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ABSTRACT: Since the Late Cenozoic, tectonic deformation has been intense in the Longxian–Baoji Fault Zone (LBFZ), which is at
the intersection of the southwest margin of the Ordos Block, the northeast margin of the Tibet Plateau, and the Qinling Orogenic Belt.
To evaluate the relative tectonic activity within the LBFZ and discuss the influence of the northeastward expansion of the Tibetan Pla-
teau on the geomorphological evolution of the LBFZ, we extracted data of the Qianhe, Hengshuihe, and Jinlinghe River Basins from
the ASTER GDEM and analyzed the geomorphic indices, including the hypsometric integral (HI), standardized stream length-gradient
index (SL/K) and Hack profile, elongation ratio (Re), the drainage basin asymmetry factor (AF) and valley floor width-to-height ratio
(VF). Through geomorphic indices and field investigations, we found that the LBFZ has experienced relatively high tectonic activity.
Combined with the index of relative active tectonics (IAT), we compared the tectonic activity strengths of the four major faults in the
study area. Among them, the tectonic activities of the Longxian-Qishan Fault (LQF) and the Taoyuan-Guichuansi Fault (TGF) are the
highest. The morphology and AF values of the drainage basin of the southwest side of the study area indicate the influence of north-
west-southeast compressive stress. The northeastward expansion of the Tibetan Plateau affected the LBFZ region, and the stress brought about
by it controlled the tectonic deformation in the region and sculpted the modern landscape. This study is of great significance for
understanding the impact of the northeastward expansion of the Tibetan Plateau on the geomorphological evolution of the LBFZ.
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1.  INTRODUCTION

Tectonic geomorphology is an emerging interdisciplinary
field between geomorphology, geodynamics, and structural
geology, which focuses on the interactions between tectonic and

surface processes (Wang and Wang, 2005; Burbank and Anderson,
2012; Liu et al., 2018). It is an important means for studying the
internal and external dynamic coupled system of the Earth. The
main factors that influence landform evolution include climate,
topography, lithology, and tectonics. Tectonic activities can
directly or indirectly control geomorphic evolution (Bull, 2007,
2009; Figueiredo et al., 2019). Tectonic geomorphology began
to emerge in the mid-20th century with the development of
neotectonic activity studies and the birth of plate tectonic theory
(Wang and Wang, 2005). Since the 1990s, with the rapid
development and application of new dating techniques and
spatial exploration methods, especially the introduction of the
digital elevation model (DEM), tectonic geomorphology has
ushered in a rapid development opportunity and entered a new
stage of quantitative research. It has achieved remarkable results
in determining the height of the original geomorphic surface,
the amplitude and rate of tectonic activity, the erosion rate, and
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the balance between tectonic uplift and erosion downcutting.
Tectonic geomorphology has become an international research
hotspot and has shown broad application prospects in the fields
of disaster evaluation, environmental and climate change, and
neotectonic evolution (Cheng et al., 2016; Ghosh and Sivakumar,
2018; Liu et al., 2018; Gimenez et al., 2022). DEM is a discrete
mathematical expression and simulation of the Earth’s surface
(Summerfield, 2000), which can quantitative description the
geomorphological characteristics of drainage basins by analyzing
the geomorphic indices, and enables better and faster analyze
the topographic changes caused by the interaction between
tectonic and surface processes (Farr and Kobrick, 2000; Grohmann,
2004; Troiani and Della Seta, 2008; Azañón et al., 2012). Quantitative
analyses of geomorphic indices have become powerful tools for
the study of tectonics and have been successfully incorporated
into many studies (e.g., Keller and Rockwell, 1984; Keller et al.,
2002; Gao et al., 2013; Chang et al., 2014; Dar et al., 2014;
Domínguez-González et al., 2015; Dai et al., 2016; Faghih et al.,
2016; Cheng et al., 2018; Shi et al., 2020; Erbello et al., 2022).

The uplift of the Tibetan Plateau (Fig. 1a), which is commonly
referred to as the roof of the world, is the most important
geological event in Asia in modern times. It took place in the
Early Cenozoic (about 55 Ma) as a result of the collision and
continuous compression and uplift of the Indian and Eurasian
plates (Molnar and Tapponnier, 1975; Yin and Harrison, 2000;
Tapponnier et al., 2001) and is a natural laboratory for the study
of continental dynamics (Meyer et al., 1998; Tapponnier et al.,
2001; Pei et al., 2021; Yang, Y.H. et al., 2022; Zhang et al., 2022).
It has fundamental impacts on the atmospheric circulation of
East Asia and the geological evolution of the continent of Asia as
well as other parts of the planet (Zhisheng et al., 2001; Royden et
al., 2008; Fang, 2017). It contributed to the transformation of the
topography of China in which the positive elevation gradient
from west to east was replaced by one from east to west. The
uplift and expansion of the Tibetan Plateau created extremely
large northeast-southwest compressive stresses towards the
northeast, which resulted in substantial uplift of the surrounding
tectonic units and the existed of numerous active strike-slip and
thrust faults on the northeast margin of the Tibetan Plateau
(Peltzer et al., 1989; Zhang et al., 1991; Meyer et al., 1998; Zhang
et al., 2004). Studies of the tectonic geomorphology, tectonic
activity, and dynamics of this region are important for our
understanding of the expansion of the northeast margin of the
Tibetan Plateau.

The Longxian–Baoji Fault Zone (LBFZ) is at the intersection
of the northeast margin of the Tibetan Plateau, the southwest
margin of the Ordos Block, and the Qinling Orogen. It is the most
leading edge of the northeastward expansion of the Tibetan
Plateau after the collision between the Indian and Eurasian

plates (Yuan et al., 2004, 2013; Zheng et al., 2013, 2016; Li, 2017;
Fan et al., 2020; Wang et al., 2021). Because of the unique
tectonic location of the LBFZ, the area has strong tectonic activity
and has been prone to earthquakes in China. The LBFZ is
mainly composed of four northwest-southeast trending normal
faults that form a wedge-shaped. The LBFZ has been the subject
of many studies, which have focused on fault geometry, tectonic
stress, and sliding rate (e.g., Sun and Deng, 1994; Liu et al., 1997;
Guo et al., 2012; Tang et al., 2015; Li, X.N. et al., 2018; Li, Y.H. et
al., 2018; Dai and Tang, 2021; Wang et al., 2021). In recent years,
scholars have begun to study the tectonic geomorphology of the
LBFZ. For example, Zhang et al. (2019) discussed the activity of
the Qianhe River Basin through the analysis of geomorphic
indices. Liu et al. (2020) evaluated the geomorphological response
of the +Qianhe River Basin to active faults through river longitudinal
profiles and knickpoints. Fan et al. (2020) quantitatively analyzed
the tectonic geomorphological features and activity of the Longxian-
Qishan Fault (LQF) through geomorphic indices. However, the
above studies mainly focused on the Qianhe River Basin or the
LQF and don’t have a good overall interpretation of the LBFZ.
Therefore, as a supplement to previous studies, we examined the
geomorphic indices of the Qianhe, Hengshuihe, and Jinlinghe
River Basins on the southwest margin of the Ordos block based
on DEM. The main purpose of this study is to evaluate relative
tectonic activity within the LBFZ and discuss the influence of
the northeastward expansion of the Tibetan Plateau on the
geomorphological evolution of the LBFZ.

2. REGIONAL SETTING

2.1. Geomorphology

The LBFZ is on the northwest margin of the Weihe Graben.
Figure 1b shows the general topographic features of the study
area. Elevation varies from 400m to 3300m, and the overall
topography of the area is high in the west and low in the east.
The Weihe Graben is relatively low and flat, but the topography
within the LBFZ is steep and has a maximum elevation of about
1500 m. Figure 1c and Figure 1d are maps of the swath
topographic profile (A–A’ and B–B’) and show the maximum,
mean, and minimum elevations along 5 and 6 km wide swaths
centered on the cross-section lines shown, respectively. They
show a series of steep slopes and deeply incised V-shaped valleys,
which indicate relatively recent tectonic activity.

Qianhe River, Hengshuihe River, and Jinlinghe River are the
three drainage systems in the LBFZ (Fig. 2b). Qianhe River is
the longest, has the largest drainage area, and is the largest
tributary of Weihe River in the area. Almost all the tributaries of
the three drainage systems are perpendicular to the fault, and
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very few tributaries are parallel to it.

2.2. Regional Geology

The LBFZ lies on the northeast margin of the Tibetan Plateau
and the southwest margin of the Ordos block. It runs from
Longxian in the north to Baoji in the south. It is composed of
four main northwest-southeast trending faults. From west to east,
they are the Taoyuan-Guichuansi Fault (TGF), the Guguan-
Guozhen Fault (GGF), the Qianyang-Biaojiao Fault (QBF), and
the Longxian-Qishan Fault (LQF) (Fig. 2a). Together, they
control the tectonic framework of the drainage basin (Chen,

Q.Y. et al., 2018; Zhang et al., 2019; Liu et al., 2020). The LBFZ is
bounded by the Weihe Fault in the south. It is wedge-shaped (Li,
X.N. et al., 2018) and narrower in the northwest (width of 15
km) and wider in the southeast (width of 70 km) (Fig. 2a). Fault
spacing increases from northwest to southeast. 

These four faults have been in an alternating horst-graben
arrangement since the Early Cretaceous (State Seismological
Bureau Research Group (SSBRG), 1988; Zhang et al., 2017;
Wang, S.D. et al., 2018; Dai and Tang, 2021). The LBFZ has been
uplifting since the Late Mesozoic. Aeolian loess from the Miocene
to Quaternary is dominant and Late Cretaceous–Oligocene
deposits are missing (SSBRG, 1988; Bureau of Geology and

Fig. 1. Regional topographic characteristics. (a) Regional topographic map of the Tibetan Plateau (From http://www.data.ac.cn/map/mi887); (b)
Regional geomorphic and active fault distribution map. GGF: Guguan-Guozhen Fault; LQF: Longxian-Qishan Fault; NQLF: Northern Qinling
Fault; WHF: Weihe Fault; NWF: Northern Weihe Fault; QBF: Qianyang-Biaojiao Fault; TGF: Taoyuan-Guichuansi Fault; WQLF: Western Qinling
Fault. The source of the active faults is referenced from Li et al. (2004) and Li et al. (2019). (c and d) Swath topographic profile (A–A’ and B–
B’) and show the maximum, mean, and minimum elevations along 5 and 6 km wide swaths centered on the cross-section lines shown,
respectively.
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Mineral Resources of Shaanxi Province, 1989; Zhang et al.,
2017; Wang et al., 2021). During the Quaternary and the uplift
of the Tibetan Plateau, the Longxi block on the west side of the
LBFZ rotated clockwise and the Ordos block on the east side of
the LBFZ rotated counterclockwise. The LBFZ is mainly
characterized by left-lateral strike-slip and normal faults (SSBRG,

1988; Sun and Deng, 1994; Zhang et al., 1998; Yuan et al., 2004;
Liu et al., 2006; Zhang et al., 2006; Wang et al., 2014; Shi et al.,
2015; Zheng et al., 2016; Wang, S.D. et al., 2018).

The LQF is a left-lateral strike-slip fault. It is a marginal fault
on the southwest margin of the Ordos block and has been active
since the late Pleistocene (SSBRG, 1988; Lin et al., 2015; Zheng

Fig. 2. (a) Simplified geological map of the study area, modified from 1:250,000 geological map of Baoji (Li et al., 2004). Among them, the
lithology of the Quaternary is loess, the lithology of the Neogene is clay, the lithology of the Cretaceous is sandstone and conglomerate, and
the lithology of the pre-Cretaceous is sandstone, limestone, dolomite, marble, and gneiss. (b) Distribution map of the drainage basins
extracted within the LBFZ.
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et al., 2016; Li, X.N. et al., 2018). It is the largest and most active
fault in the LBFZ, with an average left-lateral slip rate of 0.5–0.9
mm/yr (Lin et al., 2015; Li, X.N. et al., 2018; Wang et al., 2021).
On the northeast side of the fault, the lithology is mainly
Mesozoic clastic sedimentary rocks (e.g., sandstone and conglomerate)
and Quaternary loess. On the southwest side of the fault, the
lithology is mainly Quaternary loess (Fig. 2a). The LQF can be
identified from the linear tectonic and geomorphological features
in satellite images.

The TGF is the west boundary of the LBFZ. It extends for
about 75 km and is inactive in the late Quaternary (SSBRG,
1988). The west side of the TGF is dominated by pre-Cretaceous
metamorphic rocks (marble and gneiss) and granites, while the
east side is dominated by Cretaceous sedimentary rocks
(conglomerate and sandstone) and Quaternary loess (Bureau of
Geology and Mineral Resources of Shaanxi Province, 1989; Li,
X.N. et al., 2018; Liu et al., 2020).

The GGF and the QBF are the west and east boundaries of the
Qianyangling Uplift, which is composed of Ordovician limestone
(Fig. 2a). The GGF extends for about 70 km. It is active in the
Late Quaternary and has clear geomorphic scarps (Shi et al.,
2015; Zhang et al., 2017). The QBF is inactive in the Quaternary
because there is no clear activity on the Quaternary loess
platform (Li et al., 2019).

3. MATERIAL AND METHODS

We used ArcGIS10.2 to extract data of the Qianhe, Hengshuihe,
and Jinlinghe River Basins (Fig. 2b) from the Advanced Spaceborne
Thermal Emission and Reflection Radiometer Global Digital
Elevation Model (ASTER GDEM), which has a spatial resolution
of 30 m. We evaluated the tectonic activity of the study area by
analyzing different geomorphic indices; these include the
hypsometric integral (HI) and hypsometric curve, standardized
stream length-gradient index (SL/K) and Hack profile, elongation
ratio (Re), drainage basin asymmetry factor (AF), and valley
floor width-to-height ratio (VF).

3.1. Hypsometric Integral (HI) and Hypsometric Curve

The hypsometric curve was proposed by Strahler (1952)
based on the Davis tectonic cycle theory, which uses the relative
area ratio and relative height ratio as the horizontal and vertical
axes, respectively. The hypsometric curve reflects the relationship
between the horizontal cross-sectional area of a plane in a
drainage basin and the elevation of that plane relative to the
watershed outlet. It is a geomorphic index that describes the
volumetric residual rate of the surface in three-dimensions with
a two-dimensional curve structure.

The HI index is the area below the hypsometric curve and
reflects the relative volume of the drainage basin that has not
been eroded. It is defined as the elevation distribution of a given
area of the drainage basin. The HI index is very sensitive to the
level of tectonic activity and is a powerful tool to distinguish
between tectonically active and inactive areas (Strahler, 1952;
Schumm, 1956; Pike and Wilson, 1971; Mayer, 1990; Keller and
Pinter, 2002). Pike and Wilson (1971) concluded that the elevation
relief ratio is approximately equal to the HI value, so a simple
calculation formula for the HI was derived as follows: 

HI = (Hmean − Hmin)/(Hmax − Hmin), (1)

where Hmax, Hmin, and Hmean are the highest, lowest, and
average elevations in the area, respectively. Its value varies
between 0 and 1. According to Davis’ cycle of erosion (Davis,
1899), when the landform development is in the early stage, its
tectonic activity is strong, erosion is weak, and the high
elevation area is dominant, so it should have a higher HI value,
and the hypsometric curve is convex. At the old stage of
landform development, the area is tectonically inactive, erosion
is high, slopes are gentle, so it has a lower HI value, and the
hypsometric curve is concave. In areas with moderate tectonic
activity, the hypsometric curve is S-shaped (Lifton and Chase,
1992; Ohmori, 1993; Chen et al., 2003; Liu, 2017; Cheng et al.,
2018).

The magnitude of the HI value and the shape of the
hypsometric curve is affected by different factors such as
tectonics, erosion, lithology, and climate. They can be used to
identify the development stage and tectonic activity level of a
basin (Ohmori, 1993; Weissel et al., 1994; Willgoose and
Hancock, 1998; Brocklehurst and Whipple, 2004; Cheng et al.,
2012; Xu et al., 2013; Faghih et al., 2016; Su et al., 2016; Shi et al.,
2019; Guan et al., 2021). The hypsometric curve was acquired
using CalHypso Tools, an ArcGIS add-in developed by Pérez-
Peña et al. (2009a).

3.2. Standardized Stream Length-Gradient Index 

(SL/K) and Hack Profile

In a river system, a dynamic equilibrium is reached when the
erosion is equal to the uplift. Thus, the river system tends to form
a concave longitudinal profile under natural evolution (Schumm
et al., 1956; Hack, 1973). This stable profile of the river system
tends to deviate due to the influence of various factors, mainly
lithology, climate, or tectonic. To quantitatively analyze the
variation of river gradient, Hack (1973) proposed the stream
length-gradient index (SL). The SL index is defined as: 

SL = (ΔH/ΔL) × L, (2)
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where ΔH is the difference between the highest and lowest
points of each river section, ΔL is the length of the river section,
and L is the channel length from the source of the river to the
midpoint of the river section. The SL index can be used to assess
the impact of environmental variables on rivers and to evaluate
whether a river basin has reached a state of equilibrium. It is a
powerful tool that is widely used in assessments of tectonic activity
based on geomorphic indices (Hack, 1973; Keller and Pinter, 2002;
Chen et al., 2003; Pérez-Peña et al., 2009b; Dey et al., 2019).

The SL is more sensitive to changes in riverbed slope because
even small changes in the slope (ΔH/ΔL) of the river section, are
enhanced through its product with the channel length (L). For a
basin that is in a state of equilibrium, its SL value will remain
constant (Hack, 1973), while local tectonic activity or lithologic
differences lead to abrupt changes in SL values. A high SL value
is often related to high riverbed erosion resistance, or the river
section being in a tectonic uplift area. A low SL value is related to
low riverbed erosion resistance, tectonic inactivity area, or when
streams flow through strike-slip faults (Brookfield, 1998; Keller
and Pinter, 2002; Chen et al., 2003; Troiani and Della Seta, 2008;
Dehbozorgi et al., 2010; Zhao et al., 2014; Graveleau et al., 2015;
Ntokos et al., 2016; Yang, Y. et al., 2022).

The Hack profile is a longitudinal profile of the river section;
its vertical axis is elevation and its horizontal axis is the logarithm
of the river section length. A convex profile indicates high tectonic
activity. A concave profile or a profile with a straight line indicates
low tectonic activity (Hack, 1973; Zhao et al., 2010; Zhang et al.,
2018). The graded river gradient (K) is the slope of the line from
the source to the mouth of the river on a Hack profile. Since the SL
value is greatly influenced by the channel length, to compare the
SL values of different rivers, it is necessary to standardize the SL
index by K and obtain the SL/K index (Seeber and Gornitz, 1983;
Chen et al., 2003; Pérez-Peña et al., 2009b; Wu et al., 2014, Zhao
et al., 2014). We used the index of SL/K, and the K is defined as: 

K = Htotal/LnLtotal, (3)

where Htotal and Ltotal are the altitude difference and the length
of the whole channel, respectively. The SL/K index is highly
sensitive to changes in channel slope (Chen et al., 2003; Troiani
and Della Seta, 2008; Pedrera et al., 2009). If there is little change
in climate and lithology, high SL/K is usually associated with a
high uplift rate, and an abnormally high SL/K value usually
corresponds to the presence of knickpoints. The index is widely
used to detect active tectonics and uplift (Monteiro et al., 2010;
Gao et al., 2013).

3.3. Elongation Ratio (Re)

Elongated drainage basins are topographic features that are

actively rising, while circular basins are the results of basin
development with divide migration and stream capture (Bull,
2009). Thus, elongated and circular basins indicate tectonically
active and inactive areas, respectively (Canon, 1976; Ramirez-
Herrera, 1998; Figueiredo et al., 2019). The shape of a drainage
basin can be described by Re, which is a dimensionless quantity
that can be used to compare the level of tectonic activity of
different drainage basins (Rimando and Schoenbohm, 2020). It
is an important geomorphic index that supports the neotectonic
activity of a watershed (Gupta et al., 2022). For a given drainage
basin, Re is defined as the ratio between the diameter of a circle
with the same area as the basin and the maximum length of the
basin (Schumm, 1956): 

Re = 2 × (√A/π)/Lb, (4)

where A is the area of the basin, and Lb is the distance between
the mouth of the river and the most distant point in the basin.
Values of Re vary between 0 and 1, and are generally between
0.6 and 1.0 for various climate and geological conditions
(Strahler, 1964). When the Re value is close to 1, the shape of the
basin tends to be circular, indicating a low relief and flat slopes
in the area, and also represents a stable state of tectonic activity;
while as the Re value decreases, the shape of the basin shows an
elongated shape, usually characterized by high relief and steep
slopes with high relative uplift, and also indicates tectonic activity
(Strahler, 1964; Regard et al., 2009; Rimando and Schoenbohm,
2020). Values of < 0.50, 0.50–0.75, and > 0.75 indicate basins
that are tectonically active, slightly active, and inactive (stable),
respectively (Bull and McFadden, 1977; Cuong and Zuchiewicz,
2001).

3.4. Drainage Basin Asymmetry Factor (AF)

Proposed by Hare and Gardner (1985), the AF is a quantitative
morphometric method that describes the pattern and geometry
of the stream network within a catchment. It is defined as: 

AF = (Ar/At) × 100, (5)

where Ar is the area of the basin to the right (facing downstream)
in the direction of stream flow, and At is the total area of the
drainage basin. The migration of a river channel perpendicular
to its axis may occur because of internal processes in the river or
tectonic tilting of the ground surface, so the AF is sensitive to
changes in lithology or tectonic tilt perpendicular to the channel
(El Hamdouni et al., 2008). It can be used to evaluate the
tectonic tilt of the drainage basin or larger areas, in response to
tectonic activity or lithologic control (Hare and Gardner, 1985;
Gardner et al., 1987; Cox, 1994; Keller and Pinter, 2002; Tsodoulos
et al., 2008; Giano et al., 2018).
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The AF values close to 50 indicate little or no tectonic activity
and very little or no tilt perpendicular to the direction of the
channel (Hare and Gardner, 1985). Under the influence of tectonic
activity or lithologic control, values gradually deviate from 50;
tilt perpendicular to the channel and basin asymmetry increase
(Giano et al., 2018). Values of > 50 and < 50 are associated with
the basin tilting to the left and to the right, respectively (Keller
and Pinter, 2002). For cases with the same lithologic conditions,
AF values can be used to determine differences in tectonic
activity level. Following El Hamdouni et al. (2008) and Pérez-
Peña et al. (2010), we used |AF−50| to quantify the symmetry of the
drainage basin. Values of |AF−50| were categorized into three
classes. Values of > 15, 7–15, and < 7 correspond to classes 1 (high),
2 (moderate), and 3 (low) in basin asymmetry, respectively.

3.5. Valley Floor Width-to-Height Ratio (VF)

The VF was originally developed to assess changes in erosional
patterns and drainage response to base level changes in mountain
fronts, and through it to assess their relative activity or tectonic
base level fall (Bull and McFadden, 1977; Rockwell et al., 1985;
Silva et al., 2003). This geomorphic index can distinguish
between V-shaped valleys formed by active uplift and U-shaped
flat wide valleys formed by lateral erosion in response to the
base level of stability (Bull and McFadden, 1977; Bull, 1978;
Dumka et al., 2019). The VF is the ratio of the valley floor width
to its average height and is defined as: 

VF = 2Vfw/[(Eld − Esc) + (Erd − Esc)], (6)

where Vfw is the width of the valley floor, Esc is the elevation of
the valley floor, Eld and Erd are the elevations of the left and right
(facing downstream) valley shoulders, respectively. The value of
VF is very sensitive to tectonic uplift. It indicates the degree of
valley floor erosion and tectonic activity. Smaller VF values
correspond to narrow V-shaped valleys, which are characteristic
of active river downcutting and are usually associated with rapid
uplift in a tectonically active setting. In contrast, higher VF
values correspond to wide, flat U-shaped valleys, indicating that
degradation and denudation processes, such as valley widening
and ridge-crest lowering, dominate the recent landscape and are
typically associated with tectonically stable settings (Bull and
McFadden, 1977; Rockwell et al., 1985; Keller, 1986; Keller and
Pinter, 2002; Silva et al., 2003; Bull, 2007; Seong et al., 2008;
Burbank and Anderson, 2012; Figueiredo et al., 2019).

River valley morphology can be affected by lithology, and the
shape of the river valley may vary along the length of the river
(Ramírez-Herrera, 1998). Therefore, we calculated the VF value
at 1–3 km from the estuary for each channel to facilitate
comparison between channels in different catchments (Silva et

al., 2003; Bull, 2007; Mahmood and Gloaguen, 2012). For larger
drainage basins, we used the average VF value from multiple
profiles.

4. RESULTS

4.1. HI

Values of HI in the Qianhe, Hengshuihe, and Jinlinghe River
Basins are 0.1174–0.6860, 0.1429–0.8479, and 0.2665–0.4895,
respectively. Following El Hamdouni et al. (2008), we categorized
HI values into three classes. Values of > 0.5, 0.3–0.5, and < 0.3
correspond to classes 1 (high), 2 (moderate), and 3 (low) in
tectonic activity. Figure 3a shows that the HI values in the LBFZ
are generally high, and most values are in classes 1 and 2. In the
Qianhe River Basin, high HI values are found on the east and
west sides of the basin. In the Hengshuihe River Basin, high HI
values are found on the north and south sides of the basin. The
locations of high HI values are mainly located on the LQF and
the TGF. Most hypsometric curves are S-shaped and concave; a
few curves are convex (Fig. 4). Curve shapes generally correspond
to HI values. Because variations in the basin area may affect the
magnitude of HI values (Hurtrez et al., 1999), we plotted the
relationship between basin area and HI value (Fig. 3b, c). The
results show that there is a weak correlation (R2 = 0.0445) between
the two variables.

4.2. SL/K and Hack Profile

We calculated SL/K values for the Qianhe, Hengshuihe, and
Jinlinghe River Basins at 1500, 1000, and 500 m along the river
sections and calculated basin averages. Following El Hamdouni
et al. (2008), we categorized SL/K values into three classes.
Values of > 3.7, 2.5–3.7, and < 2.5 correspond to classes 1 (high),
2 (moderate), and 3 (low) in tectonic activity. Most SL/K values
are in class 1 (Fig. 5a). Basin averages are generally high and are
in classes 1 and 2 (Fig. 5b). Average SL/K values for the Qianhe,
Hengshuihe, and Jinlinghe River Basins are 0–5.7435, 0–6.4903,
and 0–4.6139. The sub-catchments with class 1 SL/K values are
concentrated around faults, especially around the LQF and the
TGF.

From the Hack profiles of the main tributaries in the area
(Fig. 6), we found SL/K values of < 2 in all upstream sections.
Abnormally high SL/K values in the middle and lower sections
indicate the presence of knickpoints. The Hack profiles of all
rivers are generally convex upward, indicating relatively high
levels of current tectonic activity. The degree of upward
convexity varies and profiles of some tributary sections are
concave downward.
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4.3. Re

Values of Re in the Qianhe, Hengshuihe, and Jinlinghe River
Basins are 0.2689–0.8438, 0.2167–0.7763, and 0.3784–0.7540,
respectively. Figure 7a shows that most Re values are in classes 1
and 2. Class 1 values are concentrated on the north side of
Fengxiang District, around Qianyang County, and Longxian
County. The few class 3 values are distributed sparsely throughout
the study area. Tectonic activity is moderate in the Qianhe River
Basin; 28 and 64 sub-catchments have class 1 and 2 Re values,
respectively. With 34 sub-catchments with class 1 Re values,
tectonic activity is high in the Hengshuihe River Basin. With 12
sub-catchments with class 2 Re values, tectonic activity is

moderate in the Jinlinghe River Basin.

4.4. AF

In the Qianhe River Basin, |AF−50| values are 0.4833–40.7407,
with more than half of the sub-catchments tilting to the right
(facing downstream) (Fig. 8b). In the Hengshuihe River Basin,
|AF−50| values are 0.2087–38.9958, with most sub-catchments
tilting to the right (facing downstream) (Fig. 8b). In the Jinlinghe
River Basin, |AF−50| values are 0.6628–24.3272, with most sub-
catchments tilting to the right (facing downstream). Figure 8a
shows that AF values are distributed sparsely throughout the
study area. High AF values are found in west and southeast

Fig. 3. (a) Distribution map of HI classification. (b and c) The relationship between the basin area and HI. Among them, (b) is a two-dimen-
sional distribution diagram of HI and drainage area; (c) is a scatter diagram of drainage area and HI.



Relative tectonic activity of the Longxian–Baoji Fault Zone 719

https://www.springer.com/journal/12303 https://doi.org/10.1007/s12303-023-0023-8

Fig. 4. The hypsometric curves of drainage basins extracted from DEM (see Fig. 2b for the distribution), arranged in the order of Qianhe River
Basin, Hengshuihe River Basin, and Jinlinghe River Basin, and plotted from high to low HI values.
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Qianyang County, and around Longxian County and Qishan
County; asymmetry is high and most sub-catchments with high
AF values tilt to the right (facing downstream).

4.5. VF

Values of VF in the Qianhe, Hengshuihe, and Jinlinghe River
Basins are 0.0702–48.3283, 0.2532–70.8286, and 0.4547–3.4805,

respectively. We categorized VF values into three classes. Values
of < 0.5, 0.5–1, and > 1 correspond to classes 1 (high), 2 (moderate),
and 3 (low) in uplift rate. Figure 7b shows that high VF values
are concentrated on the northeast side of the LQF and the
southwest side of the TGF; valleys are V-shaped and VF values
are in classes 1 and 2. However, most of the sub-catchments in
the south part of the Hengshuihe River Basin are in class 3, and
the valleys are U-shaped.

Fig. 5. (a) Distribution map of SL/K value and (b) classification.
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Fig. 6. Standardized stream length-gradient index (SL/K) and Hack profiles of major tributaries.
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5. INDEX OF RELATIVE ACTIVE TECTONICS (IAT)

We analyzed the five geomorphic indices—HI, SL/K, Re, AF,
and VF—to evaluate the relative tectonic activity level within
the LBFZ. However, index boundary values may vary because of
lithologic and structural differences (Rockwell et al., 1985; Wells
et al., 1988; Silva et al., 2003; Cheng et al., 2018; Shi et al., 2020).
Therefore, we used the IAT proposed by El Hamdouni et al.
(2008) to assess the relative tectonic activity in the study area.
The IAT is a comprehensive geomorphic index and is defined as
IAT = S/n, where S is the sum of the classes of the geomorphic
indices of the drainage basin, and n is the number of indices.

The IAT is an effective tool for identifying tectonically active
areas and has been widely used in recent years (El Hamdouni et
al., 2008; Dehbozorgi et al., 2010; Mahmood and Gloaguen,
2012; Chang et al., 2014; Cheng et al., 2016; Kothyari et al., 2016;
Cheng et al., 2018; Shi et al., 2020; Kumar et al., 2022). Values of
IAT are obtained by synthesizing the values of various geomorphic
indices. We categorized IAT values into four classes (El Hamdouni
et al., 2008). Values of < 1.5, 1.5–2.0, 2.0–2.5, and ≥ 2.5 correspond
to classes 1 (very high), 2 (high), 3 (moderate), and 4 (low) in
tectonic activity, respectively.

In the study area, IAT values are 1.2–2.6, with a mean of 1.95
and a standard deviation of 0.30. Among the 198 sub-catchments

in the three major drainage basins, 44.95% or 89 sub-catchments
are in classes 1 (13 sub-catchments) and 2 (76 sub-catchments),
52.02% or 103 sub-catchments are in class 3, and 3.03% or 6
sub-catchments are in class 4. This shows that the overall tectonic
activity in the LBFZ is relatively high (Fig. 7c). Tectonic activity
is relatively high in almost half of the study area. Class 1 values
indicate very high tectonic activity and are mostly found along
the LQF and the TGF.

6. DISCUSSION

Geomorphic indices are a powerful tool for the quantitative
analysis of regional tectonic activity. We analyzed, evaluated,
and compared the tectonic activity level of Qianhe, Hengshuihe,
and Jinlinghe River Basins using geomorphic indices (HI, SL/K,
Re, AF, and VF) and IAT.

6.1. Influencing Factors of Geomorphic Indices

Climate and lithology are important factors affecting
geomorphological evolution. When evaluating tectonic activity,
the influence of these factors on geomorphic indicators needs to
be considered (Keller and Pinter, 2002).

Temporal and spatial variations in Climatic factors, particularly

Fig. 7. Distribution of numerical classes of 2 geomorphic indices for drainage basins, and relative tectonic activity classes map. (a) Re. (b) VF.
(c) Relative tectonic activity classes (IAT).
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precipitation, may have a significant impact on geomorphic
indices (Kirby and Whipple, 2012). According to the distribution
of annual average precipitation in the study area (Fig. 9), the
overall variation of precipitation in the watersheds within the
area is small, and the climatic conditions are basically the same.
At the same time, the distribution is characterized by low values
in the north and high values in the south, with the low values of
precipitation mainly concentrated in Longxian and Qianyang

counties and the high values mainly concentrated in Baoji
urban area and Guozhen town. After comparison, it was found
that the spatial distribution of the values of various geomorphic
indices did not show a tendency to change along with precipitation.
Therefore, the influence of precipitation on the geomorphic
indices in the study area is not significant, and the influence of
precipitation can be excluded.

The influence of lithology on geomorphic indices cannot be

Fig. 8. (a) Distribution map of AF classification. (b) Asymmetry map for drainage basins, the asymmetry direction is indicated by arrows.
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ignored. In small catchments, the HI values are mainly affected
by lithologic factors, while in larger catchments, the HI values
are more significantly affected by tectonic factors (Lifton and
Chase, 1992; Hurtrez et al., 1999; Chen et al., 2003; Zhang et al.,
2015). In addition, the SL values may also change when rivers
flow through rock units with different resistance to erosion
(Hack, 1973). Comparing the spatial distribution of HI and SLK
values with the geologic map, it is found that high HI values not
only exist in the rock units (granite, amphibolite, marble, and
gneiss) with strong erosion resistance in the Longxi block but
also found in Mesozoic clastic sediments (sandstone, conglomerate,
shale, and mudstone) with weaker erosion resistance and Cenozoic
sediments (clay and loess) with even weaker erosion resistance,
such as Q28, Q57, Q86, H18, H36, H43, H74, and other sub-
catchments. At the same time, some rock units with high
erosion resistance do not have higher HI values than those with
weak erosion resistance; SLK values even show high values across
the region. From these comparisons, we conclude that the
influence of lithology on the geomorphic indices of the study
area is limited.

In summary, the observed variation of geomorphic indices in
the area is mainly related to tectonic activity, while other factors
such as lithology and climate have a limited influence on these
indices and can be excluded from consideration. Therefore, the
spatial distribution of the values of the indices in the Qianhe,
Hengshuihe, and Jinlinghe River Basins provides a basis for
understanding Quaternary tectonic activity in the area. The

tectonic activity and relative uplift of the LBFZ gave rise to a
range of geomorphological responses, manifested by rivers with
generally high SL/K values, drainage basins with relatively high
HI and low Re values, basins with different degrees of asymmetry,
and leading edges of mountains with low VF values.

6.2. Geomorphic Indices Analysis

The three major drainage basins are elongated with class 1
and 2 Re values (Fig. 7a); this indicates high tectonic activity,
which is concentrated on the northwest side of the Hengshuihe
River Basin. Similar results were obtained for HI and SL/K
values (Figs. 3a and 5). Higher HI values indicate relatively young
fault-related features and higher SL/K values indicate higher
uplift and erosion rates. Among the different Hack profiles (Fig.
6), the profile of the river flowing through the LQF and the TGF
has the highest convexity, this indicates large differential uplift
of the LQF and the TGF. The abnormally high SL/K values
correspond to the faults within the drainage basin, which are
located very close together. In terms of tectonic tilt, AF values
show regional zoning on both sides of the fault zone (Fig. 8b).
On the TGF and its southwest side (Longxi block), the drainage
basin shows obvious tilt to the east and southeast. On the LQF
and its northeast side (the southwest margin of the Ordos block),
the watershed shows a tilt to the west and northwest. These
indicate that tectonic activity has influenced the evolution of the
watershed in this area. It is worth noting that on the LQF, the

Fig. 9. Map of average annual precipitation in the study area. The data used are 1 km resolution annual precipitation data (2001–2020) of
China from the National Earth System Science Data Center, National Science & Technology Infrastructure of China (http://www.geodata.cn).
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basin tilts mostly to the right (facing downstream). Lower VF
values around the TGF, LQF, and Qianyangling Uplift indicate
higher uplift and cleavage rates (Fig. 7b).

We also found inconsistencies among the indices. On the
southeast side of the LQF and TGF, the low upward convexity of
the Hack profiles of sub-catchments H66, H68, and J13 indicate
relatively low uplift rates in the area (Fig. 6). However, also on
the southeast side of the LQF is sub-catchment H67, which is
affected by the Northern Weihe Fault and has a Hack profile
with relatively high upward convexity (Fig. 6). These characteristics
are well present in the distribution of VF values (Fig. 7b), but are
not evident in the distribution of SL/K values (Fig. 5b); this
indicates a high level of consistency between VF values and
Hack profiles. Most of the hypsometric curves of the three
major drainage basins are S-shaped and concave (Fig. 4); this
indicates that the basins are well into the middle-old stage of
evolution. This tendency to stability may be related to the high
erosion rate in the area since the Cenozoic, which is controlled
by the LBFZ. Hypsometric curves of some sub-catchments in
the Qianhe (Q2, Q3, Q8, Q12, Q13, Q42, Q66, and Q75) and
the Hengshuihe River Basins (H32, H36, H37, H38, H57, H74,
H75, H76, H77, H80, and H82) are convex (Fig. 4). This
indicates relatively young basins with little erosion. HI values of
them are 0.5276–0.8479 (class 1) and distributed in the west of
the TGF, around Qianyang County, and on the north and south

sides of the Hengshuihe River Basin. Among all the sub-
catchments, those on the south side of the Hengshuihe River
Basin (H74, H76, H82, and H36) have the highest HI values and
their hypsometric curves have the highest convexity, and they
also have high SL/K values (class 1). However, the VF values of
them are generally high (class 3), which indicates U-shaped
valleys with low tectonic activity (Fig. 7b). This is because these
sub-catchments are in the Weihe Graben and the terrain is
relatively flat, in line with the definition of the VF index.

The IAT can be used to examine the spatial variations in
tectonic activity in areas with relatively high tectonic activity (El
Hamdouni et al., 2008; Shi et al., 2020). Values of IAT indicate
that the basins with the highest tectonic activity show a
distribution along the fault zone (Fig. 7c). They are mostly
distributed on the Ordos Block and Longxi Block, which
implies that the tectonic activity of the LQF and the TGF are the
two strongest in the LBFZ (the LQF and the TGF, as boundary
faults, control the geomorphological evolution of the Ordos
Block and Longxi Block in the region, respectively). For
comparison, we extracted the drainage basins passing through
the LQF and TGF based on Figure 7c, and it can be clearly seen
that the tectonic activity of the LQF is stronger than that of the
TGF (Fig. 10). Among them, the activity of the LQF varies
roughly along the strike (from northwest to southeast); it is high
on the northwest side, rises to very high along the strike, then

Fig. 10. Comparison of the tectonic activity of the LQF and the TGF. (a) The LQF. (b) TGF. For the LQF, we selected the drainage basins cor-
responding to its major tributaries for comparison.
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drops to high and finally medium on the southeast side. The
activity of the TGF is high on the northwest side and low on the
southeast side. The tectonic activity of the GGF and QBF are the
two weakest in the LBFZ, because most of the IAT values of the
QBF are in the classes 3 and 4, so the tectonic activity of the
GGF is stronger than that of the QBF. Along the strike of the
GGF (from northwest to southeast), activity is high on the
northwest side, drops to medium along the strike, then rises to

very high, and finally drops to medium on the southeast side
(Fig. 7c). The activity of the QBF gradually increases along the
southeast strike.

6.3. Geomorphology and Tectonic Implications

The results of geomorphic indices indicate relatively high
tectonic activity in the study area. Through the IAT, we evaluate

Fig. 11. (a) The five-level terrace of Qianhe River, modified from Chen, S.E. et al. (2018), the asterisks represent the shooting positions of Figure
9b, c. (b) Terrace photo from UAV (Unmanned aerial vehicle). (c) Panoramic photo of terrace taken from a mobile phone. (d) Fault scarps were
observed in the field. (e) Field outcrop photographs near the LQF.
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the relative tectonic activity of the faults within the LBFZ.
Previous studies (Zhang et al., 2019; Liu et al., 2020; Li et al., 2022)
have shown that topographic changes in the LBFZ are closely
related to tectonic activities controlled by faults. The Qianhe
River has five terraces (Fig. 11), which indicate Quaternary
uplift. Fault scarps (Fig. 11d) and active fault outcrops (Fig. 11e)
are also evidence of fault activity. The differences between the
elevations of the topographic features on both sides of the LQF
and the TGF are the largest in the LBFZ (Fig. 12); this implies
substantial uplift and high tectonic activity in the LQF and TGF.
Our results are consistent with recent studies (Figs. 7c and 12),
which report that the LQF has the highest strike-slip rate and
activity in the LBFZ (Li, X.N. et al., 2018; Wang et al., 2021).

The LBFZ is the leading edge of the northeastward expansion
of the Tibetan Plateau. The expansion of the Tibetan Plateau was
restricted by the Ordos block, which caused its tectonic stress to
shift from northeast to southeast (Meyer et al., 1998; Tapponnier
et al., 2001; Yuan et al., 2013; Zheng et al., 2013). The Longxi
block also shifted from moving northeastward to eastward, and
then southeastward (Wang et al., 2013; Lei et al., 2016; Zheng
et al., 2016; Wang et al., 2021). The LBFZ absorbed and
accommodated the deformation between the Longxi and Ordos
Blocks, and the LQF carried out sinistral strike-slip motion in
the Early Quaternary (Li, X.N. et al., 2018, 2019; Wang et al.,
2021; Li et al., 2022). Our findings are consistent with the results
from other studies. Geophysical studies (Tang et al., 2015; Wang,
Z.Y. et al., 2018) have shown that the flow of the lower crust of
the Tibetan Plateau causes the tectonic deformation within the
LBFZ, which is controlled by the northeastward expansion of
the Tibetan Plateau. In addition, the crustal horizontal velocity
field derived from Global Positioning System and the crustal
vertical velocity field derived from precise leveling (Li, Y.H. et
al., 2018; Wang and Shen, 2020) indicate southeastward movement
in the Longxi block on the west side of the LBFZ and deformation
on the southwest margin of the Ordos Block. Cooling history

(Yu et al., 2021) shows that the expansion of the Tibetan Plateau
has spread to the southwest margin of the Ordos Block. These
results suggest that the northeastward expansion of the Tibetan
Plateau has affected the LBFZ region. It has caused a near
southeastward tilt of the drainage basin in the west part of the
LBFZ. Under the influence of the Ordos Block, the northeastward
expansion has resulted in the northwestward tilt of the drainage
basin in the east part of the LBFZ. Because the tectonic
geomorphology of the LBFZ has been considerably affected by
the northeastward expansion of the Tibetan Plateau, the drainage
pattern and fluvial geomorphology in the study area provide
important evidence for the tectonic deformation in the area. We
found that the fluvial system responded to the tectonic deformation,
and we obtained consistent results from the different geomorphic
indices of the LBFZ, such as high HI and SL/K values, elongated
basin, deep valleys, and AF values consistent with tectonic stress
direction. Our results confirm that the tectonic deformation in
the region is controlled by the stress brought about by the
northeastward expansion of the Tibetan Plateau.

7. CONCLUSION

We used ASTER GDEM data of three major drainage
basins—Qianhe, Hengshuihe, and Jinlinghe River Basins—and
analyzed five geomorphic indices. The spatial resolution of the
data is 30 m. Our conclusions are as follows: 

(1) Various geomorphic indices indicate that the LBFZ has
experienced relatively high tectonic activity. The geomorphological
response to the tectonic activity and relative uplift of the LBFZ
include rivers with generally high SL/K values, drainage basins
with relatively high HI and low Re (elongated) values, basins
with different degrees of asymmetry (AF), and leading edges of
mountains with low VF values.

(2) The tectonic tilt direction of the region shows regional
zoning on both sides of the fault zone. These indicate that

Fig. 12. 3D topographic map of the LBFZ, with the most intense areas of tectonic activity marked on the map.
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tectonic activity has influenced the evolution of the watershed
in this area. Meanwhile, the morphology and AF values of the
drainage basin on the southwest side of the study area indicate
the influence of northwest-southeast compressive stress.

(3) Tectonic activity of the LQF is the highest in the area,
followed by that of the TGF; the activity of the GGF is weak, and
the QBF is the lowest. For each fault, the activity level varies
along the strike.

(4) The northeastward expansion of the Tibetan Plateau
affected the LBFZ region, and the stress brought about by it
controlled the tectonic deformation in the region and also
sculpted the modern landscape.
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