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The Helan Shan is located on the front edge of the expanding Tibetan Plateau. However,
how the topography here responds to this propagation and its precise time constraints
remain unknown. Based on the response process of fluvial landforms and tectonic
evolution, we conducted a quantitative landform analysis of the Helan Shan region.
Here, the spatial distribution features of various geomorphic indices were coupled,
demonstrating that the mountain is tilting toward the west and north. The steeper
downstream and gentle upper reaches indicate that the fluvial landforms have
experienced an accelerated incision event, which can be attributed to the tectonic
activity along the East Helan Shan Fault. Furthermore, the response time of the
tectonic knickpoints ranges from 0.1 to 1.4 Ma based on the paleochannel
reconstruction method. Combined with previous studies on low temperature
thermochronology and active tectonics, we proposed a tectonic transformation model
where the Helan Shan shifted the tilting model from the southwest to the northwest, as
induced by the northeast expansion of the Tibetan Plateau from 0.1 to 1.4 Ma.
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INTRODUCTION

The uplift of the Tibetan Plateau is one of the most significant tectonic processes that occurred in the
Cenozoic: a formation that shaped the tectonic and climatic framework of Eurasia (Molnar and
Tapponnier, 1975; Yin andHarrison, 2000; Royden et al., 2008) and has continued to expand since its
establishment (Tapponnier et al., 2001; Zheng et al., 2006; Yin et al., 2008; Clark et al., 2010; Duvall
et al., 2011; Rohrmann et al., 2012). Although its dynamic mechanism remains controversial, the
scientific community widely accepts the view that the northeastern Tibetan Plateau is the outermost
component of accretion and uplift (Liu et al., 2010; Zheng et al., 2010; Wang et al., 2011; Lei et al.,
2016; Zheng et al., 2016). Recent studies on active tectonics suggest that the current active boundary
of the Tibetan Plateau is the South Heli Shan Fault, North Longshou Shan Fault, and
Sanguankou–Niushou Shan Fault, which developed during the Late Cenozoic (2–3 Ma) (Lei
et al., 2016; Zheng et al., 2021). The geomorphological response to this tectonic event has been
observed in the Niushou Shan area (Liang et al., 2013). The West Helan Shan Fault is generally
regarded as the continuation of the arc-shaped tectonic belt periphery (Sanguankou–Niushou Shan
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Fault) on the northeastern margin of the Tibetan Plateau to the
north. However, how the Helan Shan responded to this plateau
propagation event in the Late Cenozoic, and precise constraints
on the corresponding timing remain unclear. Hence, the
evolution of active orogenic belts located along the current
boundary of the northeastern Tibetan Plateau is significant for
understanding the expansion process of the Tibetan Plateau.

The fluvial landscapes in the active orogenic belt result from
the combined effects of surface processes, tectonics, and climate,
thus recording the tectonic-climate evolutional history across
geological periods (Hack, 1957; Whipple, 2004; Kirby and
Whipple, 2012). Rapid progress in quantitative research on
fluvial landscapes in the past 10 years has allowed us to extract
tectonic information from the many factors that control the
evolution of fluvial landforms (Schwanghart and Kuhn, 2010;
Schwanghart and Scherler, 2014; Willett et al., 2014; Forte and

Whipple, 2019). Previous studies on quantitative geomorphology
have shown that the Yumu Shan and Heli Shan began uplift at 4
and 0.6–2.1 Ma, respectively (Wang et al., 2018; Yang et al., 2020).
Therefore, examining the interaction between fluvial landforms
and active orogenies provides a practical approach for revealing
the regional spatial–temporal tectonic patterns.

In this study, we utilized bedrock river profile analysis and
paleochannel reconstruction to decipher the tectonic patterns of
the Helan Shan. We first extracted the geomorphic index, for
example, the normalized channel steepness index, and χ of the
Helan Shan to quantify the spatial variation in the rock uplift rates
and direction of divide migration. We then calculated the
response time of the knickpoints confined within a range.
Finally, we combined multiple lines of evidence to suggest that
the tectonic transformation of the Helan Shan may have occurred
in the Pleistocene as a result of Tibetan Plateau expansion.

FIGURE 1 | (A) Tectonic location of the study area. (B) Active tectonic features of the northeastern margin of the Tibetan Plateau, modified from Zheng et al. (2016)
and Yu et al. (2016). (C) Geological map of the Helan Shan area, modified from Geological Map of Ningxia Hui Autonomous Region, the People’s Republic of China
(2014). Fault names: SHP, South Heli Shan Fault; NLP, North Longshou Shan Fault; WHF, West Helan Shan Fault; EHF, East Helan Shan Fault; SNF, Sanguankou-
Niushoushan Fault; ZYGF, Zhengyiguan Fault.
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GEOLOGIC SETTING

The Helan Shan extends from the NE to the SW for
approximately 100 km, surrounded by tectonically stable
blocks, with the Alashan block to the west and the Ordos
block to the east. To the southwest, numerous active strike-
slip and thrust faults constitute the northeastern margin of the
Tibetan Plateau (Figure 1A) (Yang and Dong, 2018). A variety of
dynamic factors have restricted the special composite junction,
which has experienced a long-term intracontinental deformation
process (Darby and Ritts, 2002; Liu et al., 2010). As a result, the
area is characterized by complex tectonic phenomena,
accompanied by the development of folds, faults, and strong
active tectonics since the Quaternary (Zhang et al., 1990; Deng
and Liao, 1996; Deng et al., 2003).

The main component of the Helan Shan is under the
clamping control of the East and West Helan Shan faults on
both sides. The East Helan Shan Fault is a normal fault with a
northeast–southwest strike and an eastward dip, whose hanging
wall is the Yinchuan Basin and footwall is the Helan Shan (Yang
and Dong, 2018). All methods used by previous studies, such as
thermoluminescence, cosmogenic radionuclide dating,
trenches, and sedimentology, among others, have shown that
without exception, the vertical slip rate of the southern section
of the East Helan Shan Fault is higher than that of the northern
section (Du, 2010; Zhang et al., 2010; Lei et al., 2016). The
currently active West Helan Shan Fault is a Holocene right
lateral strike-slip fault with horizontal and vertical sliding rates
of approximately 0.28 and 0.64 mm/a, respectively (Du, 2010;
Lei et al., 2016). The West Helan Shan Fault is the northern
extension of the Sanguankou–Niushoushan Fault. They have
the same structural deformation process and tectonic
properties, i.e., the leading edge of plateau extension are
toward the northeast. The Yinchuan Basin is mirror-
symmetrical to the Helan Shan in terms of its tectonic
attributes, tending to be synchronized with respect to
important tectonic deformation events (Zhang et al., 2010).
During the 12–10 Ma active tectonic period, fault depression
and shrinkage in the Yinchuan Basin accompanied the rapid
uplift of the Helan Shan (Liu et al., 2010). The traditional view is
that the Alashan block is stable with weak tectonic activity (Yu
et al., 2016; Zheng et al., 2016). However, recent results show
that the northeastward propagation of the Tibetan Plateau
intersected the Hexi Corridor and reached the southern edge
of the Alashan Block at 3–2 Ma, gradually becoming the newest
part of the northeastern edge of the Tibetan Plateau (Zheng
et al., 2013, 2021; Lei et al., 2016).

The Helan Shan mainly exposes Paleozoic–Mesozoic strata,
accompanied by a series of intrusive rocks. Proterozoic strata
include high-grade metamorphic rocks in the north and
carbonate rocks in the south. The high-grade metamorphic
rocks and igneous rock are referred to as the khondalite belts
(Zhao et al., 2005; Zhou and Geng, 2009), which contain mélange,
S-type granite, schist, and gneiss, among others. The early
Paleozoic strata of Helan Shan are mainly exposed in the
south, where the main lithology comprises limestone and
dolomite. The upper Paleozoic and Mesozoic strata are

exposed in the middle of the Helan Shan, where the lithology
is dominated by clastic rocks. Additionally, a large number of
alluvial fan groups contained in the Cenozoic strata developed at
the front of the mountain (Figure 1C).

In terms of the topography, the west is relatively flat, the east
is steeper, the north is wider, and the south is narrower. The
highest peak is 3,556 m above sea level, with an average
elevation of 1,800 m, which is significantly higher than the
Bayanhot and Yinchuan basins on both sides, with a height
difference of >2,200 m. The rivers in the Helan Shan generally
have a narrow width, limited runoff, and poor tributary
development. As the climate of the Helan Shan is
characterized by its location in the transitional zone of the
monsoon and non-monsoon climate, the rivers in the area have
relatively limited runoff and relatively rapid flow. The Helan
Shan is at a transitional position between the desert-grassland
and desert areas. This region mainly depends on summer
precipitation for water supply. The main rainfall occurs in
June, July, and August. Therefore, the surface runoff that
develops at the two foothills of the Helan Shan is seasonal
(Liu et al., 2004). Rivers at the western foot of the Helan Shan
flow westward into the Tengger Desert. Rivers at the eastern foot
of the Helan Shan flow into the Yinchuan Basin and then merge
into the Yellow River. We considered the rivers along the
eastern and western slopes of the Helan Shan for quantitative
analysis of the fluvial landscapes.

METHODS

Stream Power Model
The stream power law (Stock and Montgomery, 1999; Whipple,
2001; Kirby and Whipple, 2012) assumes that the incision
progress of detachment-limited stream (longitudinal profiles)
can be approximated as follows (Whipple and Tucker, 1999;
Whipple, 2004; Wang et al., 2017):

E � KAmSn, (1)
where K is the fluvial erodibility of the bedrock channel affected
by climatic conditions, rock properties, and channel geometry; A
is the contributing drainage area; S is the local channel gradient;
and m and n are positive parameters.

However, the vertical evolution of a detachment-limited
bedrock channel is determined by the rock uplift (U) and
stream trenching (E) rates (England and Molnar, 1990):

zz

zt
� U(x, t) −KAm(zz

zx
)

n

. (2)

When the fluvial landform reaches a steady state, the topographic
elevation is no longer a function of time. Eq. 2 reduces to the
following expression (Perron and Royden, 2013):

0 � U(x) − KAm(zz
zx

)
n

. (3)

For a single river channel, the regional uplift rate (U) basically
does not change in space, such that we obtained the following:
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and (4a)

zz

zx
� (U

K
)

1
n

A−m
n . (4b)

The channel steepness index, ks (or the normalized steepness
index, i.e., ksn), can be used to simplify Eq. (4a) and directly
express the uplift rate:

ks � (U
K
)

1
n

and (5a)

S � dz

dx
� ksA

−θ, (5b)

where θ is the concavity of the river channel and S is the slope of
the river channel. The steepness index, ks, has a notable
power–law relationship with the bedrock uplift rate (U).
Therefore, both ks and ksn can be used to obtain the uplift
rate (Kirby and Whipple, 2012).

The χ-analysis method is widely used to obtain the steepness
index of the channel. We integrated both sides of Eq. (4b) to
obtain (Royden and Perron, 2013) the following:

∫ dz � ∫( U(x)
K(x)A(x)m)

1
n

dx. (6)

Taking the position of xb as the initial definite integral and
simplifying, we obtained the following:

z(x) � z(xb) + (U
X
)

1
n∫
x

xb

dx

A(x)mn . (7)

We set parameter A0 as the reference area, which is usually 1 m2

to facilitate a simplified calculation. Parameter χ was introduced
to represent topological information on the river:

χ � ∫
x

xb

( A0

A(x))
m
n

dx. (8)

Eq. 7 can be rewritten as follows:

z(x) � z(xb) + (U
X
)

1
n

χ, (9)

where χ is the abscissa, the river elevation, z, is the ordinate, and
the slope is ks. Compared with the traditional logarithmic
method, this method avoids repeated errors caused by the
elevation differential. At the same time, the slope of the
straight line directly represents the steepness index (Royden
and Perron, 2013). Therefore, we used the χ-plot method to
calculate the ks value and examine the river profile.

Additionally, recent research indicates that the χ value can be
used to analyze the evolution of water systems in active orogenic
belts (Willett et al., 2014). Here, the model assumes that runoff
from both sides of the active orogen flows into the same datum.
Therefore, the elevations of the watersheds should be equal. The
watershed with a large χ value has a relatively small erosion rate,
E, and the channel steepness index, ks, is often relatively small

owing to the equilibrium of the channel. Numerical simulation
studies have shown that the erosion rate of the watershed
gradually becomes lower, which has also been confirmed by
field observations (Willett, 1999). Therefore, the χ values of
the basins can be used to identify the direction of watershed
migration (Yang et al., 2015).

Paleochannel Reconstruction Method
When bedrock channels reach steady state, the longitudinal
fluvial profile of the steady channel shows a smooth concave
shape (Hack, 1973; Whipple, 2004). However, differences in the
lithology, climate, and tectonic activity may alter the original
balance between river erosion and the regional tectonic uplift rate,
leading to discontinuities in the river, that is, knickpoints
(Whipple and Tucker, 1999; Berlin and Anderson, 2007). As
discussed by Kirby and Whipple (2012), knickpoints can be
grouped into two end-member morphologies: vertical-step
knickpoints and slope-break knickpoints. The reasons for the
formation of these two knickpoint types are divergent; there are
significant differences in the shape of the river longitudinal profile
(Figure 2).

A vertical-step knickpoint is characterized by a sharply
increasing slope near the knickpoint area, but there is no change
in the steepness index of the river course upstream or downstream
of the knickpoint. In contrast, there is a notable difference in the
steepness index near a slope-break knickpoint. We mainly
distinguished the knickpoint type based on the longitudinal river
profile and analyzed its genesis and tectonic indications in
combination with geological and geomorphological data.

A slope-break of tectonic origin is the most common in an
active orogenic belt. At present, research and applications of the
unsteady water erosion equation have mostly focused on this type
of knickpoints. The paleochannel projection is the most basic
application (Kirby and Whipple, 2012; Kent et al., 2017; Zhang
et al., 2017). This method assumes that the original vertical slip
rate of active faults in the orogenic belt is U2, the channel is in
equilibrium at this time, and its erosion rate, E2, is equivalent to
U2. After tectonic movement occurs, the regional uplift rate
increases from U2 to U1, knickpoints are generated, and the
downstream attains an equilibrium state. At this time, the
downstream erosion rate, E2, is equal to the new fault activity
rate, U1. Therefore, the upstream and downstream channels of
the knickpoints are in equilibrium with the original, U2, and
current, U1, uplift rates, respectively. The upstream channel of
the knickpoints refers to the previous channel before acceleration
of the regional uplift rate (Goren et al., 2014a; Fox et al., 2014).

The elevation of the knickpoint is Z, and the distance from the
knickpoints to the mountain pass is χ (Figure 3). On the χ-
elevation map or the distance–elevation map, the river channel
upstream of the knickpoint was fitted and extended to the water
outlet position to obtain the previous channel projection. The
height difference between the elevation projected on the outlet
and the elevation, Z, of the knickpoint is z’. The only difference
(ΔZ) with respect to the elevation of the outlet is the quantity of
erosion owing to the knickpoint; the undercut depth (ΔZ) of the
knickpoint can be expressed as follows (Kirby and Whipple,
2012):
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ΔZ � (U − E)τ, (10)
where τ is the response time of the split point, which can be
expressed as follows (Yang et al., 2020):

τ � ΔZ
U − E

� Z − ksn2 · χ
U1 − ksn2n

ksn1

.
(11)

RESULTS

We used the 90 m resolution digital elevation model (DEM)
provided by the Shuttle Radar Topography Mission (SRTM) to

extract 43 rivers in the Helan Shan, of which 1–26 and 27–43 are
located at the eastern and western piedmont of the Helan Shan,
respectively (Figure 4A). Most rivers flow through a single
lithological area: only seven rivers (7–12 and 26) flow through
two different lithological areas.

We extracted and interpolated the χ value of the river channel
using the χ-analysis method, obtaining the spatial distribution
characteristics of the χ value for the Helan Shan watershed
(Figure 4D). The difference in the χ value between both sides
of the main divide (N-S direction) showed that the χ value on the
western side was notably higher than that on the eastern side.

The relief, ksn, and slope of the Helan Shan were calculated.
We generated five combined swath profiles with a width of 10 km,
one of which was parallel to the mountain range while the others

FIGURE 2 | Channel profile differences between the two types of knickpoints (blue indicates the upstream channel of the crack; orange indicates the channel
downstream of the crack; purple indicates the knickpoints) [modified from Kirby and Whipple, (2012)].

FIGURE 3 | Paleochannel reconstruction in two coordinate systems [modified from Kirby and Whipple, (2012)].
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FIGURE 4 | (A) Slopemap showing the locations of the studied drainage areas. 1–26 are located at the eastern foot of the Helan Shan, and 27–43 are located at the
western foot of the Helan Shan. (B) Relief map obtained by calculating the difference between the maximum and minimum elevation values within a radius of 5 km. (C)
Normalized steepness index map. The dark blue frame, the blue circle, and the light blue line represent the sampling range starting point and the centerline of the strip,
respectively. (D) χmap of the Helan Shan with the active faults. The black lines represent the active faults, black-dotted line represents the divide position, and black
arrows represent the divide migration direction.
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were perpendicular (Figure 4C). The spatial distribution of
geomorphic indices showed that the ksn in the southern Helan
Shan was >150 m0.9 and there were two peaks at approximately 8
and 12 km along the mountain range, which is close to the
northern side. The strip analysis profiles showed that the ksn
in the western Helan Shan was slightly less than that in the eastern
Helan Shan. The local relief was also higher along the southern
side of the Helan Shan, which was maintained at > 1,200 m, while
it ranged from 800 to 1,000 m on the northern side. The slope
generally ranged from 15 to 25°, whose distribution was coupled
to the topography, local relief, and normalized steepness index
(Figure 5).

Trunk streams within each watershed were analyzed using the
χ-z methodology with a reference concavity of 0.45 (Whipple and
Tucker, 1999; Wobus et al., 2006; Kirby and Whipple, 2012;
Perron and Royden, 2013) (Figures 6C–H). Some bedrock
channels (streams 42 and 43 in the western Helan Shan;
streams 4 and 5 in the eastern Helan Shan) were stable and
had no notable knickpoints; these channels had continuous and
concave-up longitudinal profiles. Channels with knickpoints
occurred in lower reaches with a high steepness index of
~120 m0.9 in the eastern Helan Shan and ~109 m0.9 in the
western Helan Shan. The upper reaches had lower steepness
index values of ~67 m0.9 in the eastern Helan Shan and ~68 m0.9

in the western Helan Shan, approximately half of that of
downstream areas. The similar ksn values in the upper reaches
may indicate an equal rate of tectonic uplift in terms of the
latitude before tectonic activity. The spatial distribution of the

knickpoints showed that no knickpoint was located on
lithological contacts or along faults, indicating that knickpoint
formation had no relationship with lithology.

We extracted and analyzed a large number of knickpoint
parameters (Table 1). The average relative elevation of the
knickpoints was approximately 317 m in the eastern Helan
Shan and approximately 230 m in the western Helan Shan.
Here, ΔZ was calculated based on the ksn and relative
elevation, with an average of approximately 143 m in the
eastern Helan Shan and approximately 74 m in the western
Helan Shan. Both parameters showed a downward trend from
the south to the north. The χ-analysis yielded a good linear
relationship between χ and elevation, with a mean R2 of ~0.99.

DISCUSSION

Implication of Spatial Variance in
Geomorphic Index
The normalized steepness index is proportional to the strength of
tectonic activity. The result of the normalized steepness index
distribution may indicate that the tectonic uplift rate in the
southern and eastern Helan Shan was higher than that in the
northern and western Helan Shan, which is consistent with the
current topography, local relief, and slope. However, lithology
also had an influence on the slope index, n, and erosion
coefficient, K, thereby controlling the river incision process,
which consequently affected the channel shape and steepness

FIGURE 5 | Five strip analysis profiles. Strip analysis profiles include the relief, ksn, and slope. Black, orange, and blue present the slope, ksn, and relief, respectively.
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index (Di Biase, 2018; Forte et al., 2016). Precipitation can affect
the erosion coefficient, K, and concavity, θ; increased
precipitation often results in a decrease in topographic
undulations and the steepness coefficient (Zaprowski, 2005;
Whipple 2009; Chen et al., 2019). As the precipitation was
mainly concentrated in mountainous areas with small changes
(Figure 7B), this had a limited effect on divide migration. The
relative arid climatic conditions in the Helan Shan (i.e., the
annual precipitation is relatively uniform and <330 mm/yr),
where carbonate rocks have stronger erosion resistance than
clastic rocks, reduce the steepness index. The carbonate rocks
of the Helan Shan are mainly distributed in the south
(Figure 7A); therefore, the increased steepness index in the
south than that in the north is not due to differences in the

lithology. As the normalized steepness is a reflection of the
tectonic strength, we suggest that the eastern piedmont normal
fault has mainly controlled the tectonic activity in the Helan Shan.
The mountain range has tilted toward the north and west, which
has been induced by the spatial differences in the uplift rate.
Moreover, previous studies on active tectonics in the Helan Shan
have revealed the spatial distribution of the tectonic intensity,
whose results are also consistent with those presented here.

Furthermore, χ values are widely used to determine the
stability of the drainage divide; therefore, the variance on
different sides of the main divide indicates that the divide
tended to migrate westward. The stability of the watershed of
the basin may be affected by many factors, such as differences in
precipitation or lithology (Willett, 1999; Goren et al., 2014b; Forte

FIGURE 6 | (A–B) ΔZ and R–El along the direction of the scatter point distribution map. R–El indicates the relative knickpoint elevation. The abscissa represents the
projection distance of the streams along strike from the southernmost stream to the northernmost stream. Here, A represents the eastern Helan Shan, using stream 10
as the starting point; B represents the western Helan Shan, using stream 40 as the starting point. (C–H) Analysis results of the fluvial longitudinal profiles. Typical river
longitudinal profiles in different parts of the study area are shown in the figure. The Str. ID is the stream number shown in Figure 4A. Blue lines indicate the original χ-
z profiles, red-dashed lines indicate the regressed χ-z profiles, and the red cross represents the start and end of the fitting. Abrupt changes in the slope were classified as
knickpoints denoted by dark blue triangles.
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TABLE 1 | Results of the stream profile analysis in the Helan Shan.

Site Str.ID Downstream Upstream Knickpoints

ksn (m0.9) R2 ksn (m0.9) R2 Elevation
(m)

R–El (m) χ (m) ua (km2) dfm (km) dfd (km) Δz
(m)

Eastern Helan Shan 10 261.85 0.96 129.76 0.99 1,787 329 2.10 9.45 3.12 6.04 56
11 215.26 0.87 105.81 1.00 1,644 225 0.83 18.86 1.62 7.92 137
12 133.43 0.94 112.62 0.99 1,644 198 0.81 18.86 1.58 7.92 106
18 90.37 1.00 52.63 1.00 1,800 616 6.63 16.87 18.49 7.16 267
19 94.63 0.98 56.68 0.95 1,620 400 3.46 89.56 15.45 16.51 204
21 65.27 0.99 25.35 1.00 1,503 287 4.41 160.89 28.21 24.65 175
23 103.41 0.99 60.61 0.99 1,567 336 3.49 7.69 5.07 7.86 125
24 47.32 0.98 26.76 0.97 1,591 187 4.66 7.74 7.85 6.68 62
25 74.28 0.99 35.61 0.98 1,507 278 3.28 11.53 5.95 8.71 161

Western Helan Shan 27 63.01 0.97 36.11 0.99 1,616 72 1.08 61.49 4.62 15.72 33
28 87.63 1.00 47.32 0.96 2,103 338 4.01 17.29 13.34 7.28 148
29 121.46 1.00 61.18 1.00 2,457 482 4.62 13.23 11.67 6.49 199
31 125.78 1.00 92.58 0.99 2,236 127 0.91 61.02 2.95 12.95 43
35 178.03 1.00 73.77 1.00 2,123 60 0.37 10.33 0.53 4.96 33
40 97.40 0.99 81.81 1.00 2,231 299 3.09 10.67 5.55 4.78 46

Str. ID, R-El, ua, dfm, and dfd are the stream number, relative knickpoint elevation, upstream area, distance from mouth, and distance from divide, respectively.

FIGURE 7 | (A) The lithology and knickpoints distribution map. The distribution of lithology is modified fromGeological Map of Ningxia Hui Autonomous Region, the
People’s Republic of China (2014). The knickpoints were identified from the χ-analysis of each stream. No knickpoints were located on lithological contacts or faults. (B)
Mean annual rainfall shown over hillshade. Data comes from http://climatedataguide.ucar.edu/.
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and Whipple, 2018), changes in erosion base levels (Goren et al.,
2014b; Forte and Whipple, 2018), and asymmetric tectonic uplift
(Goren et al., 2014b;Willett et al., 2014;Whipple et al., 2017). The
lithology and precipitation of the Helan Shan is basically
symmetrically distributed along the divide (Figures 7A,B), and
rivers in the two foothills have the Yellow River as the same
erosion base level. These factors are difficult to explain the divide
migration in the Helan Shan. Given that the Helan Shan is bound
by the western and eastern piedmont fault, we suggest that the
difference in the tectonic intensity of the two boundary faults
influenced the divide migration (i.e., the tectonic strength of the
eastern piedmont fault was higher than that of the western
piedmont fault); the eastern piedmont fault dominantly shaped
the fluvial landform. The χ-map was also coupled to the result of
the ksn distribution characteristics.

Geologic Significance of Knickpoint Origin
and Ages
Knickpoints on the channel profiles in the 46 watersheds were
associated with an abrupt change in the slope of the χ-elevation
plots. The normalized steepness index downstreamof the knickpoints
was approximately twice as high as that upstream; the longitudinal
profiles of these channels had a notable broken line with steep
downward and gentle upward characteristics, implying the
occurrence of a river incision-accelerated event. Most of the rivers
in the Helan Shan flow through a single lithological unit; almost all of
the knickpoints are distributed at non-lithological boundaries, which
eliminates lithological differences as a potential cause (Figure 7A).
Moreover, the dryer and colder climate based on δ18O records from
the strata causes difficulties when attempting to interpret the origin of
the knickpoints (Zachos et al., 2001; Zhang et al., 2010; Peng et al.,
2016). Therefore, climatic factors and lithology cannot explain the
accelerated incision of the bedrock channels in this area. Knickpoint
origination is a response to tectonic acceleration events.

Additionally, we calculated the response time of the Helan
Shan knickpoints based on the paleochannel reconstruction

method. The results showed that the average response time of
the knickpoints was 0.38 Ma in the eastern Helan Shan and
0.33 Ma in western Helan Shan when the slope index n, was
set to/predefined as 1. However, as various conditions, such as
lithology and climate, affect the slope index n, its value may not be
1 under ideal conditions. Here, we changed the slope index, n,
from 0.5 to 1.5 at steps of 0.1 based on previous studies (Figure 8).
Finally, the response time of the knickpoint was limited to
0.1–1.4 Ma (Figure 8). The response time of the bedrock
channel located at the northern side of the Helan Shan was
later than that located at the southern side, which may suggest
that the acceleration of Helan tectonic activity was not
simultaneous, that is, tectonic activity first affected the
southern area and then propagated northward.

Transformation of Tectonic Pattern in the
Helan Shan
Previous studies on neotectonics indicate that the Helan Shan
experienced a rapid southwest tilting tectonic pattern from 10 to
20 Ma (Liu et al., 2010) (Figure 9). However, the active tectonics
and ksn index show that the uplift rate of the southern part of the
Helan Shan is currently faster than that of the northern part,
which indicates that the spatial pattern of the tectonic activity has
experienced at least one transformation. Moreover, the
northeastward propagation of the Tibetan Plateau has
controlled the tectonic deformation and evolution along the
northeastern margin of the plateau, inducing a series of
tectonic events in chronological order. Current research has
shown that northeast extension reached the Niushou Shan
fault at approximately the end of the Pliocene (~2.7 Ma).
Additionally, the Yellow River in the Niushou Shan area also
responded to this event in the early Pleistocene (Liang et al.,
2013). The knickpoints in the Helan Shan formed in the
Pleistocene, which demonstrates that they most likely occurred
during tectonic pattern transformation in the Helan Shan and
when the Tibetan Plateau reached the Helan Shan (Figure 9). We

FIGURE 8 | Calculated response time along the direction of the Helan Shan. Yellow represents a larger response time while blue represents a smaller response
time. The ordinate represents the projection distance of the streams along strike from the southernmost stream to the northernmost stream. (A) represents the eastern
Helan Shan, using stream 10 as the starting point and (B) represents the western Helan Shan, using stream 40 as the starting point.
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suggest that the tectonic transformation of the Helan Shan may
have occurred in the Pleistocene as a result of Tibetan Plateau
expansion.

CONCLUSION

In this study, we investigated the various geomorphic indices and
the response of channels based on quantitative geomorphology
analysis. We draw the following conclusions:

1. The bedrock channel of the Helan Shan is segmented, which
indicates that the channel has experienced an accelerated incision
event. Based on the influence of lithology and climate, we suggest
that this is the result of accelerated tectonic uplift.

2. The development and evolution characteristics of the Helan
Shan drainage basin show that the main divide tended to
migrate toward the western Helan Shan, which demonstrates
that the EHF was the main controlling fault with respect to
tectonic uplift and deformation.

3. The spatial variance in the geomorphic index of the Helan
Shan reflects the occurrence of at least one tectonic
transformation event that shifted the tilting tectonic model
from the southwest to the northwest during the Pleistocene
(0.1–1.4 Ma), which may have been caused by the outward
expansion of the northeastern Tibetan Plateau.
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