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A B S T R A C T   

The North Liuleng Shan Fault (NLSF) is one of the major active faults in the northern Shanxi Graben System 
(SGS) in North China. Although the fault has been investigated extensively in terms of late Quaternary activity, 
its active deformation pattern is still poorly characterized. In this study, we conducted a morphometric analysis 
of the fault using various geomorphic indices to assess the along-strike relative uplift rates, which include basin 
relief, slope, mountain front sinuosity (Smf), hypsometric integral (HI) and curves, valley floor width-to-height 
ratio (Vf), asymmetry factor (Af), basin elongation ratio (Re), and normalized channel steepness indices (ksn). 
Our findings indicate that the central portion of the fault has experienced higher relative uplift rates than the 
southwestern and northeastern portions, as demonstrated by higher basin-averaged slopes and ksn values, and 
lower Vf, Re, and Smf values. This spatial distribution pattern of relative uplift rates appears to correlate well with 
along-strike changes in the fault geometry and kinematics of the NLSF. We interpret the EW-striking, central 
portion of the NLSF as a releasing bend formed by the NE-striking, right-stepping, en-echelon southwestern and 
northeastern portions of the fault system, which are characterized by right-lateral oblique slip. Furthermore, the 
northeastward increase in HI values along with the regional basin evolution history suggest that the NLSF likely 
propagated from southwest to northeast. We propose that the southwestern portion of the fault most probably 
initiated earlier and that the central and northeastern portions formed later as extensional structures at the 
termini of the fault zone. Our findings contribute to a better understanding of the tectonics and genesis of the 
basin-and-range geomorphology in the northern SGS.   

1. Introduction 

The Shanxi Graben System (SGS) is an important seismogenic zone in 
central North China that constitutes a collection of en-echelon-arranged 
basins (Fig. 1a; Xu and Ma, 1992; Xu et al., 1993). The dynamic 
mechanism, evolution history, and active tectonics of the SGS have long 
been of great interest to geologists (e.g., Xu and Ma, 1992; Xu et al., 
1993; Li et al., 1998; Zhang et al., 1998a; Lv et al., 2014; Shi et al., 2015; 
Clinkscales et al., 2020, 2021; Luo et al., 2021, 2022b, 2023). The North 
Liuleng Shan Fault (NLSF), one of the major active faults in the northern 
domain of the SGS, is approximately 150 km long and exhibits an ENE- 

striking Z-shaped trace along the northern piedmont of the Liuleng Shan 
(“Shan” means “mountains” in Chinese; Fig. 1b). The 1989 Datong- 
Yanggao earthquake swarm, which produced a Ms 6.1 mainshock (the 
largest earthquake in the SGS in the last 200 years) that resulted in a 
large number of fatalities and injuries and caused extensive property 
damage, struck the central portion of the Liuleng Shan piedmont 
(Fig. 1b; Zhuo et al., 2019). Since then, generations of geologists have 
conducted research on the deformation characteristics and paleo
earthquake history of the NLSF (Deng et al., 1994; Duan and Fang, 1995; 
Xu et al., 1996a, 2002; Yin et al., 1997; Sun, 2018; Sun et al., 2023; Luo 
et al., 2022a, 2022b). However, the longer-term active deformation 
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pattern of the NLSF remains poorly constrained, which limits our un
derstanding of the geomorphological evolution along the fault and the 
mechanism responsible for strong earthquakes in the region. 

The analysis of geomorphic indices has proven useful in addressing 
active tectonic issues, such as the identification of active structures and 
assessment of relative tectonic activity of faults or their segments in 
different tectonic settings worldwide (Wobus et al., 2003; Molin et al., 
2004; Thompson Jobe et al., 2020; Rimando and Schoenbohm, 2020; Shi 
et al., 2020b; Krystopowicz et al., 2019; Bucci and Schoenbohm, 2022; 
Gusti et al., 2023). Several authors have attempted to investigate the 
tectonic geomorphology of the NLSF using geomorphic indices (Cheng 
and Yang, 1999; Yan et al., 2011). For example, Cheng and Yang (1999) 
conducted a joint analysis of geomorphic indices (e.g., mountain front 
sinuosity, valley width-depth relief ratio, and stream-gradient index 
measured from 1:10,000 scale topographic maps) and mountain front 
geomorphic features (e.g., fault scarp heights). The authors concluded 
that the NLSF can be divided into two segments (SW and NE segments) 
by the fault overlap zone in the vicinity of Dawang village (Fig. 1b), and 
with the NE segment being more strongly regulated by faulting than the 
SW segment. In addition, by calculating geomorphic indices like stream 
length-gradient, hypsometric integral, and basin shape index, Yan et al. 
(2011) analyzed five gullies locally concentrated in the central of the 
NLSF and found that the evolution of these gullies is closely tied to the 
NLSF. However, given the successful application of some emerging 
geomorphic indices (such as normalized channel steepness index: ksn, 
discussed in more detail in the following section) and the new cognition 
of fault kinematics of the NLSF (Luo et al., 2022a, 2022b), a thorough 

examination of the morphometric features along the mountain front 
may yield novel insights into the tectonic deformation pattern of the 
fault system. 

In this study, we first use a combination of mountain front- and 
drainage basin-based geomorphic indices to examine the spatial distri
bution pattern of long-term relative uplift rates along the strike of the 
NLSF. Then, utilizing field observations and interpretations of high- 
resolution topographic data produced by the unmanned aerial vehicle 
(UAV) images-based structure from motion (SfM) technique, we present 
additional geomorphic evidence on the kinematics of the NLSF. Based on 
these data, we examine the active deformation pattern and discuss the 
possible evolutionary history of the NLSF. Our results contribute to the 
current knowledge of regional tectonics and geomorphology of the 
northern SGS. 

2. Geological background 

2.1. Tectonic setting 

The Shanxi Graben System (SGS) is a Cenozoic intracontinental rift 
system (>2000 km away from the nearest active plate boundary) in 
North China, located between the North China Block to the east and the 
Ordos Block to the west (Fig. 1a; Clinkscales et al., 2021). The SGS has 
hosted >19 Ms ≥ 6 earthquakes since 231 CE, including the Ms 8.0 
Hongdong earthquake in 1303 CE (Xu et al., 1993). The sigmoid-shaped 
SGS consists of a series of grabens and half-grabens arranged in a left- 
stepping, en-echelon pattern, with a length of 1200 km and a width of 

Fig. 1. Regional tectonics of the Shanxi Graben System and the North Liuleng Shan Fault. (a) Topographic map showing tectonic blocks and active faults in central 
China. Abbreviations: HG – Hetao Graben, YG – Yinchuan Graben, WG- Weihe Graben. (b) Topographic map showing active faults, Quaternary volcanoes, river 
systems, and basins around the Datong-Yanggao Basin. Abbreviations: YTB- Yanggao-Tianzhen Basin, HAZB- Huaianzhen Basin, SJB- Shenjing Basin, YYB- Yuguang 
Basin, DTB- Datong Basin, HYB- Hunyuan Basin, YGB- Yuguang Basin; YTF- Yanggao-Tianzhen Fault, KQF-Kouquan Fault, SYF- Shuiyu Fault, ECSF-East Cailiang 
Shan Fault, NXSF- North Xionger Shan Fault, SXSF- South Xionger Shan Fault, SJBF- Shenjing Basin Fault, NLSF- North Liuleng Shan Fault, HPF- Hengshan Piedmont 
Fault, YGBF- Yuguang Basin Fault; BMZ-Beimazhuang, WCK- Wengchengkou, DHZK-Donghouzikou, DW- Dawang, QL-Qiulin, HSL-Huoshiling, QCC-Quchangcheng, 
XJY-Xiejiayao, LMZ-Longmazhuang, GJW-Gongjiawan, XB-Xinbu, SXL-Shixiali. 
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60–200 km (Xu and Ma, 1992; Xu et al., 1993; Li et al., 1998). The SGS 
can be divided into three domains according to the geometry and ki
nematics of the boundary faults: a central NNE-striking dextral trans
tensional segment and two ENE-striking extensional domains to the 
north and the south (Xu and Ma, 1992; Xu et al., 1993). Global Posi
tioning System (GPS) observation data indicate that the right-lateral slip 
rate of the SGS is 1.4 ± 0.1 mm/yr, with little extensional deformation 

(Hao et al., 2021; Wang and Shen, 2020). Earlier studies showed that, on 
the basis of Mesozoic fold-thrust structures, the central SGS was first 
initiated in the early Pliocene owing to the stress field induced by the 
interaction of the Indian, Eurasian, and Pacific plates (Xu and Ma, 1992; 
Xu et al., 1993). The extensional northern and southern domains formed 
as a consequence of the dextral shearing of the central segment (Xu and 
Ma, 1992). In contrast, recent low-temperature thermochronology and 

Fig. 2. Geological and precipitation maps of the Liuleng Shan. (a) A generalized geological map of the Liuleng Shan illustrating the substrate lithology of drainage 
basins referred to a 1:200,000 geological database (Li et al., 2017). (b) Mean annual precipitation in the Liuleng Shan area. Precipitation data are ~1 km2 resolution 
from 1970 to 2000. The scatter plot shows the basin-averaged annual precipitation. 
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magnetochronology argue for an earlier initiation of the SGS in the late 
Miocene (~7–10 Ma) (Su et al., 2021; Clinkscales et al., 2020, 2021; Bi 
et al., 2022). 

This study focuses on a region in the northern SGS (Fig. 1a). Neo
tectonic studies have shown that the northern SGS is extending NNW- 
SSE at a rate of 1–2 mm/yr (Zhang et al., 1998a; Shi et al., 2015; Mid
dleton et al., 2017; Zhao et al., 2017). Unlike the south and central SGS, 
which have been amagmatic during the Cenozoic, Eocene-Quaternary 
basalts erupted in the northern SGS (e.g., the Datong volcano groups; 
Xu and Ma, 1992; Clinkscales et al., 2021). Geophysical surveys reveal a 
low-velocity anomaly (or conductor) beneath the Datong volcanic area 
that extends from the upper mantle to the mid-crust (Zhang et al., 2016; 
Dou et al., 2021). Ai et al. (2019) proposed that rifting in the northern 
SGS is due to the combined effects of asthenospheric upwelling and 
counterclockwise rotation of the Ordos Block, while the rifting in the 
south could be a consequence of the uplift of the Tibetan Plateau. 
Although the northern SGS is seismically active, earthquake magnitudes 
are generally moderate (no more than Ms 7.0) according to both his
torical and instrumental records (Xu and Ma, 1992). It has also been 
shown that large earthquakes in the northern SGS are generally located 
in resistive zones above high conductivity anomalies (Zhang et al., 
2016). 

2.2. Geological and geomorphological setting 

The northern SGS is a typical basin-and-range province, consisting of 
NE-SW-striking basins and parallel bedrock ranges (Fig. 1b; Xu and Ma, 
1992; Xu et al., 1993, 2002; Li et al., 1998). The largest basin in the 
northern SGS is the Datong Basin, which is bounded by the Kouquan 
Fault to its west, the western segment of the NLSF to its east, and the 
Hengshan Piedmont Fault to its south (Fig. 1b). Sedimentation in the 
Datong Basin commenced in the Miocene (no later than 7 Ma; Bi et al., 
2022) and sediment thickness reaches 1500 m adjacent to the Kouquan 
Fault (Xu and Ma, 1992). The Datong Basin is connected to the Yan
gyuan Basin to the east, and the Sangan River flows west to east through 
these two basins. The Huliu River links the Datong-Yangyuan Basin to 
the Yuguang Basin in the southeast. These basins are also collectively 
referred to as the Nihewan Basin, which is famous for housing numerous 
Paleolithic sites and mammalian faunas (Zhu et al., 2001, 2004). Unlike 
the Yanggao-Tianzhen Basin, Yuguang Basin, and other half-grabens in 
the northern SGS, the Yangyuan Basin is a graben, defined by the NW- 
dipping NLSF in the south and the SE-dipping South Xionger Shan 
Fault in the north, with a basin floor elevation of 850–1200 m. The 
Yangyuan Basin is filled with Pliocene to Holocene lacustrine, fluvial, 
and wind-blown deposits (Xu et al., 2002). The fluvial-lacustrine sedi
mentary sequences named the Nihewan Beds (Barbour, 1924) date from 
the Late Pliocene to late Pleistocene according to magnetostratigraphic 
investigations (Deng et al., 2008; Liu et al., 2018). On the south side of 
the Yangyuan basin, the highlands of the Liuleng Shan are over 1100 m 
high, with the highest peak reaching 2420 m (Duan and Fang, 1995). 
The bedrock lithology of the Liuleng Shan varies along its strike 
(Fig. 2a). The southwestern part is primarily composed of Archean 
metamorphic rocks, the northeastern part is mainly made up of car
bonate rocks of Proterozoic and Early Paleozoic age, and the central 
main peak of the Liuleng Shan is a Mesozoic granite intrusion. A global 
precipitation dataset indicates that the mean annual precipitation in the 
Liuleng Shan areas is 300–500 mm/yr (Fig. 2b; http://www.worldclim. 
org/version2). 

2.3. North Liuleng Shan Fault 

The NLSF, which defines the southern boundary of the Datong- 
Yangyuan Basin, extends northeastward from Beimazhuang village to 
Shixiali village (Fig. 1b). It separates the uplifted bedrock range of 
Liuleng Shan in the footwall from the downthrown Datong-Yangyuan 
Basin in the hanging wall. The fault is NE-striking in the southwest 

and turns E-W-striking in the central section and then back to NE- 
striking in the northeast. The NLSF can be divided into six structural 
segments based on along-strike changes in fault geometry, such as 1–4 
km-wide fault steps and fault overlap zones (Fig. 1b; Xu et al., 1996a, 
2002). The central portion of the NLSF displaces an Early to Middle 
Pleistocene basaltic volcanic cone in the vicinity of Qiulin village, 
forming fault scarps with heights of 30–50 m, indicating the long-term 
activity of the fault (Deng et al., 1994; Xu et al., 1996a; Shi et al., 
2020a). Trench investigations indicate that the NLSF has been active in 
the Holocene (Yin et al., 1997; Xu et al., 2002; Sun et al., 2023) and 
poses a high seismic hazard (Xu et al., 2017). 

Previous studies proposed that the NLSF is a normal fault (Deng 
et al., 1994; Duan and Fang, 1995; Xu et al., 1996a, 2002; Cheng and 
Yang, 1999; Sun, 2018), except for the NE-striking southwesternmost 
segment, which was believed to behave as a right-lateral oblique-slip 
fault (Deng and Xu, 1995; Xu et al., 1996b). Our earlier work based on 
field investigation and interpretation of high-precision topographic data 
reveals that the southwesternmost segment of the NLSF is dominated by 
dextral strike-slip, with a strike-slip rate of 1.6 mm/yr and normal slip 
rate of ~0.1–0.2 mm/yr (Luo et al., 2022a). However, the evidence 
supporting the lateral movement of the fault is only based on offset 
stream channels. In this study, we provide new geomorphic evidence (e. 
g., offset terrace risers) within a more complete along-strike coverage to 
demonstrate that the NE-striking southwestern segment of the NLSF is 
characterized by right-lateral oblique-slip faulting. Additionally, our 
previous work concluded that the NE-striking northeastern segment of 
the NLSF is also characterized by a right-lateral oblique slip (Luo et al., 
2022b), with right-lateral strike-slip and vertical slip rates both 0.2–0.3 
mm/yr. 

3. Methodology 

This work takes a two-pronged approach. First, we use publicly 
accessible digital elevation model (DEM) data for topographic analysis 
and calculation of geomorphic indices. Second, we use high-precision 
topographic data obtained by UAV photogrammetry for the measure
ment of fault-related geomorphic features. Based on this study and other 
published data, our goal is to characterize the fault deformation pattern, 
investigate the connection between footwall block topography and 
along-strike variations in fault kinematics, and make inferences 
regarding the fault’s tectonic evolutionary history. 

3.1. Geomorphic analysis 

The calculation of geomorphic indices and other topographic char
acterization in this study were all based on the MERIT DEM with a 
resolution of 90 m (http://hydro.iis.u-tokyo.ac.jp/~yamadai/M 
ERIT_DEM/). The MERIT DEM was developed by removing multiple 
error components (absolute bias, stripe noise, speckle noise, and tree 
height bias) from existing spaceborne DEMs (NASA SRTM3 v2.1, JAXA 
AW3D-30 m v1, and Viewfinder Panoramas’ DEM). The quality of 
MERIT DEM data has been well assessed and it has been shown that 
MERIT DEM is highly reliable for areas with variable topography and 
land cover conditions, including the Earth’s most rugged areas such as 
the High Mountain Asia (Liu et al., 2019; Uuemaa et al., 2020). 

Using the Hydrology toolset in ArcGIS, we extracted a total of 78 
drainage basins along the mountain front covering the whole bedrock 
range of Liuleng Shan (No.1–78 from west to east; Fig. 2). These basins 
were confirmed on Google Earth satellite images to eliminate any basins 
that were caused by errors in the DEM. The size of basins varies from 
0.89 km2 (No.15) to 77.27 km2 (No.26), which ensures that basins that 
are dominated by non-fluvial processes were excluded from our analysis, 
as the thresholds between colluvial and fluvial processes (the critical 
drainage area) are typically between 0.1 and 1 km2 (Mitchell and Yan
ites, 2019). As described in more detail in the following sections, we 
calculated the relief, basin-averaged slope, hypsometric integral (HI) 
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values and curves, valley-floor-width-to-height ratio (Vf), asymmetry 
factor (Af), elongation ratio (Re), and normalized channel steepness 
index (ksn) for those basins (Table S1). These calculated parameters are 
independent of drainage basin area (Fig. S1). In addition to these 
drainage basin-based parameters, we also measured the mountain front 
sinuosity (Smf). These geomorphic indices might be direct (e.g., Vf, Smf, 
and ksn) or indirect (e.g., HI, Af, and Re) indications of relative uplift 
rates, and therefore have been used extensively for assessment of 

relative uplift rates in different tectonic settings worldwide (Pérez-Peña 
et al., 2010; Ntokos et al., 2016; Saber et al., 2018; Rimando and 
Schoenbohm, 2020; Krystopowicz et al., 2019). We also constructed 
transverse and longitudinal topographic swath profiles along the 
mountain front to make inferences regarding the broad long-term dis
tribution of vertical displacement. 

Fig. 3. Topographic swath profiles along and across the North Liuleng Shan Fault. Longitudinal Sw1 swath profile is 10 km wide and transverse Sw2-Sw4 swath 
profiles are 20 km wide. The location of each profile is shown in Fig. 1b. 
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3.1.1. Topographic swath profiles 
Topographic swath profile analysis takes into account all the eleva

tion values within a given width rather than simply measuring elevation 
values along an arbitrary line (Telbisz et al., 2013; Pérez-Peña et al., 
2017). For each swath transect, maximum, minimum, and mean topo
graphic elevation values within a certain width from the profile line are 
extracted and plotted against the distance along the swath. Mean 
elevation approximates the general trend of the landscape within the 
swath profile, while the maximum and minimum elevations can indicate 
the landscape variations in the direction perpendicular to the swath 
profile. Accordingly, topographic swath profiles have been used widely 

to characterize regional-scale topography (e.g., Zhang et al., 2011). In 
this study, a total of four topographic swath profiles (Sw1 to Sw4) were 
constructed to characterize the topographic features along the Liuleng 
Shan (Figs.1b and 3), using the MakeTopoSwath function in the Matlab- 
based Topographic Analysis Kit (TAK) software (Forte and Whipple, 
2019; Schwanghart and Nikolaus, 2010; Schwanghart and Scherler, 
2014). The 10 km-wide longitudinal Sw1 profile runs parallel to the 
mountain front and covers the Liuleng Shan bedrock mountain almost 
entirely. The three transverse profiles Sw2-Sw4, each 20 km wide and 
spanning the mountain ranges and the Datong-Yangyuan Basin, are 
situated in the southwest, central, and northeast portions of the Liuleng 

Fig. 4. Mountain front sinuosity and normalized channel steepness. (a) Hillshade map overlain by slope showing mountain-front sinuosity of the fault-bounded 
escarpments of the North Liuleng Shan Fault. (b) Hillshade map overlain with normalized channel steepness data. Note that the ksn values of basins on the west
ern portion (basins No.1 to No.35) are significantly smaller than those of on the central and eastern portions (basins No.36 to No.78). 
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Shan, respectively. 

3.1.2. Mountain front sinuosity index (Smf) 
The Smf is the ratio of the length of the mountain front Lmf, as 

measured along the foot of a mountain, to the straight-line length of the 
mountain Ls, expressed by the equation: smf = Lmf/LS (Bull and McFad
den, 1977). The morphology of a mountain front changes as a result of a 
competition between active tectonic uplift, which tends to generate and 
maintain a straight mountain front, and stream erosion processes, which 
tend to make it more irregular. Mountain fronts associated with active 
uplift are often straight and have low Smf values (<1.4), whereas fronts 
tied to less active or inactive uplift will have high Smf values (>1.4) (Bull 
and McFadden, 1977; Rockwell et al., 1985; El Hamdouni et al., 2008; 
Ntokos et al., 2016; Rimando and Schoenbohm, 2020). 

In this work, the mountain front trace was determined using a MERIT 
DEM-derived slope map classified as <15◦ and > 15◦ (Fig. 4a). The 
mountain front coincides spatially with the boundary between <15◦

and > 15◦ slope values. On this basis, we manually traced the location of 
the mountain front in ArcGIS. We further divided the corresponding 
mountain front into six segments, labelled as S1 to S6, according to the 
segmentation of the NLSF (Fig. 4a). Unlike the S1, S2, S3, and S6 seg
ments in which the mountain front almost overlaps with the piedmont 
active fault, the mountain fronts in segments S4 and S5 are separated 
from the fault traces by uplifted pediments with widths of 0.5–2 km. 
Cheng and Yang (1999) proposed that these pediments are likely the 
result of erosion along the shoreline of the ancient Nihewan Lake. 

3.1.3. Hypsometric curve and hypsometric integral (HI) 
The hypsometric curve is the ratio between the area and the altitude 

of a drainage basin and is created by plotting the dimensionless pro
portion of total basin height (h/H) against the dimensionless proportion 
of the total basin area (a/A). The total basin height, also known as basin 
relief, is defined as the maximum elevation (hmax) minus the minimum 
elevation (hmin). The hypsometric integral (HI) is defined as the area 
below the hypsometric curve (Strahler, 1952) and is expressed by the 
equation: 

HI =
(hmean − hmin)

(hmax − hmin)
,

where hmean is the mean elevation of a drainage basin. The shape of the 
hypsometric curve as well as the hypsometric value have been used to 
infer the stage of geomorphic development of the drainage basin. 
Convex hypsometric curves and high HI (>0.6) indicate a youthful stage 
that may be associated with active tectonic uplift; S-shaped or straight 
curves and intermediate values of HI (0.3 < HI < 0.6) indicate a mature 
stage, and concave curves and low values of HI (<0.3) indicate a rela
tively old landscape (Strahler, 1952). In this study, we plotted the 
hypsometric curves using the ArcGIS add-in tool, Hypsometric Integral 
Toolbox (available at: https://www.arcgis.com/home/item.html? 
id=23a2dd9d127f41c195628457187d4a54). 

3.1.4. Valley-floor-width-to-height ratio (Vf) 
Vf is used to describe the shape of the valley and is defined as the 

ratio of the width of the valley floor to the average height of the valley 
(Bull and McFadden, 1977), given by the equation: 

Vf = 2Vfw/[(Eld-Esc) + (Erd-Esc)]. 
where Vfw is the width of the valley floor; Eld and Erd are the ele

vations of the left and right valley divides, respectively; and Esc is the 
elevation of the valley floor. Valleys with higher Vf values are often U- 
shaped, whereas valleys with lower Vf values are often V-shaped. Vf is a 
measure of the incision of a stream, however, it can also be used as a 
surrogate for uplift because the rate of uplift and incision is approxi
mately equal in an equilibrium state. Therefore, low values of Vf are 
usually associated with higher rates of uplift and incision. In this study, 
the valley cross-sections used to calculate the Vf values were measured at 

a distance of ~0.5–1.0 km from each basin’s outlet in GlobalMapper 
software. 

3.1.5. Asymmetry factor (Af) 
The asymmetry factor (Af) is often used to evaluate whether or not a 

drainage basin is undergoing tectonic tilting (Hare and Gardner, 1985). 
Af is defined by the following equation: 

Af = (Ar/A) *100. 
where Ar is the area of the basin to the right of the trunk stream 

(facing downstream), and A is the total area of the drainage basin. Both 
Ar and A values were determined directly in ArcGIS. Under the 
assumption of lithological uniformity, if there is little to no tilting in a 
drainage basin, the Af will be close to 50. Otherwise, as the effect of 
tectonic tilting increases, the Af value will deviate from 50. Therefore, 
the absolute values of Af-50 (i.e., |Af-50|) are more often used to eval
uate relative tectonic activity (Hamdouni et al., 2008; Cheng et al., 
2018). For strongly tilted basins, they will have |Af-50| values ≥15, 
probably indicating the effects of active tectonics or strong lithological 
control (Hamdouni et al., 2008; Ntokos et al., 2016). Since the trunk 
streams of basins 10, 21, and 53 bifurcate into two channels of similar 
length upstream (Fig. 2a), we exclude them from our calculation of the 
Af parameters. 

3.1.6. Basin elongation ratio (Re) 
The Basin elongation ratio is an index used to describe the planform 

shape in the outline of a drainage basin (Schumm, 1956). It is a ratio of 
the diameter (Dc) of a circle that has the same area (A) as the basin to the 
drainage basin’s length (Lb), given by the following equation: 

Re = Dc/Lb = 2(A/π)1/2/Lb. 
Typically, drainage basins of tectonically active mountain ranges are 

elongated while drainage basins of less active and inactive mountain 
ranges tend to be more equant (Bull and McFadden, 1977). Re values can 
be influenced by climate and lithology but usually range from 0.6 to 1 
(Strahler, 1964). Re < 0.50 is characteristic of tectonically active basins; 
values ranging from 0.50 to 0.75 are slightly active basins, and Re > 0.75 
is inactive. 

3.1.7. Normalized channel steepness index (ksn) 
The normalized channel steepness index has been proven to be an 

important topographic metric for studying the relationship between 
topography and rock uplift in actively uplifting mountain ranges (e.g., 
Kirby and Whipple, 2001; Harkins et al., 2007). The fluvial reach of most 
graded river profiles follows an empirical power-law relationship be
tween the local channel slope (S) and the contributing drainage area 
upstream (A), 

S = ksA− θ  

where ks is the channel steepness index and θ is referred to as the con
cavity index (mostly ranging from 0.4 to 0.6) (Hack, 1957; Flint, 1974; 
Kirby and Whipple, 2012). Using a reference concavity index (θref ), one 
can determine a normalized steepness index (ksn) that allows effective 
comparison of profiles of streams with varying drainage areas (Wobus 
et al., 2006): 

S = ksnA− θref 

On a theoretical basis, the elevation (Z) at a point in a channel 
evolves with time following the stream power incision model (Whipple 
and Tucker, 2002; Wobus et al., 2006): 

∂Z
∂t

= U − E = U − KAmSn  

where U is the rate of rock uplift, E is the erosion rate, K is the erosional 
coefficient set by climate, rock erodibility, and channel geometry, and m 
and n are empirical constants. At steady state (∂Z

∂t = 0 or U = E) and 
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assuming uniform U and K, the following relationship can be derived: 

S =

(
U
K

)
1
nA− m

n 

Therefore, 

θ =
m
n  

and 

ks =

(
U
K

)
1
n 

This formula indicates a positive relationship between ksn and rock 
uplift rate U under the assumption that K and n do not vary in time and 
space. 

In our study, we follow many other studies in setting θ = θref=0.45 
(e.g., Kirby et al., 2003; DiBiase et al., 2010; Rimando and Schoenbohm, 
2020) and adopt a smoothing window of 500 m to acquire a ksn-map 
(Fig. 4b) through regressions of channel gradient and drainage area 
using the KsnChiBatch function in the TAK software (Forte and Whipple, 
2019; Schwanghart and Nikolaus, 2010; Schwanghart and Scherler, 
2014). We calculate and plot basin-averaged ksn values versus the dis
tance along the fault to interpret the spatial distribution patterns of 
relative uplift rates. 

3.2. Fault characterization 

Active faulting along the NLSF is well expressed at the surface by its 
geomorphology. In this study, we used a combination of field geological 
surveys and interpretation of UAV-based photogrammetry data to better 
characterize the geomorphic features associated with the NLSF. The 
field sites were chosen mainly based on the interpretation of Google 
Earth satellite images, but we also revisited some sites that were 
described in previous studies. We selected sites with well-preserved 
displaced geomorphic features to conduct a detailed study. We used 
SfM-based UAV photogrammetry (e.g., Johnson et al., 2014) to produce 
high-resolution DEMs (~0.2 m/pixel) that were then used to map and 
measure the magnitude of offset on displaced geomorphic surfaces. The 
mapping and determination of the relative ages of different levels of 
geomorphic surfaces (i.e., alluvial fans and fluvial terraces) were mainly 
based on field observations of depositional characteristics and the 
measurement of heights above modern streams. We used the Matlab- 
based software, PointFit v14 (Li et al., 2022; available at https://gith 
ub.com/AMSunip/PointFit), to quantify the heights of scarps by 
extracting topographic profiles perpendicular to the fault scarps. Fault 
lateral offset was measured on the DEM data by using piercing points 
associated with offset geomorphic markers (e.g., terrace risers). 

4. Results 

4.1. Geomorphic analysis 

Our geomorphic analysis reveals significant along-strike changes in 
the topography of the footwall block of the NLSF. The along-strike swath 
profile (Sw1) shows that the Liuleng Shan reaches higher elevations in 
the central portion and decreases in elevation to the southwest and 
northeast (Fig. 3a). The three transverse swath profiles (Sw2-Sw4) 
mainly reflect the relief between the mountain and the basin (Figs. 3b- 
3d). This relief is greater in the central part of the NLSF, reaching about 
1400 m in difference in maximum topography between the basin and 
peak of the range, and tapers to 800 m to the southwest and 900 m to the 
northeast. 

Smf values for all six of the mountain front segments are between 
1.094 and 1.146 (Fig. 4a) and are smaller than 1.4, which fall within the 
range of values reflecting active faulting (Bull and McFadden, 1977; 

Small and Anderson, 1998). Values in the S3 and S4 segments in the 
central portion of the NLSF are lower than those in the western (S1 and 
S2 segments) and eastern portions (S5 and S6 segments) of the fault 
zone. 

We plotted drainage basin-based geomorphic indices against dis
tance from the southwestern fault tip to reveal potential along-strike 
variations (Fig. 5). Basin relief is a maximum in the S3 segment 
(~1400 m) in the central portion of the NLSF and decreases toward the 
two ends of the range (Fig. 5a), which is similar to the trend exhibited by 
the maximum elevation documented in the transverse swath profiles. 
Basin-averaged slopes also show a consistent along-strike trend with 
higher values in the central portion of the range and lower values to the 
northeast and southwest (Fig. 5b). The basin-averaged slope of the S3 
and S4 segments is 22.86 ± 3.21◦, while those of the S1 and S2 segments 
in the southwest and the S5 and S6 segments in the northeast are 14.90 
± 3.56◦ and 18.58 ± 3.12◦, respectively. 

Hypsometric Integral (HI) values vary between 0.37 and 0.65 and do 
not show any obvious dependence on catchment area or shape (Figs. S1 
and S2). A comparison of the HI values of drainage basins in Yan et al. 
(2011) with those determined in this study shows that they are in good 
agreement (Fig. S3). Additionally, HI shows an increase in values from 
southwest to northeast along the mountain range (Fig. 5c). The hypso
metric curves exhibit a similar trend (Fig. 6): drainage basins in the S1 
segment have S-shaped hypsometric curves; the curves of drainage ba
sins on the S2 segment are mainly S- and concave-shaped, except for 
basin No.18 which has a convex-shaped curve; for drainage basin in the 
S3 and S4 segments, the hypsometric curves are mostly straight lines or 
convex-shaped; while for the S5 and S6 segments, S-shaped and convex 
hypsometric curves are observed. 

Valley floor width-to-height ratio (Vf) values range from 0.25 to 
3.03. Drainage basins with low Vf values are mostly located in the S3 and 
S4 segments in the central portion of the fault (Fig. 5d). We calculated 
mean Vf values of 1.20 ± 0.67, 0.61 ± 0.29, and 1.14 ± 0.52 for the S1- 
S2, S3-S4, and S5-S6 segments, respectively. Asymmetry factor |Af-50| 
values range from 1 to 31, however, there is no noticeable spatial trend 
(Fig. 5e). Elongation ratio (Re) values range from 0.4 to 0.9, with the 
elongated drainage basins being more abundant along the S3 and S4 
segments at the center of the fault, especially within the S4 segment 
(Fig. 5f). In contrast, we document drainage basins with increasingly 
equant morphologies more abundant along the southwestern and 
northeastern portions of the fault, especially in the S1 and S2 segments. 
We calculated mean Re values of 0.65 ± 0.10, 0.59 ± 0.11, and 0.68 ±
0.10 for the S1-S2, S3-S4, and S5-S6 segments, respectively. Basin- 
averaged ksn is higher in the center of Liuleng Shan (77.22 ± 13.28 
m0.9) than in the southwestern and northeastern portions of the range 
(39.51 ± 12.92, and 52.45 ± 10.82 m0.9, respectively) (Fig. 5g). 

4.2. Fault observations 

Previous studies documented dextral strike-slip along the NE-striking 
S1 and S6 segments of the NLFZ (Luo et al., 2022a, 2022b). In this work, 
we report new geomorphic data for the other fault segments, finding 
evidence for strike-slip motion on the NE-striking S2 segment, and dip- 
slip, normal displacement on the E-W striking segments S3, S4, and S5 
(Fig. 1b). 

The S2 fault segment in the vicinity of Nanmiyao village consists of 
two fault strands (Fig. 7a). The southern strand, evidenced by a series of 
northwest-facing triangular facets, forms the boundary between the 
uplifted bedrock mountain and the downthrown basin. The northern 
strand, on the other hand, is located ~200 m north of the southern 
strand in the basin and exhibits linear fault scarps with a maximum 
height of ~6 m. Mapping of displaced geomorphic features reveals that 
the fault also shows right-lateral strike-slip displacement (Fig. 7b). Two 
northwestward flowing stream channels, R1 and R2, are deflected right- 
laterally at the location of the fault. Fluvial terraces flanking these two 
channels have also been displaced right-laterally by the fault. Offset 
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magnitudes of ~10 m were measured for the T2 and T2’ terraces. In the 
vicinity of Mijiayao village, also along the S2 fault segment, five levels of 
fluvial terraces (T4, T3, T2’, T2, and T1 from old to young) are developed 
along the flanks of the northward flowing R3 stream channel (Fig. 8a and 
b). The T3/T2 terrace riser is displaced right-laterally by about 13.2 m 
(Fig. 8b and c). In addition to the lateral offset, the T3 terrace also shows 
vertical displacement, but the amount cannot be determined because of 
human modification (Fig. 8a and b). The T2 terrace is not significantly 

displaced horizontally or vertically. The fault crops out in the west wall 
of the stream channel, marked by vertical displacement of the loess- 
gravel contact along with oriented gravels indicative of fault displace
ment (Fig. 8d). This provides convincing evidence that the offset of the 
T3/T2 terrace riser is related to faulting. Based on the observations, the 
S2 fault segment exhibits dextral transtensional faulting. 

Our data support earlier interpretations that the S3, S4, and S5 
segments of the NLSF are characterized by normal faulting (Deng et al., 

Fig. 5. Determined drainage basin-based geomorphic indices. Data is referenced in Table S1. (a-g) Distributions of the basin relief, basin-averaged slope, hypsometric 
integral, valley floor width-to-height ratio, asymmetry factor, elongation ratio, and basin-averaged normalized channel steepness, respectively. Light brown shaded 
rectangular areas indicate fault segment boundaries. (h) Hillshade map showing fault trace (red line), drainage basin (polygons), and fault segmentation (black 
arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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1994; Duan and Fang, 1995; Xu et al., 1996b; Sun, 2018). Along the fault 
trace of the S3 segment in the vicinity of Xituanbu village, we observe 
magnificent triangular facets (Fig. 9a). We also document the offset of a 
Quaternary basalt with a K–Ar age of 0.68 ± 0.13 ka and 30–50 m-high 
fault scarps along this fault segment (Fig. 9b; Deng et al., 1994; Xu et al., 
1996a; Shi et al., 2020a). Fault segments S4 and S5 are mainly located in 
front of uplifted pediments, forming impressive linear fault scarps 
(Fig. 9c and d). For example, in the vicinity of Shangzhuang village on 
the S4 segment, the fault mainly manifests as continuous near-east-west 
striking fault scarps with heights that range from 13 to 32 m (Fig. 10). 
Stream channels do not exhibit any strike-slip displacement. In the 

vicinity of Gaojiayao village along the S5 segment, four levels of fluvial 
terraces (T4 to T1 from old to young) are developed at the outlet of 
drainage basin No.68. The T3 and T4 terraces display obvious vertical 
offset, forming ~6 m and ~ 16–23 m high fault scarps, respectively 
(Fig. 11). Xu et al. (2002) reported that the T2 terrace was also faulted, 
however, the fault scarps are already hard to distinguish due to human 
agricultural activity. A trench across fault scarps on the T3 terrace in
dicates at least two seismic events during the Holocene (Xu et al., 2002). 
Neither the terrace riser nor the stream channels show signs of lateral 
displacement at this locality. 

Fig. 6. Hypsometric curves for all segments of the Liuleng Shan mountain fronts. Segment boundaries are indicated in Fig. 5h.  
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5. Discussion 

5.1. Synthesis of kinematic and geomorphic data along the NLSF 

5.1.1. Geomorphic data 
Our analysis of geomorphic indices reveals that the relative uplift 

rate is non-uniform along the NLSF. Higher basin-averaged slopes and 
ksn, coupled with lower Vf, Re, and Smf values (Figs. 4 and 5), support an 
interpretation that the S3 and S4 segments in the central portion of the 
fault system are experiencing higher uplift rates than the southwestern 
and northeastern fault segments. The combination of geomorphic 
indices such as Smf and Vf values can also be used to indicate relative 
tectonic activity levels of the related mountain fronts (Silva et al., 2003; 

Yıldırım, 2014; Yazıcı et al., 2018; Saber et al., 2018). Following Silva 
et al. (2003), we calculated the average Vf and standard deviation for 
each mountain front (Table S2) and plotted them against Smf values 
(Fig. 12). Our data conform to a logarithmic regression line: Vf =

14.603*Ln (Smf) – 0.6069, with a coefficient of determination (R2) of 
~0.6, consistent with the relationship of Vf = A*Ln (Smf) - B for normal- 
faulted mountain fronts (Silva et al., 2003). According to Rockwell et al. 
(1985), highly active fronts consistently produce lower values of Smf and 
Vf. Our data thus indicate that segments S4 and S3 in the central portion 
of the fault system experience higher uplift rates than segments S6 and 
S5 in the northeast, followed by segments S2 and S1 in the southwest. 
This order is also consistent with the trends reflected by the single 
geomorphic parameter such as slope, Vf, Re, and ksn (Fig. 5). 

Fig. 7. Displaced geomorphic features along the S2 fault segment in the vicinity of Nanmiyao village, with the location shown in Fig. 1b. (a) Hillshade map showing 
fault traces (red triangles). (b) Hillshade map overlain by 0.5 m-interval topographic contours showing fluvial terrace staircases, fault trace (red line), fault scarps 
(red teeth), and right-laterally displaced channels and terrace risers. The dashed red line indicates a fault trace with uncertainties. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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Furthermore, according to the classification of Rockwell et al. (1985), 
segments S3 and S4 are within tectonic activity Class 1 (Smf < 1.4 and Vf 
< 1), which corresponds to inferred uplift rates of at least 0.4–0.5 mm/ 
yr. Contrary to the view of Cheng and Yang (1999) that the NLSF as a 
whole consists of two segments with different levels of tectonic activity, 
we suggest that the NLSF can be divided into three segments based on 
the level of activity: a faster uplifting central segment and two slower 
uplifting southwestern and northeastern segments, in terms of vertical 
motion alone. 

We also note that our HI and |Af-50| values do not exhibit charac
teristics similar to the other geomorphic indices (Fig. 5). From southwest 
to northeast, HI values increase (Fig. 5c), and the hypsometric curves 
also change from S-shaped and concave-shaped to straight line and 
convex-shaped (Fig. 6). These observations suggest that the maturity of 
the landscape decreases from southwest to northeast. There is no spatial 
trend in the asymmetry factor data. As mentioned earlier, hypsometric 
integral and asymmetry factors do not directly indicate relative uplift 
rates. They are not like geomorphic indices such as Smf and Vf, measured 
at or near the interface of the mountain range and the piedmont where 
tectonic perturbations originate (Rimando and Schoenbohm, 2020). 

Differences in lithology may also cause spatial variations in 
geomorphic parameters, so they need to be taken into account. We 
examined the publicly available 1:200,000 digital geological maps (Li 
et al., 2017; http://dcc.cgs.gov.cn/cn//geologicalData/details/doi/10. 
23650/data.A.2019.NGA120157.K1.1.1.V1) of the study area to assess 
the potential role of lithologic resistance in influencing the measurement 
of geomorphic indices. The different rock types presented along the 
drainage basin in the Liuleng Shan include Archean metamorphic rocks, 
Proterozoic and Early Paleozoic carbonate rocks, Mesozoic granitic 

intrusions, and also Jurassic and Cenozoic sedimentary rocks (Fig. 2a). 
However, lithology does not appear to exert significant control over 
geomorphic indices. For example, the basal lithology of the drainage 
basins in the southwestern section is mainly Archean metamorphic 
rocks, but the geomorphic indices (e.g., the basin-averaged slope, ksn, 
Vf) of this section show considerable variability. Similarly, although 
drainage basins in the northeastern section of the range uniformly 
consist of Sinian and Carboniferous limestone and dolomite, the deter
mined geomorphic indices vary from basin to basin in the northeastern 
section. In contrast, despite varying lithology in the S3 and S4 segments 
on the central portion, geomorphic indices return relatively consistent 
values. Lithology is also unlikely to be responsible for the trend of HI 
values, as the gneisses and granites in the southwestern and central 
portion of the Liuleng Shan have higher erosional resistance than that of 
the dolomite and limestone in the northeastern portion (Selby, 1980; 
Yıldırım, 2014). If lithology affects basin hypsometry, the trend should 
be reversed. However, we acknowledge that lithology may have influ
enced the slopes of basins No.40–44, which are located in the central 
part of the Liuleng Shan and have the highest slopes among all basins 
(Fig. 5b). These basins are underlain by granite, which has a high rock 
erosional resistance (Fig. 2a). Furthermore, the topography of the Liu
leng Shan and the relief of the basins are also at their maximum in this 
region (as shown in Figs. 3 and 5a). We believe that these effects are 
localized because overall the slope, basin relief, and topography increase 
from the ends to the central. More importantly, the other geomorphic 
parameters of basin No.40–44 do not exhibit features that clearly 
distinguish them from adjacent basins. Both scenarios suggest that li
thology is not a dominant factor controlling the distribution of 
geomorphic indices. 

Fig. 8. Displaced geomorphic features along the S2 fault segment in the vicinity of Mijiayao village, with the location shown in Fig. 1b. (a) Hillshade map overlain by 
1.0 m-interval topographic contours and (b) interpreted map showing fluvial terrace staircases, fault trace (red line), fault scarps (red teeth), and right-laterally 
displaced terrace riser. (c) Field photo showing the overall topography and the right-laterally displaced T3/T2 terrace riser. (d) Field photo showing a fault 
outcrop in which fluvial gravels were dragged parallel with the fault plane. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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Climate may affect geomorphic data as well. We use present climatic 
data to evaluate the role of climate in geomorphic evolution because 
detailed long-term paleo-climatic data are not available here. Mean 
annual precipitation in the analyzed drainage basins ranges from 360 to 
460 mm/yr, averaging ~397 ± 47 mm/yr (Fig. 2b; http://www.wor 
ldclim.org/version2). Although a few drainage basins in the central 
segment of the fault system receive higher precipitation than others, the 
relatively small absolute difference likely has a limited impact on the 
significant differences in geomorphic parameters. To test this, we 
plotted the geomorphic indices against mean annual precipitation data, 
yielding a very low correlation (Fig. S4). Given the small spatial extent 
of the study area (spanning just over 100 km from west to east), it is 
reasonable to believe that the role of climatic conditions in the past is 
also very limited. 

5.1.2. Fault geometry and kinematics 
Both previously published work and fault kinematic determinations 

in this study reveal that the kinematic features of the NLSF are variable 
with fault strike. In plan view, the NLSF is composed of three sections 
with different strikes (Fig. 1b): the NNE and NE striking S1 and S2 
segments in the southwest, the EW striking S3 and S4 segments in the 
center, and the NE-striking S5 and S6 segments in the northeast. The S1 
segment is characterized by right-lateral oblique-slip movement, with 
right-lateral strike-slip rates of ~1.6 mm/yr (Deng and Xu, 1995; Xu 
et al., 1996b; Luo et al., 2022a). In this study, we report evidence of 
right-lateral strike-slip on the S2 segment, which includes offset stream 
channels and terrace risers. Combined with previous work (e.g., Deng 
et al., 1994), we conclude that the S2 segment is also characterized by 
right-lateral oblique-slip movement. In contrast, previously published 
work and this study find that the S3, S4, and S5 segments are normal- 
faulting-dominated (Deng et al., 1994; Duan and Fang, 1995; Xu et al., 
1996a; Sun, 2018). Finally, Luo et al. (2022b) concluded that the S6 

segment also exhibits right-lateral oblique slip with magnitudes of 
lateral slip rate of 0.2–0.3 mm/yr. In their work, the dextral-slip evi
dence involves offset stream channels and terrace risers, and fault stri
ations that are related to slip events in the late Quaternary. Many 
geological constraints on vertical slip rates of the NLSF have been ob
tained (Deng et al., 1994; Duan and Fang, 1995; Xu et al., 1996a; Sun, 
2018; Luo et al., 2022a, 2022b). We compile and plot them in Table S3 
and Fig. 13 (data without age constraints have been excluded), respec
tively. These data are scattered and even vary at the same site, possibly 
due to the inconsistent timescales the different geomorphic markers 
represent. In addition, there is little data in the central portion of the 
fault system. However, there appears to be an increasing trend in ver
tical slip rate toward the center of the fault system, consistent with our 
analysis of geomorphic indices. 

In summary, we find evidence for dominantly strike-slip displace
ment and relatively low values of vertical displacement on the north
eastern and southwestern ends of the NLSF (segments S1, S2, and S6). In 
contrast, there is abundant geomorphic data and slip-rate measurements 
that indicate a greater component of vertical displacement in the central 
section of the fault system (S3 and S4). We would anticipate right-lateral 
strike-slip along the S5 segment, as the geomorphic parameters of this 
segment are quite similar to those of the S6 segment. However, based on 
the available field data, the S5 segment is dominated by normal faulting. 
Nevertheless, given that the S5 and S6 segments have the same fault 
strike, we cannot rule out the possibility of a component of right-lateral 
strike-slip along the S5 segment. In addition, hypsometric data suggest 
decreasing landscape maturity toward the northeast along the fault 
system, suggesting that the timing of fault initiation may be different 
from the current pattern of uplift. 

Fig. 9. Field photos showing displaced geomorphic features along the S3, S4, and S5 fault segments. (a) Triangular facets in the vicinity of Xitubu village. (b) Faulted 
basalt in the vicinity of Qiulin village. (c) Fault scarps in the vicinity of Shangzhuang village. (d) Faulted terraces in the vicinity of Gaojiayao village. Red triangles 
indicate the fault trace. The locations of the photos are shown in Fig. 1b, Fig. 10, and Fig. 11. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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5.2. Active deformation pattern of the NLSF 

As discussed above, neither lithology nor climate is the primary 
determinant of the spatial distribution of geomorphic indices along the 
NLSF and their pattern, therefore, most likely results from tectonic 
forces. Given the along-strike variations in fault geometry and kine
matics, we propose here that the deformation of the NLSF conforms to a 
right-lateral oblique-slip releasing bend model (Fig. 14; Cunningham 
and Mann, 2007). Geometrically, both the southwestern and north
eastern portions of the NLSF strike NE and are arranged in a right- 
stepping en-echelon style. Kinematically, they are both oblique right- 
lateral faults. Consequently, a releasing bend is found between them 
at the location of the E-W-striking, normal-faulting-dominated central 
portion of the NLSF. The southwestern portion of the NLSF, with a 
relatively high dextral strike-slip rate (~1.6 mm/yr), has long been 
considered as part of the dextral shear zone of the SGS (Xu and Ma, 
1992; Deng and Xu, 1995; Deng et al., 1999). The dextral strike-slip rate 
of the northeastern portion of the NLSF, which is far from the main body 
of the dextral shear zone of the SGS, is significantly lower (0.2–0.3 mm/ 
yr). We argue that this decrease in dextral slip is mainly accommodated 

by extension along the central portion of the fault, a mechanism that also 
occurs along the Death Valley Fault Zone (DVFZ) in the Eastern Cali
fornia Shear Zone of the Basin and Range province, USA (Pardo et al., 
2012). Our interpretation coincides with the higher relative uplift rate in 
the central portion of the NLSF compared to lower uplift rates in the 
southwestern and northeastern portions as revealed by our geomorphic 
data (Fig. 5) and vertical uplift rate compilation (Fig. 13). Right-lateral 
slip along the southwestern part of the NLSF is not completely absorbed 
by extension along the central NLSF and the remaining slip contributes 
to the right-lateral slip along the northeastern portion of the NLSF. This 
model explains why the northeastern NLSF has a relatively large vertical 
movement along with a right-lateral slip component. Future work needs 
to quantify the vertical slip rate of the central portion of the NLSF. 

Fault bends can change the stress state and affect strain partitioning 
around them, and may provide nucleation sites for major earthquakes 
(King and Nabelek, 1985; Wang et al., 2017). The 1989 Datong-Yanggao 
earthquake swarm occurred within the releasing bend zone we identi
fied (Fig. 1b), raising the question of whether the bend influenced the 
nucleation of the earthquake swarm. In addition, releasing bends are 
associated with crustal extension, thereby potentially creating 

Fig. 10. Topographic map and profiles showing displaced geomorphic features in the vicinity of Shangzhuang village, with location shown in Fig. 1b. (a) Hillshade 
map overlain by 5 m-interval topographic contours showing fault traces (red line), fault scarps (red teeth), and locations of topographic profiles. (b-e) Topographic 
profiles and slope profiles with locations are indicated in Fig. 10a. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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conditions that are favorable for volcanism (Cunningham and Mann, 
2007; Mathieu et al., 2011; Haddad et al., 2023). In fact, volcanoes of 
Quaternary age have developed in the central part of the NLSF within 
our identified releasing bend (Figs. 1b and 9b; Deng et al., 1994; Xu 
et al., 1996a). Magnetotelluric data reveal a high-conductivity anomaly 
in the middle crust below Yangyuan Basin (Fig. 5 in Zhang et al., 2016), 
which likely explains the source of magma. Deep seismic reflection data 
show that the NLSF is a crustal depth-scale fault (Zhang et al., 1998b). 
We infer that crustal extension within the releasing bend allowed 
magma to extrude to the surface along the fault zone of the NLSF. Zhang 
et al. (2016) argued that the Cenozoic magmatic intrusion process could 
influence seismicity in the northern SGS, including that of the 1989 
earthquake swarm. Therefore, our proposed releasing bend fault model 
provides a mechanism for explaining volcanism and the source of 
earthquakes along the NLSF. 

5.3. Implications for fault evolution and topography building 

As established above, the kinematics of active faulting may differ 
from the fault’s evaluation over time, primarily evidenced by HI values 

Fig. 11. Topographic map and profiles showing displaced geomorphic features in the vicinity of Shangzhuang village, with location shown in Fig. 1b. (a) Hillshade 
map overlain by 5 m-interval topographic contours showing terrace staircases, fault traces (red line), fault scarps (red teeth), and locations of topographic profiles. (b- 
e) Topographic profiles and slope profiles with locations are shown in Fig. 11a. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 12. Plot of Smf versus Vf for the Liuleng Shan mountain front, showing 
relative tectonic activity. Data is referenced in Table S2. 
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that gradually increase from southwest to northeast (Fig. 5c). Regional 
basin evolution history sheds light on the development of the NLSF as 
well. The latest high-resolution magnetostratigraphic investigations of 
the DY-1 core in the Datong Basin show that the basal age of the sedi
ments is approximately 7.0 Ma (Bi et al., 2022). As the southeastern 
boundary fault of the Datong Basin, the oblique right-lateral south
western portion of the NLSF may have also reactivated around this time. 
We argue that the accumulation of right-lateral displacement along the 
southwestern portion of the NLSF eventually led to extension along the 
central and northeastern portions of the fault system, resulting in the 
pull-apart formation of the Yangyuan Basin in the early Pliocene and 
forming the ancient Nihewan Lake at about 4.2 Ma due to fault- 
controlled subsidence (Liu et al., 2018; Bi et al., 2022). Additionally, 
boreholes in the western part of the Yangyuan Basin contain Pliocene 
sediments, with sediment thickness of over 700 m, while early Pleisto
cene sediments in boreholes in the central and northeastern parts of the 
basin lie in direct and uncomfortable contact with the underlying 
bedrock, with sediment thickness of only 400–500 m (Xu et al., 2002). 
These geological observations, along with the increasing trend of HI 
values, indicate that the NLSF propagated from southwest to northeast 
over several million years. 

Displacement generally decreases toward fault tips (Kim and Sand
erson, 2005) and the largest magnitude displacement is typically located 
on the oldest and most mature sections of a fault, decreasing in the di
rection of long-term fault propagation (Manighetti et al., 2001, 2005; 
Perrin et al., 2016). The NLSF does not follow this trend. The central 
section of the fault zone uplifts most actively, evidenced by topographic 
swath profile and basin relief data (Figs. 3 and 5a). However, the central 
section is not the oldest section of the fault. Rather, the southwestern 
section of the NLSF initiated first, but due to the lateral-slip-dominated 
nature of the fault system, it accumulated minimal vertical displace
ment. The NLSF developed by the growth and connection of the south
western and central-northeastern portions, which have different ages 
and activity patterns. This is responsible for the significant contrast in 
tectonic geomorphology of the southwestern and central-northeastern 
portions along the fault zone, as illustrated by this work and Cheng 
and Yang (1999). 

The evolution pattern of the NLSF is consistent with the scissor-like 
opening model for the development of the basin and range structure 
of the northern SGS, in which basins spasmodically migrated and faults 
propagated from WSW to ENE (Xu and Ma, 1992; Xu et al., 1993). This 
model argues that the northern SGS evolved mainly by northeastward 

Fig. 13. Summary of vertical slip rates documented along the North Liuleng Shan Fault. Data referenced to Table S3. (a) Scatter plot showing published vertical slip 
rate data along the fault. (b) Hillshade map showing fault trace (red line), fault segmentation (black arrows), analyzed drainage basins (light gray polygons), and 
vertical slip rate study sites (squares). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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fault propagation from the northern end of the central, transtensional 
segment of the SGS (Fig. 1; Xu and Ma, 1992; Xu et al., 1993). In the 
early Pliocene, corrected to the late Miocene by subsequent studies (e.g., 
Shi et al., 2015), under a regional transtensional regime (NW-SE 
extension and NE-SW compression), NNE-SSW striking oblique right- 
lateral faults activated and north-south trending basin began to 
develop. Since the middle and late Pliocene, as a result of shear along the 
central transtensional segment of the SGS, the ENE-trending fault sys
tems bounding sub-basins, including the Yanggao-Tianzhen, Yangyuan, 
Dingxiang, and Fanshi-Daixian basins, activated and resulted in the 
development of basin and range structures in the northern SGS (Xu and 
Ma, 1992). The Lingqiu and Yuguang basins, distant from the main shear 
zone of the SGS, began to develop in the early Pleistocene. In addition to 
basins developing more recently from southwest to northeast, block 
rotation amplitude and rate of vertical displacement of the range front 
faults and basin sediment thickness are also large in the southwest and 
gradually decrease toward the northeast (Xu and Deng, 1988; Xu et al., 
1993). The NLSF conforms completely to these two characteristics. Our 
knowledge of the fault evolution history of the NLSF is of great signifi
cance to the improvement of the origin of the basin-and-range geo
morphology in the northern SGS. 

6. Conclusion 

In this work, we evaluate the distribution of relative uplift rates 
along the NLSF using geomorphic indices including slope, mountain 
front sinuosity (Smf), hypsometric integral (HI) and curves, valley floor 
width-to-height ratio (Vf), asymmetry factor (Af), basin elongation ratio 

(Re), and normalized steepness indices (ksn). The results show that the 
central portion of the fault has experienced the highest relative uplift 
rates, followed by the northeastern portion and finally the southwestern 
portion. This distribution appears to be closely related to the along- 
strike variations in fault geometry and kinematics. The Z-shaped NLSF 
consists of the NE-striking, right-stepping, en-echelon-arranged south
western and northeastern portions and the EW-striking central section. 
The central portion of the fault is dominated by normal faulting, while 
the southwestern and northeastern portions of the fault are character
ized by oblique right-lateral slip. We interpret the central portion of the 
NLSF as a “releasing bend”. The higher right-lateral slip along the 
southwestern portion (~1.6 mm/yr) is not completely absorbed by the 
crustal extension of the central portion and is partially transferred to the 
slip along the northeastern portion (~0.2–0.3 mm/yr). This is likely the 
reason for the significant reduction of the right-lateral slip rate of the 
northeastern portion. Additionally, the increasing trend of HI values and 
the changing of hypsometric curve shapes from southwest to northeast 
suggest that the NLSF developed from southwest to northeast. This 
interpretation is supported by the regional basin evolution history: the 
Datong Basin commenced in the late Miocene, while the Yangyuan Basin 
was initiated in the Pliocene. Further, the Yangyuan basin depth de
creases eastward, and the basal sediment age becomes younger from 
west to east. Therefore, we favor the interpretation that the south
western portion of the fault that bounds the southeastern margin of the 
Datong Basin initiated earlier, and the central and northeastern portions 
of the fault formed later as extensional structures at the northeastern 
termini of the southwestern portion of the fault zone. We recognize the 
present NLSF as a result of the connection and growth of fault segments 

Fig. 14. Schematic model showing the deformation pattern of the North Liuleng Shan Fault. Note that the Z-shaped geometry and variations in fault kinematics along 
the fault strike will produce a releasing bend along the central portion of the fault. The right-lateral slip of the southwestern portion of the fault may be not 
completely absorbed and accommodated by crustal extension along the central portion and the remaining strain contributes to the right-lateral slip along the 
northeastern portion of the fault. Therefore, from the southwestern portion to the northeastern portion, the dextral slip rate decreases significantly, and the vertical 
slip rate increases from the northeast and southwest toward the center of the fault system. Abbreviations: YTB- Yanggao-Tianzhen Basin, DTB- Datong Basin, YYB- 
Yangyuan Basin, HYB- Hunyuan Basin; KQF- Kouquan Fault, NLSF- North Liuleng Shan Fault, HPF- Hengshan Piedmont Fault. 
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of different ages and fault kinematics. Our results not only contribute to 
the understanding of the tectonic deformation pattern and evolutionary 
history of the NLSF but also to regional volcanic and seismic hazards and 
a wider understanding of the development of the northern SGS. Further 
research is needed to quantify the vertical slip rate along the central 
portion of the fault and to estimate the timing of initiation along the 
fault system. 
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