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Abstract The Shanxi Graben System (SGS) is one of the first-order Cenozoic tectonic features in North
China. Understanding the kinematics of this tectonic system is crucial for deciphering the mechanism of
continental rifting and the deformation pattern across North China. Although the SGS has long been thought to
be a right-lateral, transtensional shear zone, the geologic and geomorphologic evidence for dextral strike-slip
along its internal faults was slim and even controversial. Field investigations, interpretations of satellite
imagery, and construction of decimeter-scale digital elevation models from unmanned aerial vehicle surveys
were used in this work to investigate the tectonic geomorphology of the eastern segment of the North
Liulengshan Fault (NLSF) in the northern SGS. Although this fault segment was previously thought to be a
pure normal fault, the presence of geomorphic features such as right-laterally offset terrace risers and gullies,
along with an analysis of fault-slip data, suggests a component of right-lateral strike-slip displacement.
Combined with optically stimulated luminescence dating of offset fluvial terraces, the late Quaternary
right-lateral strike-slip and vertical slip rates of this fault segment are both estimated to be ~0.2-0.3 mm/yr. The
discovery of dextral strike-slip along the NLSF provides compelling direct evidence for determining the dextral
transtensional kinematics of the SGS. This puts new constraints on our knowledge that the evolution of the SGS
is primarily driven by the outward expansion and growth of the Tibetan Plateau and supports the “bookshelf”
rotation kinematic model for North China.

Plain Language Summary It has long been believed that many right-lateral strike-slip faults

may exist in the Shanxi Graben System (SGS) in central North China, but exactly which ones are not fully
understood. Here, we report on a newly discovered dextral strike-slip fault—the North Liulengshan Fault

in the northern SGS, based on interpretations of historical satellite images and field investigations. The

dextral strike-slip motion along the eastern segment of that fault is evidenced by geomorphic features like
right-laterally offset terrace risers and gullies and fault striations preserved on exposed fault planes. Combining
our displacement measurements and geochronology data yields both right-lateral strike-slip and vertical slip
rates of ~0.2-0.3 mm/yr for the fault. This discovery provides key geologic and geomorphic evidence for
determining the kinematics of the SGS, which is of great significance for better understanding the geodynamics
of the SGS and the deformation pattern of North China.

1. Introduction

North China is an ancient craton (i.e., North China Craton) in eastern continental Asia, consisting of two main
tectonic blocks, the Ordos Block in the west and the North China Plain in the east (Figure 1; Zhao et al., 2005).
Since its formation in the Precambrian, the North China Craton had maintained long-term tectonic stability.
However, from the late Mesozoic to the Cenozoic, it has undergone tremendous craton destruction and grad-
ually lost its stability, particularly in its eastern part (Bao et al., 2013; Chen et al., 2009; Jiang et al., 2013;
Zhu et al., 2011). As a result of the Indo-Eurasian continental collision and westward subduction of the Pacific
Plate, the North China Craton is neotectonically active (Figure 1; Molnar & Tapponnier, 1975; Tapponnier
& Molnar, 1977; Northrup et al., 1995; Yin, 2010). Extensive intracontinental rifting (e.g., the circum-Ordos
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Figure 1. Topography and tectonic setting of North China and neighboring regions. Note that the left-stepping en-echelon and sigmoid-shaped geometry of the Shanxi
Graben System lying between the Ordos block and North China Plain. Fault data are modified from Deng et al. (2007). Major faults are indicated by thick black lines,
while minor and/or inferred faults are represented by lighter, thin lines. Abbreviations: HTG = Hetao Graben, WHG = Weihe Graben, YCG = Yinchuan Graben,

SGS = Shanxi Graben System.

graben systems) and intense seismic and igneous activities have made North China one of the most popular sites
for geoscientists to explore the mechanism of intracontinental deformation (Clinkscales et al., 2020, 2021; Li
etal.,2022; Liu et al., 1983, 2004; Middleton, Walker, Parsons et al., 2016; Middleton, Walker, Rood, et al., 2016;
Ren et al., 2002; Zhang et al., 1998, 2016).

The ~1,200 km-long, NE-striking SGS, lying between the stable Ordos Block to the west and the North China
Plain to the east, is one of the first-order Cenozoic tectonic features in North China (Figure 1). Understanding
the kinematics of this tectonic system has profound implications for deciphering the general mechanisms of
continental rifting and the pattern of tectonic deformation in North China. The left-stepping, en-echelon, and
sigmoid-shaped geometry of the fault system suggest that the SGS may be a right-lateral, transtensional shear
zone (Figure 2a; Li et al., 1998; Xu & Ma, 1992). Although a few earlier Global Positioning System (GPS) obser-
vations (e.g., Shen et al., 2000; Yang et al., 2000) dispute this conclusion, the majority of subsequent GPS-based
(e.g., Guo et al., 2004, 2022; Hao et al., 2021; Qu et al., 2014; Song et al., 2022; Wang & Shen, 2020; Wang
et al., 2011; Zhao et al., 2017), seismological (Li, Kuvvet, et al., 2015; Li, Sgrensen, & Atakan, 2015), and
paleo-stress studies (Shi et al., 2015) corroborate it. In addition, a set of NNE-striking major basin-bounding
faults was interpreted to be responsible for the dextral shearing of the SGS, including from north to south the
Kouquan Fault, North Liulengshan Fault (western segment; NLSF), Yunzhongshan Fault, Wutaishan Fault (west-
ern segment), Xizhoushan Fault (western segment), Huoshan Fault, Luoyunshan Fault, and Zhongtiaoshan Fault
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Figure 2. Tectonic setting of the Shanxi Graben System. (a) Topographic map showing Quaternary faults and epicenters of historical earthquakes in the Shanxi
Graben System. Faults and earthquakes data are from Deng et al. (2007). (b) Topographic map showing the traces of the North Liulengshan Fault. The red dashed
line represents the isoseismic line of the Datong-Yanggao earthquake in AD 1989 based on work by Liu et al. (1992). (c) Satellite image captured in AD 1970 (https://
earthexplorer.usgs.gov/; last accessed 30 March 2022) and (d) corresponding interpretation showing fault traces of the eastern segment of the North Liulengshan
Fault. Abbreviations: HZB = Huaizhuo Basin, DTB = Datong Basin, XDB = Xinding Basin, TYB = Taiyuan Basin, LFB = Linfen Basin, YCB = Yuncheng Basin,
WHB = Weihe Basin; HAZB = Huaianzhen Basin; YTB = Yanggao - Tianzhen Basin, SJB = Shenjing Basin, YYB = Yangyuan Basin, HYB = Hunyuan Basin,
YGB = Yuguang Basin; KQF = Kouquan Fault, NLSF = North Liulengshan Fault, YZSF = Yunzhongshan Fault, WTSF = Wutaishan Fault, XZSF = Xizhoushan
Fault, HSF = Huoshan Fault, LYSF = Luoyunshan Fault, ZTSF = Zhongtiaoshan Fault; YTF = Yanggao - Tianzhen Fault, ECSF = East Cailiangshan Fault,

NXSF = North Xiongershan Fault, SXSF = South Xiongershan Fault, SJBF = Shenjing Basin Fault, DWF = Dawang Fault, HSPF = Hengshan Piedmont Fault,
YGBF = Yuguang Basin Fault; BMZ = Beimazhuang, DHZK = Donghouzikou, DW = Dawang, LMZ = Longmazhuang, QL = Qiulin, QCC = Quchangcheng,
SXL = Shixiali, WCK = Wengchengkou, XB = Xinbu, XJY = Xiejiayao.

(eastern segment) (Figure 2a; Deng & Xu, 1995; Deng et al., 1999; Xu & Ma, 1992). However, for a long time,
geological and geomorphological confirmation of this expected dextral strike-slip is insufficient or even debata-
ble (Deng & Xu, 1995; Hu et al., 2010; Li et al., 1998; Wang et al., 1996; Xu, 2013; Xu & Deng, 1990; Xu, Ma,
et al., 1996; Xu et al., 1986, 2018; Zhang et al., 1998).

LUO ET AL. 30f25


https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2022TC007490

For example, based on large-scale geomorphic mapping of the river systems across the faults, Xu et al. (1986)
and Xu and Deng (1990) present some evidence for the right-lateral strike-slip along the Xizhoushan Fault and
Huoshan Fault. Using offset stream channels as geomorphic markers and '*C dating method, the authors esti-
mate dextral slip rates of 5.7-7.5 mm/yr for the Xizhoushan Fault and Huoshan Fault over the Holocene. Based
on an analysis of offset stream channels using satellite imagery, Zhang et al. (1998) conclude that the Huoshan
Fault and Xizhoushan Fault are both right-lateral strike-slip faults. Additionally, some indirect sedimentological
evidence for the dextral strike-slip along the Huoshan Fault was presented by Li et al. (1998) and Hu et al. (2010).
These authors claim that the dextral movement of the Huoshan Fault caused the juxtaposition of Pliocene grav-
els with differing lithologies at two locations. However, after an investigation of the planform drainage pattern
along the fault, Xu (2013) argues that river deflection along the Huoshan Fault might not be related to the dextral
strike-slip. The Hongdong M 8.0 earthquake in AD1303 is one of the few surface-rupturing earthquakes in the
SGS and caused about 270,000 fatalities (Figure 2a; State Seismological Bureau, 1988). Studies of the ruptures
of this earthquake along the seismogenic Huoshan Fault are not in agreement with the kinematics of the SGS.
Xu and Deng (1990) documented a 45-km-long surface rupture zone, with dextral dislocations of 4-8.6 m and
vertical throws of ~3.5-5.0 m. On the other hand, a reanalysis of the surface rupture zone by Xu et al. (2018)
using high-precision topographic data and field observations, shows that normal sense slip is dominant in both
the AD 1303 event and the longer-term, cumulative deformation. Thus, although the Huoshan Fault is one of
the most prominent sources of evidence for demonstrating the existence of the dextral strike-slip component of
motions in the SGS, the kinematics of faulting remain largely uncertain. The geomorphologic evidence of other
dextral strike-slip faults in the SGS is sparse and non-systematic (e.g., Deng & Xu, 1995; Wang et al., 1996; Xu,
Ma, et al., 1996). Therefore, more data are needed to understand the importance and significance of purported
dextral shearing within the SGS.

In this paper, we present geologic and geomorphologic evidence for the dextral strike-slip along the eastern
segment of the NLSF (see Figure 2b for location). Detailed field observations show that dextral strike-slip is
evidenced by right-laterally offset fluvial terrace risers, deflected stream channels, and fault striations on fault
planes. Our observations provide the first direct and conclusive field evidence for dextral shearing in the SGS,
which could help further enrich the understanding of the geodynamics of the SGS and the tectonics of North
China.

2. Geologic Setting

The SGS, which is located on the east side of the Ordos Block (Figure 1), is one of the most active intracontinen-
tal rift systems in the India-Asia collision (Ai et al., 2019; Yin, 2000). From north to south, it consists of a series
of grabens arranged in a left-stepping, en-echelon pattern, including from north to south the Huaizhuo, Datong,
Xinding, Taiyuan, Linfen, and Yuncheng basins, stretching for 1,200 km, with a width of 60-200 km. (Figure 2a;
Liet al., 1998; Xu & Ma, 1992; Xu et al., 1993). The SGS can be geometrically divided into three domains: two
broad, ENE-striking extensional zones in the north and south, and a narrow, NNE-striking, right-lateral transten-
sional zone in the center (Clinkscales et al., 2021; Middleton et al., 2017; Xu & Ma, 1992; Xu et al., 1993). The
Qinling mountains and Yan Shan (“Shan” = “mountains” in Chinese) are the southern and northern boundaries
of the SGS, respectively (Figure 1). The SGS is sandwiched between Lyuliang Shan to the west and Taihang Shan
to the east (Figure 1). The location and geometry of the grabens are partly inherited from the NE-SW striking
Taihang-Lyuliang fold belt, formed during the Middle-Late Jurassic - Early Cretaceous Yanshanian orogenic
event (Clinkscales & Kapp, 2019; Clinkscales et al., 2020; Xu & Ma, 1992).

Earlier studies suggested that the SGS initiated in the Pliocene as basal deposits in the north and central grabens
are primarily of Pliocene age (Li et al., 1998; Xu & Ma, 1992; Xu et al., 1993). Recent low-temperature thermo-
chronology and paleomagnetic studies, however, suggest that rifting of the SGS began in the late Miocene (Bi
et al., 2022; Chen et al., 2021; Clinkscales et al., 2020, 2021; Su et al., 2021) and may have propagated northward
through time (Ai et al., 2019; Bao et al., 2013; Jiang et al., 2013; Song et al., 2012). Rifting of the SGS is active,
manifested by strong earthquakes and the occurrence of Quaternary volcanism within the rift zones (e.g., the
Datong Volcano) (Figures 2a and 2b). Since AD 231, there have been at least 19 M > 6 earthquakes in the SGS
(Xu et al., 1993).

Our study area is located in the northern SGS, which is characterized by ENE-striking normal faults and asymmet-
ric half-grabens with footwall blocks tilted to the SSE (and NNW), creating typical basin-and-range morphology
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(Luo et al., 2021; Xu & Ma, 1992; Xu et al., 2002). Geodetic surveys indicate that the northern SGS is dominated
by horizontal crustal extension at rates of 1-2 mm/yr in the NNW-SSE direction (Middleton et al., 2017; Zhao
et al., 2017). The Datong Basin is the largest in the northern SGS. It consists of a series of Pliocene subbasins
such as the Yanggao-Tianzhen, Yangyuan, and Hunyuan Basins. (Figure 2b). The latest high-resolution magnetic
stratigraphy of the sedimentary sequence indicates that the Datong Basin was developed no later than ca. 7 Ma
(Bi et al., 2022). Seismicity in the northern SGS is primarily characterized by moderate earthquakes both in
historical and instrumental records (Xu et al., 2002). However, in the eastern part of Datong Basin, an My 6.1
earthquake occurred on 18 October 1989, which resulted in a significant amount of casualties and damage, with
focal mechanism solutions that show pure right-lateral strike-slip motion (Figure 2b; Li, Kuvvet, et al., 2015; Li,
Sgrensen, & Atakan, 2015; Zhuo et al., 2019).

The NLSF, which defines the southeastern margin of the Datong Basin and the southern margin of the Yangyuan
Basin, is one of the major Holocene active faults in the northern SGS (Figure 2b; Deng et al., 1994; Xu,
Nobuyuki, et al., 1996; Yin et al., 1997). It extends for more than 150 km from Beimazhuang village in the
southwest to Shixiali village in the northeast, juxtaposing basement rocks of the Liuleng Shan in its footwall
against Neogene-Quaternary deposits of the Datong-Yangyuan Basin in the hanging wall (Figure 2b; Duan &
Fang, 1995; Xu et al., 2002). The overall strike of the NLSF changes from NE in the southwest to E in the vicinity
of Dawang village and then to NE again approximately at Quchangcheng village in the northeast (Figure 2b).
The sense of motion of the NLSF has long been the subject of debate, especially along the western segment
(i.e., Beimazhuang to Wengchengkou segment). Deng and Xu (1995) and Xu, Ma, et al. (1996) propose that this
segment is dominated by right-lateral strike-slip, based on the mapping of offset stream channels. Sun (2018),
however, argues for pure dip-slip, normal-sense displacement along the entire NLSF based on field investigations
and satellite imagery interpretations. Luo et al. (2022) document dominant right-lateral strike-slip displacement
along the western fault segment with only minor normal faulting and the strike-slip and throw rates of approxi-
mately 1.6 + 0.3 mm/yr and 0.2 mm/yr, respectively. However, they base their conclusions only on offset stream
channels, lacking other geomorphologic and geologic features like offset terrace risers and fault striations. Except
for the western segment, the motion along the rest of the NLSF is thought to behave as purely normal faults, with
vertical slip rates ranging from 0.1 to 1.1 mm/yr (Deng et al., 1994; Duan & Fang, 1995; Middleton et al., 2017,
Sun, 2018; Xu, Nobuyuki, et al., 1996).

3. Methods
3.1. Quaternary Mapping

To map active fault strands and geomorphic surfaces, and to precisely measure offsets, we use a combination
of field investigation and inspection of high-resolution satellite images. Our imagery includes Google Earth
and old-archived declassified data (https://earthexplorer.usgs.gov/), as well as high-resolution topographic data
derived from unmanned aerial vehicles (UAV) photogrammetry (e.g., Johnson et al., 2014; Lucieer et al., 2014;
Westoby et al., 2012). Historical satellite images can be useful tools for studying strike-slip fault topography in
environments with strong artificial modification (Jiang et al., 2017; Kurtz et al., 2018). Human activities includ-
ing road construction, afforestation, and urbanization have resulted in significant topography changes along the
NLSF. Historical remote sensing images can therefore help us identify geomorphic features that have since been
obliterated that are characteristic of strike-slip settings, such as linear fault-parallel valleys, elongated/offset/
warped stream channels (rivers), laterally offset fluvial terraces, and linear fault scarps in extensional settings.
They also allow us to select field sites with no or only minor artificial modifications for further detailed research.

We developed high-resolution digital surface models (DSMs) using the structure from motion technique based
on a UAV platform to better highlight the features of each site and measure the offset of displaced geomorphic
surfaces. At each location, hundreds of aerial photographs were taken with a DJI Phantom 4 Pro drone from a
flight altitude of 100-200 m, with an overlap of 80%. Ground control points were deployed before photograph
collecting and incorporated into the modeling process to constrain scale. A Trimble 7X post-processed kinematic
differential global positioning system with a 3—5 cm precision was used to geospatially determine the center of
each GCP. Utilizing the Agisoft Photoscan software, we obtained 0.2 m resolution DSMs along the fault trace at
three locations (Site 1, 2, and 3 in Figure 2d) using the processing workflow protocols of Johnson et al. (2014).
Based on the exported DSMs, hillshade, slope, and contour maps were created in ArcGIS and utilized to map
the deformed geomorphic features. The height above the modern stream, degree of dissection, height of the fault
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RS 1@ @ © Q & g piercing points for measuring displacement along faults. It is also relatively easy to determine their ages by
E § E é’ é é’ é’ £5 dating the flanking terraces (Cowgill, 2007; Gold et al., 2017; Li et al., 2005; Zhang et al., 2007). Therefore,
wn 8

we use the lateral offset fluvial terrace risers wherever possible to identify strike-slip motion and estimate
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Figure 3. Abanico plots (Dietze et al., 2016) showing equivalent dose distributions of all samples using the central age
model (Galbraith & Roberts, 2012).

strike-slip rates. Unfortunately, at Site 3, the displaced terrace riser has been destroyed by anthropogenic factors.
At this site, we, therefore, use the stream channel as a ggomorphic marker to estimate the slip rate.

We measure vertical offsets of planar geomorphic markers like fluvial terraces by extracting topographic profiles
perpendicular to the fault scarps. We select topographic profiles at sites where no significant erosion or degra-
dation was observed and also ensure that the topographic profile has enough length to span and capture the
overall trend of the terrace surface. We divide the profiles into three sections for linear fitting: the hanging
wall (y, = mpx + by), scarp (y; = myx + b,) and footwall (y; = myx + by). We use the approach implemented by
Thompson et al. (2002) for vertical offset calculations, which are given by the equation:

v(x) = (my —mp)x + by — by, (1)

where v is the vertical offset, x is the horizontal distance along the profile, y is the elevation, m, and b is the slope
and intercept of the hanging wall, scarp, and footwall fitted line, respectively. We measure the lateral components
of slip and estimate associated uncertainties from offset terrace risers and stream channels using MATLAB-based
software LaDiCaoz_v2 (Haddon et al., 2016; Zielke & Arrowsmith, 2012; Zielke et al., 2015). This tool, which
has been used extensively in lateral offset measurement of strike-slip faults (e.g., Li et al., 2018, 2019; Yu
et al., 2021), relies on the cross-correlation of topographic data extracted along two fault-parallel cross-sectional
profiles located close to the main fault trace.
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Following the approach of Thompson et al. (2002), Rood et al. (2011), Hughes et al. (2018), and Luo et al. (2021),
we calculate fault slip rates and their uncertainties by carrying out Monte Carlo simulations in a worksheet-based
software package, Oracle Crystal Ball (https://www.oracle.com/middleware/technologies/crystalball.html). This
was done by assigning each input variable a probability density function that describes the uncertainty in that
variable. The variables we considered in the vertical slip rate calculations were the ages of geomorphic surfaces,
surface slopes (m in Equation 1), intercept (b in Equation 1), and fault position along scarps. For each of the first
three variables, we assigned normal probability distribution functions (PDFs) (defined by the mean and standard
deviation). For the last variable, we used a trapezoidal PDF to model the fault position within the scarp, assuming
that the fault position is most likely between one-half and one-third of the scarp height, measured from the base
of the scarp, with the likelihood decreasing to zero at the top and base of the scarp (Hughes et al., 2018; Luo
et al., 2021). In the strike-slip rate calculations, the input variables that we considered were relatively simple,
involving only lateral offsets and ages of geomorphic surfaces which were all assigned normal distribution PDFs.

4. Observations and Results

Here we report our field observations on the geomorphic expression of active faulting at three sites which span
about 8 km along the eastern segment of the NLSF (Figures 2c and 2d). The general strike of the fault zone is
NE 35° and can be traced by its linear imprint on the morphology (Figure 2c). Three fault branches, named F,
through F,, were mapped based on our interpretations of satellite/UAV images and field observations (Figure 2d).
F, is the southernmost fault branch, which forms a contact between the bedrock range and the Quaternary sedi-
ments in the basin, as evidenced by geomorphologic features including linear fault cliffs and knickpoints along
the stream channels (Figures 2c, 4a, 6a, and 6d). However, because the linear geomorphic features along F, are
ambiguous, it is possible that it was inactive throughout the late Quaternary. F, is the main fault branch of the
fault zone, forming a continuous linear morphology on fan complexes and terraces in the foothills, but also form-
ing contacts between bedrock and Quaternary sediments in some locations (Figure 2d). F; is the northernmost
fault branch, which extends only ~1 km and strikes in a N-S direction (Figure 2d). Because of the limited length
of F, and the lack of unambiguous geomorphic markers of fault displacement along F,, we focus instead on the
tectonic-geomorphic features evident along the main fault trace (F,) in the following section.

4.1. Site 1: Xiabuzhuang

Site 1 is around 2 km east of Xiabuzhuang village (Figure 2d). The fault trace (F,) was mapped through the iden-
tification of linear fault scarps, right laterally offset stream channels, terrace risers, and a series of fault outcrops
(Figure 4a). We made careful field observations on the geomorphic features of SC-1 and SC-2 stream channels
along the fault strike (Figure 4a). Stream channel SC-1 is deeply incised, exposing ~30 m of fluvial-lacustrine
sand-gravel deposits in the footwall (Figure 5a). At the bottom of this channel, we observed bedrock below
the fluvial-lacustrine deposits. Along the main northwest flowing SC-1 channel we observed the fault cutting
through this bedrock, forming a polished fault plane dipping to NW 290°with an angle of 50° and a 7 m-high
knickpoint along the channel (Figure 5b). In the downstream direction, we found a fault exposure that developed
in the Quaternary alluvium, which dips to NW 305° at an angle of 85° (Figure 5c). Along a west-flowing tributary
to the main SC-1 channel, we observed a 5 m-high knickpoint (Figure 5d). At the base of this bedrock knickpoint,
a bedrock fault plane, dipping NW 307° at an angle of 58°, juxtaposes Paleozoic dolomite against Quaternary
sediments (Figure 5e). A series of striations with rakes between —120° and —127° were well-preserved, indicat-
ing a right lateral transtentional sense of motion (Figure Se).

On the southeastern side of the fault, along the flanks of stream channel SC-2, four levels of fluvial terraces
(designated T, to T, from lowest to highest) were preserved (Figures 4a and 6a—6¢). The T, terrace is composed
of ~20 m thick fluvial gravels which mainly consist of dolomite clasts with horizontal stratification and good
sorting (Figure 6d). Eolian loess covers the T, terrace tread, which thickens as it approaches the bedrock ranges
(Figures 6d—6e). The terrace T, on the northern bank of stream channel SC-2 exhibits prominent vertical and
lateral dislocations (Figures 4a and 6a—6c¢). Below the fault scarp on the T, terrace (Figure 4a), a fault outcrop was
observed, consisting of two fault planes with similar geometry, one of which cut through the underlying fluvial
gravels and overlying loess and ruptured to the ground surface (Figures 5f and 5g). This gives us confidence
that the scarps across the T, terrace are due to fault displacement. Using the T,/T, terrace riser as a geomorphic
marker and a topographic profile across the fault scarp on the T, terrace, we measured a right-lateral offset of
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Figure 4. Displaced geomorphic features along the fault trace at Site 1. (a) Shaded relief map which is built from UAV surveys, overlain with 2 m-interval contour lines
showing the main fault trace of the active fault, right laterally offset terrace riser and deflected stream channels, and the locations of fault outcrops, knickpoints, OSL
sample location, and topographic profiles. The black dashed box represents the extent of (b). The blue dashed lines denote the right-laterally displaced terrace risers.

(b) Slope map with Im-contour lines overlay showing the general position of the surface trace (black line) and fault-parallel profile lines on footwall (red line) and
hanging wall (blue line), and longitudinal tracing of the crest of T /T, terrace riser (turquoise dashed lines). (c) Reconstruction of the geomorphic offset based on DSM
topography sliced and back-slipped along the fault trace. (d) Swath profiles along red and blue profiles in (b) sampled along the corresponding fault-parallel profile
lines and fault-parallel profiles projected onto the fault plane according to the feature slope and shifted by the optimal right-lateral offset. (e, f) Topographic profile of
A-A' and corresponding frequency histograms derived from Monte Carlo simulations showing the vertical offset of the T, terrace. See (a) for the location of this profile.
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showing the terrace staircases. Its location is displayed in Figure 4a. (d) Aerial photo showing displaced geomorphic features and the sedimentary structure of the T,
terrace. See Figure 4a for location. (¢) Longitudinal profile showing the sedimentary structure of the T, terrace. The red crosshair represents the OSL sample location.
(f, g) Field photo and corresponding interpretation showing the details of OSL sample location.

16.1 £ 2.0 m (Figures 4b—4d, 6b) and a vertical offset of 11.0 + 0.4 m (95% confidence interval; Figures 4a, 4e,
and 4f). Because the downstream terrace on the northern side is likely protected by topography on the upstream
side of the fault (Cowgill, 2007; Zhang et al., 2007), the T,/T, terrace riser should begin to accumulate offsets
after the abandonment of terrace T,. To constrain the abandonment age of terrace T,, we collected an OSL sample,
LLS-OSL-18, from the fine sand interlayer at the top of the fluvial gravel sediments ~1 m below the terrace tread,

Figure 5. Field photos showing displaced geomorphic features at Site 1. See Figure 4a for locations. (a) Fluvial-lacustrine sediments with nearly horizontal bedding on
the footwall exposed along stream channel SC-1. Red arrows indicate the fault locations. (b) Bedrock exposure and knickpoint at the bottom of stream channel SC-1. (c)
Fault plane developed in the Quaternary sediments. (d) Knickpoint along the west-flowing branch of the SC-1 stream channel. (e) Fault striations on the bedrock fault
plane indicate a right-lateral transtensional sense of motion. The inset is a stereonet showing slickenline data. Black arrows on the black thick arc (i.e., footwall fault
plane) indicate the movement of the footwall with respect to the hanging wall. (f) Fault outcrop below the fault scarps on the T, terrace, which cut through the alluvial
gravels and overlying eolian loess. (g) A close-up view of (g) shows a fault branch ruptured the ground surface.
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which yielded an age of 47.8 + 2.3 ka (Figures 6d—6g). This age should provide an older bound for the abandon-
ment of the T, terrace because there is also ~0.3 m-thick fluvial gravel above the fine sand layer sampled. Given
this age and the measured offsets, we calculated a right-lateral strike-slip rate of 0.33 + 0.10/—0.08 mm/yr and a
vertical slip rate of 0.23 + 0.03 mm/yr for the fault (95% confidence interval).

4.2. Site 2: Shangbuzhuang

Site 2 is located about 3 km southeast of the Shangbuzhuang village (Figure 2d). Active faulting here is expressed
by linear fault scarps, fault-parallel valleys, fault troughs, right-laterally deflected stream channels, and terrace
risers, as well as well-exposed fault planes along the surface trace of the fault (Figure 7). In the upper reach, the
stream channel SC-3 travels from SE to NW, but at the junction with the fault trace, it turns abruptly north and
flows subparallel to the fault until it feeds into the Dalongkouyu River (Figure 7a). Several tens of meters wide
trough valleys and magnificent bedrock fault scarps, can be seen in the fault-parallel flowing section. These
NW-facing bedrock fault planes exposed in this trough have slickenlines with rakes between —112° and —145°that
indicate right-lateral strike-slip with a considerable normal component (Figures 7b and 7c). We also observed
a 6 m-high knickpoint preserved in bedrock on the southeast side at the channel-fault intersection (Figure 7d).

Fault trough valleys with widths of 20-30 m and depths of 67 m were also observed on both sides of the SC-4
stream channel which flows from SE to NW, but they extend for less than 100 m (Figure 7¢). On the eastern side
of a small tributary to the SC-4 channel, a single fault plane dipping to NW 325° at an angle of 70° is exposed
(Figures 7a and 7f). The fault plane separates the horizontally bedded fluvial gravels (U3) to the southeast from
the fine sand (U1), loess (U2), and gravel (U3) sequence to the northwest; the gravel layer (U3) was offset
vertically by about 4.1 + 0.5 m (Figure 7g). We took an OSL sample at the base of the fine sand layer (U1) on
the hanging wall, which yielded an age of 15.4 + 1.2 ka (Figure 7g). This date provides a minimum age for the
accumulation of vertical offset for the U3 gravel layer. As a result, we can estimate a maximum vertical fault slip
rate of 0.26 + 0.09/—0.06 mm/yr (95% confidence interval). The stream channel SC-4 is right-laterally offset by
the fault with an offset of 26.0 + 5.0 m using its western edge as a piercing point (Figure 7a).

Further to the southwest, a collection of stream channels is consistently deflected dextrally over the fault line,
with offsets ranging from a few meters to tens of meters (Figures 7a and 8e). These offset streams are also visi-
ble in Figure 8a, a historical satellite image taken in AD 1970 that shows the area before human activities like
tree-planting and farm-building altered it. Two levels of terraces (T, and T,) on the southwest flank of stream
channel SC-5 (Figures 8a, 8b, and 8f) also exhibit right-lateral fault displacement. Using an SfM-derived DSM,
we measured lateral offsets of 22.5 + 5.0 m and 33.8 + 8.0 m for the T,/T, and T,/T, terrace risers, respectively
(Figures 8c and 8d).

4.3. Site 3: Longmazhuang

In the vicinity of Longmazhuang village (Site 3; Figure 2d), the NLSF (or F, trace) manifests itself as a NE-striking
morphological lineament along the range front (Figures 9a and 9b). Four levels of fluvial terraces (T, to T, from
lowest to highest) are developed and preserved along both flanks of stream channel SC-6, with the T, terraces
being the most widely distributed (Figures 9a and 10a). The fault passes across the T, terrace, forming a char-
acteristic linear surface morphology that can be seen in both the DSM hillshade image and the historical satel-
lite photographs (Figures 9a—9c). The fault right-laterally displaced the edge of the T, terrace along the stream
channel SC-6 and stream channel SC-7, which is incised into the T, terrace, with nearly equal offset magnitudes
(Figure 9c). However, the geomorphic marker of the dextral offset of the T, terrace was not well-preserved
and was obliterated by road-building activities (Figure 9a). Fortunately, the stream channel SC-7 appears to be
unmodified by humans and in its original state (Figures 10a and 10b).

We conducted a UAV survey and created a high-resolution DSM to investigate these deformed geomorphic
features. Using the LaDiCaoz_v2 software, we measured a right-lateral offset of 6.7 + 1.0 m for the stream
channel SC-7 using the channel thalweg as a marker (Figures 9d-9f). In addition, we extracted two topographic
profiles across the fault scarp on the T, terrace that gave vertical offsets of 6.6 + 0.2 m and 5.1 + 0.2 m, respec-
tively (Figures 9a and 10d). We consider that the measurement of 6.6 + 0.2 m is more representative of vertical
displacement since the abandonment of the T, terrace, although it is a minimum value because we ignore any
younger sediment deposition in the hanging wall. The fault is exposed in a pit dug perpendicular to the fault scarp
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on the T, terrace between the SC-6 and SC-7 stream channels (Figures 9a and 10a). A NW-dipping deformation
zone separates fluvial gravels in the footwall from loess in the hanging wall, as revealed by the pit (Figure 10c).
Gravels are aligned parallel to the fault plane, which is overlain by the eolian loess. This outcrop provides further
compelling evidence that the scarps and lateral offset we observe on the T, terrace are products of faulting.

Because stream channel SC-7 has cut through terrace T, produced along the stream channel SC-6, its age is
expected to be younger than the abandonment age of terrace T,. The age of terrace T, would give a maximum age
for the displacement of stream channel SC-7 (Li et al., 2009). We collected two OSL samples (LLS-OSL-15 and
LLS-OSL-16) to constrain the abandonment age of the T, terrace (Figure 10e). The LLS-OSL-15 was taken from
the base of the eolian loess overlaying the alluvial gravels of the T, terrace, while the LLS-OSL-16 was collected
from an alluvial sand layer approximately 2.0 m below the terrace tread (Figures 10f and 10g). These yielded ages
of 25.6 + 1.3 ka and 36.4 + 1.8 ka, respectively, which provides constraints on the interval of time in which the
T, terrace was likely abandoned. Although the sample OSL-LLS-15 is closer to the top of the fluvial gravel layer
(i.e., the abandonment of terrace due to river incision), it cannot be determined whether there is a sedimentary
discontinuity after the gravel deposition and before the loess deposition; while OSL-LLS-16 is located more than
1.0 m below the top of the fluvial gravel layer, it may be significantly older than the abandoned age of the terrace.
So, we calculate simple arithmetic mean of 31.0 = 2.2 ka (95% confidence interval) for these two ages, which we
use to represent the formation of the T, terrace and to determine fault slip rates. Dividing the vertical offset of
6.6 + 0.2 m and right-lateral offset of 6.7 + 1.0 m, we estimate a vertical slip and right-lateral strike-slip rates of
0.21 + 0.02 mm/yr and 0.21 + 0.07/-0.06 mm/yr (95% confidence interval), respectively.

5. Discussion
5.1. Fault Kinematics of the Eastern Segment of the North Liulengshan Fault

High-resolution SfM-derived DSMs and historical satellite images have provided an opportunity to examine
the geomorphic expression of displacement along the NE-striking eastern segment of the NLSF in detail. In
contrast to previous conclusions that the eastern segment of the NLSF behaves as a pure normal fault (Deng
et al., 1994; Duan & Fang, 1995; Sun, 2018; Xu, Nobuyuki, et al., 1996), we argue that, in addition to normal
faulting, the eastern fault segment also has a right-laterally strike-slip component. The presence of linear
fault-parallel valleys and troughs, as well as right-laterally offset fluvial terrace risers and stream channels,
demonstrates this. Right-lateral displacement is further evidenced by fault striations found at several local-
ities in this work (with rakes ranging from —112° to —145°; Table S1 in Supporting Information S1) and
some earlier publications (e.g., Deng et al., 1994; Middleton et al., 2017; Shi et al., 2015). In support of our
observations, seismological studies show that the 1989 Datong-Yanggao Ms 6.1 event is characterized by a
right-lateral sense of slip and the source of the event may be the NE-striking blind Dawang Fault (Figure 2b;
Wang & Wang, 1992; Wei et al., 1992; Zhuo et al., 2019). The eastern segment of the NLSF runs parallel with
the Dawang Fault (Figure 2b), so both faults would likely experience the same dextral strike-slip since the
current regional stress regime does not have much difference within the range of about 50 km apart (Middleton
et al., 2017). The fault motion identified by geologic and geomorphologic evidence thereby is compatible with
the tectonic stress state in the northern SGS.

Interestingly, the bulk of fault striations we examined suggests that the normal slip component is slightly larger
than the strike-slip component (Figures Se, 7b, and 7¢). For example, the ratio of dip-slip to strike-slip motion is
about 1.3—1.7 at Site 1 and it ranges from 0.7 to 2.2 at Site 2 (Table S1 in Supporting Information S1). However,
our measurements of the offset terrace risers indicate the opposite, that is, the strike-slip component is slightly
larger than the normal faulting component (e.g., Site 1), or they are almost equal (e.g., Site 3). The mismatch can
be explained by the following reasons. First, it is still possible that the fault striations correspond to earlier events
under a previous stress regime, although these bedrock fault planes show evidence of offsetting late Quaternary

Figure 7. (a) Shaded relief map which is built from UAV surveys, overlain by 2 m-interval contour lines showing the mapped fault trace and displaced geomorphic
features at Site 2, including linear fault scarps, fault-parallel valleys, right-laterally deflected stream channels, terrace risers, fault outcrops, and knickpoints. See
Figure 2d for location. (b, c) Striations preserved on the northwest-facing bedrock fault planes in the fault-parallel valley indicate a right-lateral transtensional sense of
motion. Black arrows on the black thick arc (i.e., footwall fault plane) indicate the movement of the footwall with respect to the hanging wall. (d) Field photo showing
a knickpoint preserved along the stream channel SC-3. (e) Field photo showing the right-laterally offset stream channel SC-4 and fault troughs on the northeastern side
of the channel. (f, g) Field photo and corresponding interpretive sketch showing a fault outcrop observed along a tributary to channel SC-5. The location for (b-g) is

indicated in (a).
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Figure 8. (a) A historical satellite image showing the fault trace and right-laterally deflected stream channels and fluvial terraces. The white dashed box denotes
the locations of (b—d). (b) DSM hillshade image derived from UAV photogrammetry showing the distribution of fluvial terraces on the southwestern flank of stream
channel SC-5. (c) Reconstruction of the offset observed on the crest of the T,/T, terrace riser. (d) Reconstruction of offset observed on the crest of the T,/T, terrace
riser. (d) Field photo showing a right-laterally displaced stream channel. See (a) for its location. (f) Field photo showing the displaced geomorphic features along the
stream channel SC-5. The white dashed line denotes the crest of the riser separating terraces T,/T,. See (a) for its location.
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Figure 9.

sediments. The tectonic stress regime of the SGS was not fixed and instead changed over time (Shi et al., 2015).
For example, through fault kinematic analysis, Shi et al. (2015) define a three-stage tectonic stress regime over
the late Miocene related to the northeastward growth of the Tibetan Plateau. Chen et al. (2015) document that the
Yangyuan Basin experienced a three-stage evolution related to tectonic factors during the late Cenozoic based
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Figure 10. (a) Aerial photo showing the general topography of Site 3. See Figure 9a for its location. (b) Field photo showing the right-lateral displaced stream channel
SC-7. (c) Field photo of an exposed fault profile. (d) Topographic profiles and frequency histograms show the vertical offsets of the T, terrace. (e) Field photo showing
the sample locations and their relationships to the general stratigraphy. Crosshairs denote the sample locations. (f, g) Sketches showing the details of sample locations.

Figure 9. (a) DSM hillshade map which is built from UAV surveys, overlain by 2 m-interval contour lines showing the active fault trace and distribution of fluvial
terraces at Site 3. See Figure 2d for location. (b) Old archived satellite image illustrating the linear morphology of the mountain front. (c) A historical satellite image
showing the original state of the displaced geomorphic features. Note that the edge of the terrace and the stream channel cut through the terrace were right-laterally
displaced by the fault. (d) Topographic map overlain by 1 m-contour lines, which shows the general position of the fault trace (black line), fault-parallel profile lines
on the southeast uplift footwall (red line) and northwest down hanging wall (blue line), and longitudinal tracing along the thalweg of stream channel SC-7 (turquoise
dashed lines). (e) Reconstruction of the geomorphic offset based on the DSM topography which was sliced and back-slipped along the fault trace. (f) Swaths of red and
blue elevation points sampled along the corresponding fault-parallel profile lines and fault-parallel profiles projected onto the fault plane according to the feature slope
and shifted by the optimal right-lateral offset.
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on sedimentary facies and provenance analysis on basin sediments. So, the kinematics of the NLSF, including
the proportion of strike-slip to dip-slip, may also change in tune with the tectonic stress regime. For this reason,
we suggest that offset geomorphic features can better characterize the recent fault slip behaviors and that the
dextral strike-slip component of the fault should be slightly larger than or about equivalent to the normal faulting
component of the fault. Second, the mismatch can be related to the possible pitfalls of measuring displacement.
The vertical offset measurements in this work ignore the effect of erosion and accretion of the hanging wall and
footwall (Yang et al., 2018). For lateral offset measurement, we use terrace riser crest and stream channels as
markers. However, several critical factors can influence the lateral offset measurement, including the erosion of
the terrace riser crest, the distance over which a feature is projected into the fault zone, the sinuosity of the stream
channel, etc. (Gold et al., 2017; Zielke et al., 2015).

Because the three study sites in this work are closely spaced (only 2 km apart) and there are no geometric discon-
tinuities between them (Figure 2d), they should have similar fault slip histories and thus slip rates. However, we
note that the lateral offset magnitudes of the T, terrace at Site 2 are nearly twice the cumulative dextral offset
of the T, terrace at Site 1. Although we labeled them as T, terraces, they are most likely not contemporaneous
geomorphic features. Due to a lack of suitable materials for OSL dating, we were unable to gather chronolog-
ical samples from the terraces at Site 2. Nevertheless, estimations of right-lateral strike-slip rate range from
0.21 + 0.07/—0.06 mm/yr at Site 3 to 0.33 + 0.10/—0.08 mm/yr at Site 1, and vertical slip rates at all three loca-
tions are nearly undistinguishable at 0.21-0.26 mm/yr.

5.2. Implications for the Kinematics of the Shanxi Graben System

A review of previously published literature reveals that the geomorphic evidence of dextral shearing in the SGS
is only offset streams or rivers, almost without exception (e.g., Deng & Xu, 1995; Wang et al., 1996; Xu &
Deng, 1990; Xu, Ma, et al., 1996; Xu et al., 1986; Yu et al., 2020; Zhang et al., 1998; Table S2 in Supporting
Information S1). We admit that offset stream channels can be excellent geomorphic markers and have long been
used to identify the sense of slip and study the fault slip rate of strike-slip fault systems (e.g., Li et al., 2009; Sieh
& Jahns, 1984; Tian & Lin, 2021; Wallace, 1949, 1968). However, continued fault slip often leads to stream
capture, which reduces or skews the interpretation of the sense of motion, offset magnitude, and slip rate (Duvall
& Tucker, 2015; Fu et al., 2005; Harbert et al., 2018; Huang, 1993; Lacassin et al., 1998; Walker & Allen, 2012).
In addition, the initial landform (e.g., initial drainage pattern) and surface processes (i.e., erosion, transportation,
and deposition) can also influence the creation and maintaining the fault offsets of stream channels (Harbert
et al., 2018; Huang, 1993; Li et al., 2021; Reitman et al., 2019). Moreover, these factors are often superimposed,
so it may mislead us if we only use offset streams as indicators of strike-slip faulting.

In this paper, we reported geomorphic and geologic features that support right-lateral strike-slip along the eastern
segment of the NLSF including right-lateral offset terrace risers, right-lateral deflected stream channels, and also
fault striations. In addition, the presence of linear fault scarps, knickpoints, and fault kinematics analysis also
demonstrates the normal faulting component. All of these geologic and geomorphologic evidence corroborate the
argument for dextral transtensional movement along the eastern segment of the NLSF. Combined with geodetic
observations (e.g., Gao et al., 2022; Hao et al., 2021; Song et al., 2022; Wang & Shen, 2020; Zhang et al., 2018;
Zhao et al., 2017), seismological studies (e.g., Li, Kuvvet, et al., 2015; Li, Sgrensen, & Atakan, 2015), and fault
kinematic analysis (e.g., Shi et al., 2015), we believe that the SGS behaves as a dextral transtensional shearing
zone. Considering the challenges of locating well-preserved geomorphic markers and properly measuring vertical
and lateral displacements on these, amidst the rapid urban development in recent decades which can erase the
fault activity records, our study provides valuable, direct, and compelling evidence for the dextral transtension
movement in the SGS, which is critical for determining the kinematics and tectonic framework of the SGS.

Previously, the northern SGS has been thought to be an extensional tectonic domain formed at the end of the
transtensional central segment of the SGS, and therefore all ENE-striking faults were believed to behave as
pure normal faults, including the NLSF, Yanggao-Tianzhen Fault, and the North and South Xiongershan Faults
(Figure 2b; Xu & Ma, 1992; Xu et al., 1993). This school of thought was also previously supported by geodetic
observations (e.g., Middleton et al., 2017; Shen et al., 2000; Zhao et al., 2017). However, the abundance of
evidence of right-lateral strike-slip along the eastern segment of the NLSF supported by our study demonstrates
that the northern SGS exhibits more complex fault kinematics than previously recognized. Field observations and
high-resolution topographic data interpretations also show that the western segment of the NLSF is dominated
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by right-laterally strike-slip, albeit it is only evidenced by systematically offset stream channels at present (Deng
& Xu, 1995; Luo et al., 2022; Xu, Ma, et al., 1996). It is also worth noting that right-lateral displacement on the
NE-striking western and eastern segments of the NLSF (arranged in right-stepping, en-echelon style) will form
a releasing bend along the EW-striking middle segment of the fault (Figure 2b), where shows no geomorphic
evidence of lateral strike-slip based on our and other researcher's observations (e.g., Deng et al., 1994; Duan &
Fang, 1995; Xu, Nobuyuki, et al., 1996); Future studies should focus on the partitioning and transfer of tectonic
strain across these fault segments. The Kouquan Fault is another major fault in the northern SGS that is previously
thought to be a right-lateral strike-slip fault, with slip rates of 0.8-3.6 mm/yr (Figure 2b; Ding & Lu, 1983; Li
et al., 2013; Wang et al., 1996). Active fault investigations in recent years, for instance, by Xu et al. (2011), claim
that there is hardly convincing evidence for dextral strike-slip. However, assuming that the dextral strike-slip of
the Kouquan Fault is real, then combinedly, the western and eastern segments of the NLSF form a roughly 100
km-wide dextral shear zone. This could potentially explain in part why GPS observations suggest a broad dextral
shear zone spanning the SGS and the Taihang Shan (e.g., Wang & Shen, 2020; Zhang et al., 2002).

5.3. Implications for Geodynamics in the Shanxi Graben System

Geoscientists have long been interested in the origin and mechanism of continental rifting in the SGS (e.g.,
Molnar & Tapponnier, 1975; Xu & Ma, 1992; Xu et al., 1993; Ye et al., 1987). So far, there have been two
end-member models proposed. The first model favors an extensional scenario, attributing the rifting in the SGS
to the subduction of the Pacific Plate (Ma & Wu, 1987; Yin, 2000). Another school of thought is that the rifting is
linked to the far-field effect of the India-Asia collision (e.g., Li et al., 1998; Molnar & Tapponnier, 1977; Peltzer
et al., 1985; Tapponnier & Molnar, 1977; Xu & Ma, 1992; Ye et al., 1987; Zhang et al., 1998). In this model,
the outward growth and expansion of the Tibetan Plateau had driven the eastward extrusion of the South China
Block along the EW-striking sinistral strike-slip Qinling Fault Zone, causing counterclockwise bookshelf twist-
ing of North China (Figure 11; Molnar & Tapponnier, 1977; Peltzer et al., 1985; Zhang et al., 1995, 1998, 2018).
As a result, the SGS has evolved as a right-lateral transtensional rift system since the late Miocene (Clinkscales
etal., 2020; Su et al., 2021; Xu & Ma, 1992). The first model can explain the occurrence of extension in the SGS,
however, cannot explain the cause of the dextral strike-slip fault in the rift system. Thus, the direct evidence of
dextral transtension in the SGS given in this study further supports the second hypothesis and therefore indicates
that the evolution of the SGS is more likely driven by the outward growth of the Tibetan Plateau in response to
the Cenozoic India-Eurasia collision.

5.4. Implications for the Crustal Deformation in North China

The pattern of deformation in North China has important implications for earthquake occurrence in that region
and the broader geodynamics of East Asia. A growing body of evidence points to a “bookshelf” rotation model
(e.g., England & Molnar, 1990; Freund, 1970; Mandl, 1987) for the present crustal deformation of North China
(e.g., Xu & Ma, 1992; Zhang et al., 2018; Figure 11). In particular, GPS velocity fields show that eastern conti-
nental China escapes east-southeastward, with the rate gradually increasing from north to south (e.g., Shen
et al., 2000; Zhang et al., 2018; Wang & Shen, 2020; Figure 11). The rapid eastward motion of the rigid South
China Block (at a rate of ~7.5 mm/yr), driven by the eastward growth of the Tibetan Plateau, has resulted in a
sinistral shearing over North China with respect to the slower eastward rigid Amurian Block to the north (at a
rate of ~1.7 mm/yr) (Figure 11; Wang & Shen, 2020). This left-lateral shear couple between the South China
Block and Amuiran Block eventually led to the active deformation across North China, which is characterized by
anticlockwise bookshelf rotation of the Ordos and North China Plain blocks, as well as right-lateral strike-slip
along NNE-striking faults (Figure 11).

The primary NNE-striking right-lateral strike-slip fault zones in North China include the Yinchuan Graben, the
SGS, and the Tancheng-Lujiang Fault Zone from west to east (Figure 11; Xu & Ma, 1992; Xu et al., 1993). The
past decades have seen more and more geomorphologic and geologic evidence of dextral strike-slip in Yinchuan
Graben (e.g., Liang et al., 2019; Middleton, Walker, Rood, et al., 2016) and Tancheng-Lujiang Fault Zon (e.g.,
Jietal., 2021; Jiang et al., 2017), however, no further convincing evidence was documented in the SGS. There-
fore, our new observations from the NLSF demonstrate the dextral strike-slip in the SGS and provide further
constraints for the “bookshelf” deformation model of North China. The other way round, we tend to attribute
the dextral strike-slip along the NLSF (both the western and eastern segments) and other faults in the SGS to
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Figure 11. Topographic map showing the “bookshelf” rotation model of deformation in North China. Three main NNE
(NE)-striking right-lateral strike-slip fault systems (the Yinchuan Graben fault system, Shanxi Graben System, and
Tancheng-Lujiang fault zone from west to east) and two main NW (NWW)-striking left-lateral strike-slip fault systems (the
Qinling fault zone in the south and Zhangjiakou-Bohai fault zone in the north) are identified in North China. The North
Liulengshan Fault (NLSF) in the northern Shanxi Graben System is highlighted by a red line, while other faults are in black
lines. Dark blue triangular arrows indicate the direction of relative motion. White arrows denote the block translation with
respect to the stable Eurasian plate, velocity data (in mm year™') are from Wang and Shen (2020). Inset cartoon illustrating
the “bookshelf” deformation model. Abbreviations are the same as in Figure 1.

the relative motion caused by the counterclockwise rotation of the Ordos block and North China Plain block
(Figure 11). After all, GPS observations show that the eastward pushing from the Tibetan Plateau at the south-
western margin of the Ordos Block makes the counterclockwise rotation of the Ordos block twice as fast as that
of the North China Plain block (Wang & Shen, 2020).

6. Conclusion

Although the SGS has long been viewed as a dextral transtentional shear zone, the geologic and geomorphologic
evidence for the dextral shearing is insufficient. The NLSF is a major active fault in the northern SGS. Its western
segment has long been viewed as the main component of the dextral shear zone, which is mainly characterized
by dextral strike-slip movement, while other segments of the NLSF are mainly dominated by normal faulting.
However, field observations presented in this paper show that the NE-striking eastern segment of the NLSF is
characterized by both right-lateral strike-slip and normal displacement. The right-lateral strike-slip component
is evidenced by right-laterally offset terrace risers and stream channels as well as fault striations preserved on
fault planes. Topographic surveys coupled with OSL dating of offset fluvial terraces indicate both the lateral and
vertical slip rates of this fault segment are in the range of ~0.2—-0.3 mm/yr. The discovery of dextral strike-slip
displacement along the eastern segment of the NLSF in this study provides direct and convincing evidence for
determining the right-lateral transtensional kinematics of the SGS, which is of great benefit to understanding
the dynamic origin of the SGS and the tectonic deformation pattern of North China.
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