result of alluviation. The Holocene strata of CKB33 are mainly
coarse sand and clay sand, indicating that the sedimentary
environment is relatively stable. The top of lacustrine layer of
the four boreholes is the top of silt and sandy silt layer, with an
elevation of 900-1000 m, which is close to the top of lacustrine
layer of the boreholes in Dagingshan and Sertengshan. A great deal
of work has been performed to date the terrace in front of
Woulashan; the age of the T1 terrace is approximately 10-12 ka,
and that of the T3 terrace is approximately 60 ka. According to the
analysis of the piedmont boreholes in Daqingshan and
Sertengshan, the ages of the top of the lacustrine layer are 65 *
3.2ka and 57.32 + 5.12 ka, respectively, which are in the same
period. Although the borehole on the hanging wall of the fault lacks
chronological information, it belongs to the northern margin of the
Hetao fault system and is located on the northern margin of the
ancient lake. Therefore, it can be inferred that the age of the top of
the lacustrine layer in the borehole on the southern side of the
Woulashan piedmont fault is approximately 60 ka.

4.2.3 Slip Rate of the Wulashan Piedmont Fault
Figure 5B shows the elevation distribution of the terrace and
borehole. Based on the elevation of the T3 terrace and the
lacustrine layer in the borehole, the displacement of each
measuring point can be calculated since the late Pleistocene.
The displacement was calibrated according to the distance L
between the borehole and the terrace and the dip angle & of the
marker strata (Table 2).

Table 2 shows the displacement at four measuring points in
the latest Pleistocene. Since the latest Pleistocene (60 ka), the
displacement h at each measuring point is as follows: 145.3 m in
Dongerjugou, 186.8 m in Nailinggou, 153 m in Sandaobagou and
128.24 m in Hademen. The corresponding average slip rates are
242mm/a in Dongerjugou, 3.11/a in Nailinggou, 2.55/a in

Normal Faults Vertical Slip Rates

Sandaobagou and 2.14 mm/a in Hademen. Dongerjugou is
located in the Gongmiaozi segment. In western Dongerjugou,
the slip rate cannot be calculated due to the lack of borehole data.
Analysis of the Heshunzhuang-Baotou segment shows that the
fault slip rate has been decreasing from west to east since the late
Pleistocene (60 ka).

Similar to the Holocene strata near Sertengshan, the Holocene
strata in the basin on the southern side of Wulashan are mainly
alluvial and diluvial. However, the Holocene strata in the borehole
are easy to distinguish, so the displacement of Holocene marker
strata can be corrected. The displacements at the four Holocene
measuring points in Table 2 are 21.5 m in Dongerjugou, 29.5 m in
Nailinggou, 34 m in Sandaobagou and 22.4 m in Hademen. The
corresponding Holocene slip rates are 1.84 mm/a in Dongerjugou,
252mm/a in Nailinggou, 291 mm/a in Sandaobagou, and
1.91 mm/a in Hademen. Different from the late Pleistocene slip
rate, the Holocene slip rate increases from west to east, but the slip
rate is relatively small. The activity of the Wulashan piedmont fault
since the late Pleistocene is stronger than that during the Holocene.

4.3 Fault Displacements and Slip Rates

Along the Daqingshan Piedmont Fault

4.3.1 Vertical Slip Displacement of the Dagingshan
Piedmont Fault

Since the late Pleistocene, the Dagingshan piedmont fault has
formed three stages of terraces in the piedmont. The T1 terrace is
an accumulative terrace, and the front of the terrace is a Holocene
fault scarp. The T2 and T3 terraces are pedestal terraces (The
Institute of Crustal and Dynamics and China Earthquake
Administration, 1994) carried out research, including 1:50000
geological mapping, on the active Dagingshan piedmont fault and
collected thermoluminescence (TL) age samples to determine the
formation age of the terrace. The dating results suggest that the
formation age of the T3 terrace was late Pleistocene. The age of
the T1 terrace is approximately 11ka, indicating Holocene
formation. Therefore, the elevations of the T3 terrace and T1
terrace of the Daqingshan piedmont fault were used as marker
elevations to calculate the vertical displacement of the
Dagingshan piedmont fault in the late Pleistocene and Holocene.

In this paper, according to the measurement results of
previous studies, the elevations of the T1 and T3 terraces in
the Daqingshan piedmont fault were collected, and the results are
shown in Supplementary Table S5.

As shown in Supplementary Table S5, the T3 terrace is
continuously distributed along the Daqingshan piedmont fault
and is largely complete. The relationship between the T2 and T3
terraces is erosional, and the development is discontinuous along
the front of Daqingshan. T1 terraces are relatively well developed
in the western segment of Tuyouqi and the western segment of
Tuzuoqi, but the T1 and T2 terraces are not well developed in
eastern Bikeqi.

To obtain the elevation of the maker strata in the hanging wall,
we used boreholes in the Hetao Basin to carry out a comparative
analysis. Because borehole VIII-3 is close to ZK2, it can be
considered that the sedimentary sequences of the two
boreholes are similar. Supplementary Table S21 shows the
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TABLE 2 | Vertical displacement of the Wulashan piedmont fault.

Location

Borehole

T3 elevation (m)

T1 elevation (M)

Wellhead elevation (m)

Elevation of the Holocene series in the footwall (m)

Vertical displacement of the Holocene series (m)

Holocene vertical displacement after correction (m)

Elevation of the top of the lacustrine strata (m)

Displacement of the stratigraphic marker strata since 65 ka (m)
Vertical displacement after correction (m)

Normal Faults Vertical Slip Rates

Dongerjugou Nailingou Sandaobagou Hademen
C11 Co2 CKB33 Bao6
1,114.5 1,150 1,140 1,120
1,028.5 1,040 1,050 1,045
1,026.1 1,024.4 1,036.9 1,040.9
998 1,005 1,014 1,011
30.5 35 36 34
21.5 29.5 34 22.4
947 935 985 980
167.5 215 155 140
145.3 186.8 153 128.24

lithology of borehole VIII-3. Supplementary Figure S7 shows
field photographs and a lithologic histogram for borehole ZK2.
Figure 4C shows 7 borehole lithologic profiles of Daqingshan
piedmont fault. The Holocene strata in Sa4 are mainly sandy clay
layers, indicating that the sedimentary environment is relatively
stable. The Holocene strata in the five boreholes Tk7, Ts19, VIII-1,
Tk27 and TS67 are mainly gravel and middle coarse sand, with
large grain size, indicating that they were formed under the action
of strong water flow. The upper part of the |I-1 is composed of fine
sand and silty clay, and the lower part of it is composed of sand
and gravel, indicating that the sedimentary environment in the
late Holocene was relatively stable after the strong flowing water.
The top of lacustrine layer from Sa4 to Zk27 is silt layer or sandy
silt layer. The top of yellow-green sand layer is selected as the top
of lacustrine layer in Ts67 and II-1.

The ages from borehole ZK2 were adopted. The age of the top
of the lacustrine layer is approximately 58 ka, and the age of the
bottom of the Holocene layer is approximately 11 ka.

4.3.2 Slip Rate of the Dagingshan Piedmont Fault
Figure 5C shows the elevation distribution of the terrace and
borehole at 7 measuring points, and the displacement h at each
measuring point since the late Pleistocene (57.32 + 5.12 ka) is as
follows: 19521 m in Maliu, 145m in Shangdalai, 186 m in
Zhuergou, 187.98m in Dagqi, 188.15m Shibaoqi, 225m in
Huozhai and 198.89m in Yaojiawan (Table 3). The
corresponding average slip rates are as follows: 3.37 mm/a in
Maliu, 2.50mm/a in Shangdalai, 3.21 mm/a in Zhuergou,
324mm/a in Dagi, 3.25mm/a in Shibaigi, 3.88 mm/a in
Huozhai, and 3.43 mm/a in Yaojiawan. Due to the lack of
borehole data in the Baotou segment of the Daqingshan
piedmont fault, the vertical slip rate has not been measured.
However, according to the slip rates measured at seven measuring
points, the average slip rate of the Daqingshan piedmont fault has
no obvious regularity in terms of spatial distribution. Wu et al.
(1996) calculated the average slip rates along the Baotou segment
of the Daqingshan piedmont fault, with those in Wudangou
(4.49 mm/a) and Wanshuiquan (2.61 mm/a) being consistent
with those in this study.

The Holocene strata in the borehole are easy to distinguish, so
the displacement of Holocene marker strata can be corrected. Due
to the lack of the T1 terrace in the Hohhot segment of the
Dagingshan piedmont fault, the vertical displacement cannot be
calculated. Therefore, we use only six measuring points to

calculate the Holocene vertical displacement. The h at each
measuring point is as follows: 26.21 m in Maliu, 31 m in
Shangdalai, 27 m in Zhuergou, 19.58 m in Dagqi, 31.15m in
Shibaogi and 27 m in Huozhai. The corresponding average
slip rates are 2.37 mm/a in Maliu, 2.82 mm/a in Shangdalai,
245mm/a in Zhuergou, 1.78 mm/a in Dagqi, 2.83 mm/a in
Shibaogi, and 2.45 mm/a in Huozhai.

5 DISCUSSION

5.1 Interpretation of Fault Slip Rate and
Revelation of Seismic Hazard Along the

Northern Margin of the Hetao Basin

Much work has been conducted on the slip rates of faults along
the northern margin of the Hetao Basin. However, the calculation
of fault slip in this region has been simplified. In the 1990s, the
state seismological bureau organized the study entitled “1:50000
Geological Mapping and Comprehensive Research of Langshan-
Sertengshan Piedmont Fault.” For the Sertengshan piedmont
fault, the calculated maximum slip rate since the late
Pleistocene was 3.6 mm/a, and the calculated slip rate during
the Holocene was 2.2 mm/a (Institute of Crustal and Dynamics
and China Earthquake Administration, 1994). Ma et al. (1998)
divided the piedmont terrace of Wulashan into high terrace and
low terrace areas. They believed that the relative height of the high
terrace areas represents the uplift displacement of the fault since
the late Pleistocene and that of the low terrace areas represents the
uplift displacement of the fault during the Holocene. Based on the
relative height and thermoluminescence dating data of the high
and low terraces, the uplift rate of the fault footwall is 0.5-2 mm/a
since the late Pleistocene and 0.4-1.0 mm/a during the Holocene.
Wu et al. (1996) obtained the displacement of the fault in the
latest Pleistocene by comparing the footwall terrace of the
Daqingshan piedmont fault with the corresponding marker
strata in a borehole in the hanging wall; they then obtained
the corrected displacement as the vertical displacement of the
fault according to the dip angle of the marker strata. According to
the thermoluminescence age data of the terrace, the vertical slip
rate of the fault since the latest Pleistocene is 2.61-4.49 mm/a. To
approximate the Holocene displacement, the free-face ratio of
height to the distance between the upper and lower fault scarps is
calculated, and the vertical slip rate of the fault during the
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TABLE 3 | Vertical displacement of the Dagingshan piedmont fault.

Normal Faults Vertical Slip Rates

Location Maliu Shangdalai Zhuergou Daqi Shibaoqi Huozhai Yaojiawan
Borehole Sad TK7 TS19 VII-1 TK27 TS67 -1

T3 elevation (M) 1,128 1,120 1,154 1,143 1,150 1,155 1,170
T1 elevation (m) 1,039 1,056 1,083 1,052 1,058 1,112

Wellhead elevation (m) 1,014 1 1,011 1,078 1,030.7 1,054.4 1,109.7 1,108.21
Elevation of the Holocene series in the footwall (m) 1,008 980 1,048 1,020 1,015 1,080 —
Vertical displacement of the Holocene series (m) 31 76 35 32 43 32 —
Holocene vertical displacement after correction (m) 26.21 31 27 19.58 31.15 27 —
Elevation of the top of the lacustrine strata (m) 928 930 960 942.6 950 925 952.21
Displacement of the stratigraphic marker strata since 65 ka (m) 200 190 194 200.4 200 230 217.79
Vertical displacement after correction (m) 195.21 145 186 187.98 188.15 225 198.89
Holocene is 0.37-1.72 mm/a. The Langshan piedmont fault is  Prescott, 1981; Schulz et al, 1982; Lee et al, 2001;

located on the northwestern margin of the Hetao Basin. Much
work has been conducted on the fault activity of the Langshan
piedmont fault. The fault dislocated the bottom layer of the
Holocene and forced the Yellow River to migrate southward
in modern times, with a vertical slip rate of 0.47-2.2 mm/a in the
Holocene (Sun et al., 1990; Deng et al., 1999). He et al. (2014)
inferred that the uplift rate since 47.4 ka was 0.81-1.8 mm/a by
studying typical profiles of terraces along the Langshan piedmont
fault. He et al. (2015) conducted a systematic study on ten debris
flow gullies in the central and southern parts of the region,
combined with an assessment of tectonic movement, and
concluded that the uplift rate of the middle segment of the
Langshan piedmont fault was 2.8mm/a. (Dong, 2015)
excavated multiple trenches in the Langshan piedmont fault
and concluded that the vertical slip rate of Qingshan town was
1.33-1.44 mm/a in the Holocene. However, we believe that the
vertical slip rate estimated based on the dislocation of the same
strata in trenches or terrace elevations are not representative of
the entire fault, and the calculated rate is too small. Liang (2019)
re-estimated the vertical slip rate of the Langshan piedmont fault
since the late Pleistocene based on the throw between the top of
the same lacustrine strata on both sides of the fault and concluded
that the vertical slip rate of the Langshan piedmont fault since the
late Pleistocene was 1.8-3.2 mm/a, which is more accurate.

In previous studies of the fault slip rate on the northern margin
of the Hetao Basin, calculations were mostly based on the uplift
rate of the faults. In addition, the calculation of the fault uplift rate
by directly using terrace height and age without considering the
influence of terrace sedimentary cover will lead to inaccurate
results. Moreover, due to the limitations of dating technology,
thermoluminescence dating is the most common method to
obtain age estimates. The dating accuracy of this method is
lower than that of OSL dating. These limitations lead to the
underestimation of fault activity and earthquake risk. Most
previous studies calculated the slip rates of faults by the
cumulative dislocation of palaeoseismic events in profiles and
troughs but did not consider the creep slip rate of faults between
ruptured earthquakes. Studies have shown that long-term
deformation monitoring across faults using high-precision
measurement arrays, such as short-range leveling, short
baseline and creep meter surveys, is an effective method for
obtaining the current activity mode and behaviour of faults
(Savage et al., 1979; Bevis and Isacks, 1981; Lisowski and

Lienkaemper et al, 2001,2013, 2014; Du et al., 2010; Zhang
et al,, 2018). Yang et al. (2021) analysed the activity of the
Kouzhen-Guanshan fault in the Weihe Basin from the late
Quaternary to the present based on field investigation results
and cross-fault deformation data and concluded that the vertical
creep rate of the eastern segment of the fault is 1.56 mm/a,
suggesting that a long period of cross-fault deformation
monitoring is needed to thoroughly study the activity of a
fault. The Hetao Basin and Weihe Basin in this study area
both fault-controlled basins around the Ordos block, and their
fault activity models are similar. Therefore, we believe that the
vertical slip rates of these normal faults constrained by terraces
and boreholes consist of both seismic stick-slip and interseismic
creep slip rates. Considering the monitoring data of cross-fault
deformation in the study area, we will further study the fault creep
rates of the faults in the future.

The vertical displacement calculated in this paper by using the
marker strata of the borehole and terrace can represent the real
displacement of the fault and is not affected by the surface sediment
cover. Therefore, the calculated vertical slip rate is the complete
vertical slip rate of the fault, which can provide support for
evaluating the seismic hazard of the fault. In addition, the
vertical slip rates obtained in this paper include the interseismic
creep slip rates of the faults, which will be further studied.

Table 4 shows that since 65ka in the late Pleistocene, the
average slip rates of the three segments of the Sertengshan
piedmont fault are 1.65mm/a in the Langshankou segment,
1.32mm/a in the Honggicun segment and 0.86 mm/a in the
Kuluebulong segment, showing a decreasing trend from west to
east. Since the late Pleistocene (60 ka), the average slip rates of the
two segments of the Wulashan piedmont fault have been 2.42 mm/
a in the Gongmiaozi segment and 2.6 mm/a in the eastern Baotou
segment. The average slip rates of the segments show an increasing
trend from west to east. Since the late Pleistocene (58 ka), the
average slip rates of the four segments of the Daqingshan piedmont
fault are as follows: 3.37 mm/a in the Tuyouxi segment, 2.50 mm/a
in the Tuzuoxi segment, 3.40 mm/a in the Bikeqi segment and
3.43 mm/a in the Hohhot segment. Among them, the average slip
rate in the Bikeqi segment is the highest, and that in the Tuzuogi
segment is the lowest. Moreover, the maximum and minimum slip
rates at each measuring point also appear in the Bikeqi segment
and the Tuzuoxi segment, respectively. The vertical slip rate at each
measuring point in the Bikeqi segment presents an increasing trend
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TABLE 4 | Comparison of late Pleistocene slip rates of active faults on the northern margin of the Hetao Basin.

Name of Segment Measuring point Vertical slip Average slip Average slip
the fault rate at rate of rate of
the point the segment the fault
Sertengshan piedmont fault Langshankou segment Fanrong 1.75 1.65 1.28
Fengyu 1.45
Tongyilong 1.58
Wujiahe 1.81
Hongaicun segment Hongaicun 1.66 1.32
Wubulangkou 0.98
Kuluebulong segment Delingshan 0.89 0.86
Xishuiquan 0.94
Kuluebulong 0.74
Waulashan piedmont fault Gongmiaozi segment Dongerjugou 2.42 242 2.51
Baotou segment Nailingou 3.1 2.6
Sandaobagou 2.55
Hademen 214
Dagingshan piedmont fault Tuyouxi segment Maliu 3.37 3.37 3.34
Tuzuoxi segment Shangdalai 2.50 2.50
Bikeqi segment Zhuergou 3.21 3.40
Daqi 3.24
Shibaoqi 3.25
Huozhai 3.88
Hohhot segment Yaojiawan 3.43 3.43

from west to east. By comparing the average slip rates of the three
faults since the late Pleistocene, it can be found that the average slip
rate of the Dagingshan piedmont fault is the highest (3.34 mm/a),
and the average slip rate of the Sertengshan piedmont fault is the
lowest (1.28 mm/a). According to the spatial distribution of the
three faults on the northern margin of the Hetao Basin, the activity
of the three active faults increases from west to east.

Table 5 shows that since 12 ka, the average slip rates of the three
segments of the Sertengshan piedmont fault are 1.88 mm/a
(Langshankou segment), 1.36 mm/a (Honggicun segment) and
1.64 mm/a (Kuluebulong segment), showing no obvious spatial
pattern. The average slip rates of the two segments of the Wulashan
piedmont fault are 1.84 mm/a in Gongmiaozi and 2.45 mm/a in
Baotou, showing an increase from west to east. Since 11 ka, the
average slip rates of the three segments of the Dagqingshan
piedmont fault are 237mm/a in the Tuyouxi segment,
2.82 mm/a in the Tuzuoxi segment and 2.38 mm/a in the Bikeqi
segment. The average slip rate of each segment increases from west
to east. By comparing the average slip rates of three active faults on
the northern margin of the Hetao Basin, it can be found that since
the Holocene, the average slip rate of the Dagingshan piedmont
fault is the highest (2.45mm/a), and that of the Sertengshan
piedmont fault is the lowest (1.68 mm/a). Similar to that during
the late Pleistocene, the activity of the three faults during the
Holocene increases from west to east.

By comparing Tables 4, 5, it can be found that the average slip
rate of each segment of the Sertengshan piedmont fault since the
late Pleistocene is less than that during the Holocene; that is, the
fault activity of the Sertengshan piedmont fault increased from
the late Pleistocene to the Holocene. The average slip rates of the
Dagingshan piedmont fault and Wulashan piedmont fault since
the late Pleistocene are greater than those during the Holocene;
that is, the fault activity of the Daqingshan piedmont fault and

Woulashan piedmont fault decreased from the late Pleistocene to
the Holocene.

Table 6 summarizes the elapsed time and mean recurrence
interval of the last palaeoseismic event of the main active fault
segments in the Hetao fault zone. By consulting the recurrence
characteristics of palaeoearthquakes and the vertical slip rates
obtained in this paper, it can be found that in the Langshankou
and Honggqicun segments of the Sertengshan piedmont fault, the
elapsed time since the latest earthquake is close to or longer than the
recurrence interval and that the activity of the fault segments
increased from the late Pleistocene to the Holocene, suggesting
that the future seismic risk of the two fault segments is high. In
contrast, the elapsed times of the Kuluebulong and Dashetai segments
are less than the average recurrence interval, and the late Pleistocene-
Holocene fault segments are not currently active, so we can conclude
that the Kuluebulong and Dashetai segments will have low
earthquake risk in the future. It is difficult to estimate the seismic
risk along the Wulategiangi segment of the Wulashan piedmont fault
because of the lack of a complete palaeoearthquake sequence and
earthquake recurrence interval. However, the elapsed time since the
last palaeoearthquake in the Baotou segment is close to the average
recurrence interval, and the slip rate is high, so the possibility of future
earthquakes is high. In addition, the elapsed time since the last
palacoearthquake in the Gongmiaozi segment is far less than the
average recurrence interval, and the slip rate of the fault segment is
not high, so the risk of future earthquakes is low. Among the fault
segments of the Daqingshan piedmont fault, the characteristic
earthquake recurrence interval and slip rate of the Baotou
segment were not obtained, so it is difficult to estimate the
seismic risk for this segment. Although the elapsed time since the
latest palacoearthquake in the Tuyouxi segment is less than the
recurrence interval, the slip rate of this fault section is high, so the
seismic risk of this segment cannot be ignored. In addition, the
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TABLE 5 | Comparison of the Holocene slip rates of active faults on the northern margin of the Hetao Basin.

Name of
the fault

Sertengshan piedmont fault

Waulashan piedmont fault

Dagingshan piedmont fault

Segment

Langshankou segment

Honggicun segment

Kuluebulong segment

Gongmiaozi segment
Baotou segment

Tuyouxi segment
Tuzuoxi segment
Bikeqi segment

Hohhot segment

Normal Faults Vertical Slip Rates

Measuring point Vertical slip Average slip Average slip
rate at rate of rate of

the point the segment the fault

Fanrong 1.48 1.88 1.68

Fengyu 1.72

Tongyilong 2.03

Wuijiahe 2.28

Hongaicun 1.86 1.36

Wubulangkou 0.86

Delingshan 2.03 1.64

Xishuiquan 1.05

Kuluebulong 1.85

Dongerjugou 1.84 1.84 2.30

Nailingou 2.52 2.45

Sandaobagou 2.91

Hademen 1.91

Maliu 2.37 2.37 2.45

Shangdalai 2.82 2.82

Zhuergou 2.45 2.38

Daqi 1.78

Shibaogi 2.83

Huozhai 2.45

Yaojiawan

TABLE 6 | The elapsed time since the last palaeoseismic event and mean earthquake recurrence interval for segments along the northern margin of the Hetao Basin.

Name of the fault

Sertengshan piedmont fault

Wulashan piedmont fault

Dagingshan piedmont fault

Segment

Langshankou segment

Honggicun segment
Kuluebulong segment
Dashetai segment

Wulategiangi segment

Gongmiaozi segment
Baotou segment

Baotou segment
Tuyouxi segment
Tuzuoxi segment
Bikeqi segment

Hohhot segment

Elapsed Mean Data source
time (a B.P.) recurrence interval (a)
4190 + 250 4125 Chen (2002)
3250 + 250 4105 Chen (2002)
2320 4105 Zhang (2017)
3590 4093 He et al. (2018)
<17000 Previous study?®
1655 + 185 8533 Ran et al. (2003)
4130 + 78 4314 Chen (2002)
3390 + 2140 Ran et al. (2003)
1165 1788 He and Ma (2015)
>10,790 2948 + 560 Ran et al. (2003)
2867 + 679 2763 + 518 He (2006)
4500 + 230 2642 + 412 He (2006)

Anstitute of Crustal and Dynamics and China Earthquake Administration (2013).

elapsed times since the last palaecoearthquake in the Tuzuoxi, Bikeqi
and Hohhot segments are longer than the average recurrence
intervals, and the slip rates of those fault segments are high; thus,
we conclude that these three segments have high seismic risk.

5.2 Fault Slip Rate and Regional Tectonic
Dynamics Along the Northern Margin of the

Hetao Basin

The faulted basins around the Ordos block are considered to be the
common result of the westward subduction of the Pacific plate and the
collision between the Indian plate and Eurasian plate (Liu et al., 2004;
Northrup et al, 1995 Tian et al, 1992; Xu et al, 2019). The
sedimentary-tectonic evolution history of Cenozoic faulted basins
around the Ordos block and the shift in tensile stress direction clearly
record the remote effects of the convergence of different plates and

deep tectonothermal activity (Shi et al., 2020; Zhang et al., 2006; Zhu
et al, 2012). Zhang et al. (2019) stated that the remote effect of the
Indo-Eurasian plate collision and deep mantle upwelling induced by
Pacific subduction interacted in North China and jointly drove the
extensional deformation around the Ordos block. Deng et al. (1999)
proposed a dynamic model of the formation and evolution of the
Ordos block and its adjacent fault basins. They concluded that several
late Mesozoic to early Cenozoic uplift belts around the Ordos block
developed under NE-ENE compression of the Tibetan Plateau. On the
axis of these uplifts, the upper crust was subjected to secondary tensile
stress, easily resulting in ruptures. Once positive strike-slip faults or
normal faults began to occur along the rupture, they gradually
controlled the development of a series of fault basins. Thus, a
discontinuous shear-extensional fault basin belt composed of
multiple graben or half-graben basins formed. Furthermore,
isostatic adjustment occurred once a faulted basin or faulted basin
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FIGURE 7 | (A) Cenozoic floor isopath (km), thickness from (Li and Nie, 1987); (B) Quaternary floor isopach (km), thickness from (Research Group of Active Fault
System around Ordos Massif, 1988); (C) AA!, Cenozoic floor isopach profile in the Hetao Basin; BB', Quaternary isopach profile in the Hetao basin. The FD is the deep
fault below Dagingshan (Feng et al., 2015). The red arrow represents the upwelling of deep material below the fracture. The Moho surface depth comes from (Feng et al.,
2015) (D) Dynamic processes beneath the study area (modified from Teng et al., 2010); OB, Ordos block; HB, Hetao Basin; YM, Yinshan Mountains. The dotted
lineis the upper and lower crustal boundary of the WRR structure (Teng et al., 2010). LAB represents the lithosphere-asthenosphere boundary, and its depth comes from
(Chen et al., 2009; Huang et al., 2009). The region surrounded by the red dotted line represents the lower V region and heat region of the upper mantle; the red arrow
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FIGURE 7 | represents the upwelling of the upper mantle pushing the lower crust of the fluvial graben upwards; the yellow area is the area where the density decreases
after heating at the bottom of the lithosphere in the northern Ordos block; the orange area shows the ductile flow of the lower crust, which thickens the lower crust of the
Ordos block; orange also indicates a high Vp/vs. ratio; the red arrows in the thickened lower crust indicate the direction of ductile flow; and grey indicates thick
sedimentary basins beneath the Hetao Basin (Tian et al., 1992).
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FIGURE 8 | Modern regional tectonic stress field in the Hetao Basin.

belt began to form. Here, upwelling of deep material beneath thebasin ~ Basin has migrated from west to east during the Quaternary. In
played an important role (Figure 7D). Therefore, the combined action ~ addition, the depth of the Moho surface in the Hetao Basin varies
of the regional horizontal stress field and vertical force generated by ~ greatly, with obvious block characteristics. Overall, the crustal
deep material movement characterized the dynamic conditions  thickness gradually increases from east to west, consistent with its
associated with neotectonic activity in this area (Deng and You, 1985).  geological structural characteristics (Feng et al., 2015) (Figure 7C).
During the Cenozoic period, the Hetao Basin experienced heavy ~ The Yinshan range is mainly characterized by an upper mantle zone,
sedimentation, with the thickness of deposited sediments reaching  and two mantle zone centres have formed in the Langshan and
thousands of metres. Li and Nie (1987) estimated the thickness of the =~ Dagingshan areas. The crustal thickness of the Langshan area is
Cenozoic floor based on petroleum geology, hydrology and seismic ~ greater than that of the Dagingshan area, and in the Yinshan range,
data and field data (Figure 7A). In the Quaternary period, the the crustal thickness is thicker in the west and thinner in the east, as is
boundary faults of the Hetao Basin were highly active, and the the overall isobath (Yang et al., 2016). Feng et al. (2015) studied the
faulted basin was constantly subsiding. The depositional centre was ~ deep seismic reflection profile of this basin and found that a
always located near the piedmont fault in the north. According to  lithospheric deep fault was located beneath the Dagingshan
petroleum geology and seismic data, the thickness of the Quaternary ~ piedmont fault, which extended from the upper crust, cut the
strata in the Hetao Basin is large in the west and small in the east =~ middle-lower crust and Moho surface and entered the upper
(Research Group of Active Fault System around Ordos Massif, 1988) ~ mantle. The existence of deep faults provides channels for
(Figure 7B). Figures 7A,B show that the sedimentary thickness ofthe ~ upwelling and intense energy exchange with deep hot material
Linhe Basin has been much greater than that of the Huhe Basin since ~ (Figure 7C). The movement of upwelling magmatic material in
the Cenozoic, indicating that the Linhe Basin was the depositional ~ the asthenosphere caused the melting or softening of the lithosphere
centre of the Hetao Basin in the Cenozoic. However, during the  in the lower crust and upper mantle of the Hetao fault zone (Yao,
Quaternary, the fault activity on the northern margin of the Hetao ~ 2014). Therefore, we conclude that the depositional centre of the
Basin has been strong. During this time, the sedimentary thickness of =~ Hetao Basin has tended to migrate from west to east. The vertical
the Linhe Basin has been similar to that of the Huhe Basin, which ~ force generated by deep material movement may have led to a greater
indicates that the faults on the northern margin controlled the  vertical slip rate along the fault zone in the eastern portion of the
deposition in the Hetao Basin to a certain extent. Based on the  northern margin of the Hetao Basin (Figure 7C).
increasing fault slip rate from west to east along the northern margin Previous studies on the tectonic stress field of the fault zone
of the Hetao Basin, we infer that the depositional centre of the Hetao ~ around the Ordos block suggest that the tectonic stress on the
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northern margin of the Ordos block is NW-SE tensile stress (Deng
etal., 1999; Fan et al., 2003; Xie et al., 2004; Zhao et al., 2016; Qu et al.,
2017). Based on the Crustal Stress Database (2015) of the National
Institute of Natural Hazards, Ministry of Emergency Management,
we prepared a map of the average modern stress field in the Hetao
Basin area. The modern tectonic stress field shows that the Hetao
Basin is controlled by NE-SW compression and NW-SW extension.
The main compressive stress axis and the tensile stress axis are
approximately horizontal, and the direction of the tensile stress axis is
138.66° (Figure 8).

Although the active faults on the northern margin of the Hetao
Basin are in the same tectonic stress field, the stress trends of the active
faults are different. Therefore, the influence of tensile stress on active
faults is different. In addition, the angle between the tensile stress axis
and fault strike affects the slip component and dip slip rate of the
tensile stress. When the angle between the tensile stress axis and the
fault strike is 90°, the slip component and dip slip rate of the tensile
stress are the maximum. When the angle between the tensile stress
axis and the fault strike increases, the dip slip rate of the tensile stress
increases, and the strike-slip rate of the extensional stress decreases. As
shown in Supplementary Table S6, by comparing the angle between
the extensional stress axis and the fault strike in the four faults and the
corresponding maximum vertical slip rate, we find that the vertical slip
rates of the Sertengshan piedmont fault, Wulashan piedmont fault
and Daqingshan piedmont fault gradually increase from west to east
under the influence of the modern stress field, which strictly agrees
with the theory. However, the angle between the extensional stress axis
and the fault strike for the Dagingshan piedmont fault is smaller than
that for the Langshan piedmont fault, and the maximum vertical slip
rate is larger than that of the Langshan piedmont fault. We believe that
this is consistent with our prediction that the vertical force generated
by deep material movement may lead to a greater vertical slip rate
along the fault zone in the eastern portion of the northern margin of
the Hetao Basin. That is, the vertical force generated by deep material
movement is the dominant factor that leads to the larger vertical slip
rate in the eastern portion of the Hetao Basin. Under the combined
action of the modern stress field in the Hetao Basin and vertical force
generated by deep material movement, the vertical slip rates of the
Sertengshan piedmont fault, Wulashan piedmont fault and
Dagingshan piedmont fault increase from west to east, exhibiting
spatial variation.

6 CONCLUSION

In this paper, the vertical slip rates were calculated using the vertical
displacements of fault-adjacent footwall terraces and the
corresponding strata in hanging wall boreholes. The vertical
displacement calculated by using the marker strata of both fault
walls is not affected by the surface sediment cover, and the calculated
vertical slip rate is complete and accurate. However, our vertical slip
rate includes the interseismic creep slip rates of the fault. The vertical
slip rates of the three active faults on the northern margin of the
Hetao Basin since the late Pleistocene and Holocene increase from
west to east. The fault activity of the Sertengshan piedmont fault
increased from the late Pleistocene to the Holocene, but that of the
Dagingshan piedmont fault and Wulashan piedmont fault decreased

Normal Faults Vertical Slip Rates

during this period. Based on the recurrence characteristics of
palaeoearthquakes and the vertical slip rates obtained in this
paper, it can be found that the Langshankou and Honggicun
segments of the Sertengshan piedmont fault are at higher risk of
earthquakes than other segments. Among the fault segments of the
Woaulashan piedmont fault, the possibility of future earthquakes in the
Baotou segment is high. The seismic risk of the Tuyouxi segment of
the Dagingshan piedmont fault should not be ignored, and the
Tuzuoxi, Bikeqi and Hohhot segments have high seismic risk.
Based on the dynamic model of the formation and evolution of
the Ordos block and its adjacent fault basins, it is concluded that the
depositional centre of the Hetao basin has tended to migrate from
west to east during the Quaternary. The vertical force generated by
deep material movement is the dominant factor leading to a greater
vertical slip rate along the fault zone in the eastern portion of the
northern margin of the Hetao Basin. The modern stress field in the
Hetao Basin results in an increasing vertical slip rate of active faults
from west to east on the northern margin of the basin.
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