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The Qilian Mountains are a typical active fold-thrust belt. A series of large and

elongated drainage basins are oriented almost parallel to the Mountain Chain.

Conversely, on North flank of the Qilian Mountains, transverse rivers dominate

the drainage network. However, the evolution of these drainage patterns is still

poorly understood. Here, we first review the evolutionary history of the drainage

pattern of major rivers in the Qilian Mountains. We find that early transverse-

dominated river networks are progressively replaced by longitudinal-

dominated rivers during mountain building. Because the incision rate of

transverse rivers is defeated by the uplift rate of mountains, the transverse

rivers would be diverted toward the fold tips and gradually lengthened. Then, we

analyze the evolutionary trends of drainage networks using topographic

metrics. We suggest that longitudinal rivers, especially the upper reach of

longitudinal rivers, will be captured by transverse rivers. Our study shows

that the evolution of drainage patterns in active fold-thrust belts has two

stages: in the early stage, transverse rivers would be replaced by longitudinal

rivers; in the later stage, the upper longitudinal rivers would be captured by

transverse tributaries. Moreover, the evolution model of drainage patterns in

active fold-thrust belts is validated by using the TopoToolbox Landscape

Evolution Model (TTLEM). Tectonics and deformation impart a lasting

impression on the planform pattern of drainage networks. However, the

drainage network will show different patterns in various evolution stages,

even with consistent tectonic conditions. The results of this study may help

investigate the drainage network evolution process in other active fold-thrust

belts.
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1 Introduction

Drainage networks are the dominant external forcing for

Earth’s surface landforms, as they carry material from upland

mountain belts to the depositional lowlands and sculpt a diversity

of landscapes. Beyond its role in shaping the topography, the

evolution of drainage networks can reflect tectonics and

deformations (Castelltort et al., 2012; Zhang et al., 2012;

Willett et al., 2014; Gemignani et al., 2022; Jolivet et al., 2022;

Souza et al., 2022). Thus, the drainage network is an effective way

to explore the interconnected processes of the Earth system.

Rivers are extremely sensitive to active tectonic deformation

(Holbrook and Schumm, 1999). The planform patterns of the

drainage network can also yield valuable insights into the

tectonics underlying the landscape response (Duvall et al., 2020).

The establishment of the evolution processes of drainage

networks is the essential precondition for understanding the

response of drainage patterns to tectonic movement. The

historical evolution of drainage networks can be reconstructed

by landform records (Pan et al., 2011; Fan et al., 2018),

provenance analyses (Clift et al., 2012; Ma et al., 2020; Zhao

et al., 2021), historical records or modern observations (Chen

et al., 2012; Shugar et al., 2017; Stokes et al., 2018). The

evolutionary trends of the drainage network can be assessed

by topographic metrics (Willett et al., 2014; Forte and Whipple,

2018; Lin et al., 2021). Moreover, the evolution of drainage

patterns can also be simulated by numerical landscape

evolution models or experimental models (Tucker and

Slingerland, 1996; Viaplana-Muzas et al., 2019). However, it is

difficult to obtain a full process by using a method alone.

As one of the most active tectonic areas, in active fold-thrust

belts the drainage pattern is mainly controlled by tectonics. The

evolution of drainage patterns in active fold-thrust belts has recently

become a topic of considerable interest and some debate. Previous

studies have shown that a drainage network may evolve from an

early stage characterized by transverse dominant channels

perpendicular to the main structures to longitudinal dominant

channels parallel to the main structures in response to folding or

thrusting (Gupta, 1997; Champel et al., 2002; Ramsey et al., 2008;

Keller and DeVecchio, 2013; Cao et al., 2020). However, other

studies suggested that a drainage network may evolve from

longitudinal to transverse dominated during mountain building

(Babault et al., 2012; Viaplana-Muzas et al., 2019). This

controversy is mainly caused by the difficulty in understanding

the entire drainage network evolution process. Thus, it is necessary

to obtain the full process of drainage evolution for a typical active

fold-thrust belt using multiple methods.

The Qilian Mountains are a typical active fold-thrust belt

located in the Northeastern Tibetan Plateau. The drainage

network is dominated by rivers flowing parallel to the

mountain chain in the interior of the Qilian Mountains. In

contrast, on the North flank of the Qilian Mountains,

transverse rivers dominate the drainage network. Moreover,

research on drainage evolution in the Qilian Mountains has

achieved many results. Ma et al. (2020) reconstructed the history

of the drainage evolution of the Datong River using integrated

provenance methods. The evolution of the Heihe River has been

derived from sedimentary and chronological results (Hetzel et al.,

2004; Pan et al., 2016). However, all these studies focused on the

formation of single rivers, and the evolution of drainage patterns

in the Qilian Mountains is still unclear.

The main goal of this study is to discuss the evolution of

drainage patterns in active fold-thrust belts, and we focus on the

Qilian Mountains as a case study. We reconstruct the

evolutionary history and calculate the evolutionary trends of

major drainages in the Qilian Mountains by summarizing

morphometric and geological evidence. Then, we propose an

evolution model of drainage patterns in active fold-thrust belts

that is validated by using a numerical landscape evolution model.

2 Geomorphic and geological setting

The Qilian Mountains, a large fold-thrust belt ~1,000 km

long and 300 km wide, are situated in the Northeastern Tibetan

Plateau (Figure 1). The Qilian Mountains is an early Paleozoic

orogeny reactivated in the Cenozoic resulting from the India-

Asia collision (Zuza et al., 2018; Cheng et al., 2021). The Cenozoic

tectonics of the Qilian Mountains are characterized by folds,

thrust faults and crustal thickening and shortening (Tapponnier

et al., 2001; Zheng et al., 2017). The Qilian Mountains initiated

there in the Eocene immediately in response to the Indian-

Eurasian plate convergence (Yin et al., 2008; Wu et al., 2021).

However, significant exhumation tracked via low-temperature

thermochronology, indicates that the Qilian Mountains

experienced accelerated uplift in the Miocene (Duvall et al.,

2013; Zheng et al., 2017; Yu et al., 2019; Wang et al., 2020;

Wu et al., 2021). In the late Miocene, the uplift and deformation

of the Qilian Mountains expend to the Hexi Corridor Basin

resulted from outward intracontinental growth of the Tibetan

Plateau (Zheng et al., 2017; Wang et al., 2020).

The Qilian Mountains consist of a series of WNW- or NW-

trending ranges (e.g., the Zoulangnan Mountain, Tuolai

Mountain, Qinghainan Mountain), which are separated by

subparallel elongated intermountain basins. Ranges reach

elevations of 4–5 km and intermountain basins are 3–4 km in

elevation. A series of longitudinal rivers flow in these

intermountain basins. Rivers on the Northern flank of the

Qilian Mountains drain to the Hexi Corridor Basin (e.g., the

Shiyang River, Heihe River, Beida River); along the Southern

flank rivers mainly flow into the Qaidam Basin and Qinghai Lake

(e.g., the Haerteng River, Buha River). In addition, some river

flows out the mountain from the East and West ends (e.g., the

Datong River, Huangshui River, Danghe River). The interior of

the Qilian Mountains is dominated by longitudinal rivers, and

the outer part around the mountains, especially the Northern
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flank, is dominated by transverse rivers in the present day

(Figure 1). Dating studies of river evolution constrain the

initiation of major modern river formation to the early

Pleistocene in the Qilian Mountains, e.g., the Datong River,

Huangshui River, and Heihe River (Zeng et al., 1995; Pan

et al., 2016; Ma et al., 2020).

The Datong River basin is one of themost elongated river basins

in the world. The total length of the Datong River is ~560 km, and

the drainage basin is only ~20 kmwide. TheDatong River originates

in the middle segment of the Qilian Mountains and runs in a SE

direction through the Eastern Qilian Mountains to the Huangshui

River. It is a longitudinal river bounded by Datong Mountain and

Daban Mountain to the South and Tuolai Mountain and

Lenglongling Mountain to the North (Figure 1).

The Heihe River is the second largest inland river in China. The

Heihe River originates from the Qilian Mountains and converges at

Juyan Lake, with a total length of ~810 km. The drainage basin can

be divided into three major geomorphological units: the Southern

Qilian Mountains, the middle Hexi Corridor Basin and the

Northern Alxa Plateau (Li et al., 2001). The upper section of the

Heihe River basin is dominated by two longitudinal rivers, the Heihe

River and Babaohe River, which are bounded by TuolaiMountain to

the South and Zoulangnan Mountain and Lenglongling Mountain

to the North (Figure 1). After the confluence of the Heihe and Babao

Rivers, the Heihe River cuts through Zoulangnan Mountain and

flows into the Hexi Corridor Basin. In the Hexi Corridor Basin, the

Heihe River flows to the Northwest and receives several transverse

rivers. Then, theHeihe River cuts throughHeliMountain andfinally

converges at Juyan Lake.

3 Drainage divide stability assessment
method

Recently, Willett et al. (2014) proposed χ-maps as a proxy for

determining divide stability and forecasting the direction of

FIGURE 1
(A): Geomorphological and geological characteristics of the Qilian Mountains. The black box in the inset shows the location of the Qilian
Mountains in Figure 1A. The A and B black boxes show the locations indicated in Figures 6A,C, respectively. The white box shows the location of the
topographic swath profile shown in (B). Locations of major faults are from Deng et al., 2003. (B): Maximum, mean and minimum elevations along a
20 km wide swath window. The swath shows the major topographical and geological features across the Qilian Mountains.
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divide migration (Willett et al., 2014; Forte and Whipple, 2018).

The evolution of a river profile can be described by a stream

power model (Willett et al., 2014):

zz(x, t)
zt

� U −KAm(zz(x, t)
zx

)
n

(1)

where z is the elevation of a point in a river channel; x is the

upstream distance along the channel; t is time; U is the rock

uplift;K is an erodibility coefficient;A is drainage area; andm and

n are empirical constants.

For the simple case where U and K are constant in space and

time, the steady-state solution of Eq. 1 is (Perron and Royden,

2013; Willett et al., 2014):

z � z(xb) + ( U

KAm
0
)

1/n

χ (2)

with

χ � ∫x

xb

( A0

A(x′))
m/n

dx′ (3)

where xb is the downstream end of the analyzed profile, x’ is a

dummy variable, and A0 is the referenced drainage area.

When uplift, rock erodibility, climate, and catchment outlet

elevation are uniform across both river networks on either side of the

divide, the lower value of χ implies a higher erosion rate and

indicates that the divide will move to the other side. We

calculated χ-maps by using DivideTools (Forte and Whipple,

2018), which was built using TopoToolbox (Schwanghart and

Kuhn, 2010). The digital elevation model (DEM) dataset used is

the SRTM-DEM, with a spatial resolution of ~90 m, which is

produced by the Shuttle Radar Topography Mission and

downloaded from the Chinese Academy of Sciences (http://www.

gscloud.cn). The χ-maps were calculated with uniformU andKwith

a concavity θ of 0.5 and a referenced drainage area A0 of 1 m
2. We

used a constant outlet elevation of 1700 m to calculate χ for the

Datong River and its adjacent drainage basins except the Qinghai

Lake watershed. Because the Qinghai Lake area is an inland river

basin with a higher local base level, we specifically used an outlet

elevation of 3,400 m to calculate χ for the Qinghai Lake watershed

and upper Datong River. For the analysis of the Heihe River, the

outlet elevation selected was 2000 m.

Moreover, other metrics, such as the mean local relief and

mean gradient, are also useful to assess the current status of the

drainage network. The resulting across-divide erosion rate

contrast would force the divide to move toward the side with

lower slopes and erosion rates (Forte and Whipple, 2018). To

assess the divide stability for different segments, we divided the

Datong River drainage into five sections based on different

adjacent drainage basins. To provide an easy visual assessment

of divide stability for individual divide segments, we normalized

the difference in the mean value of χ (Δχ), local relief and gradient

of all streams on either side within 5 km from the divide.

4 Drainage evolution in the Qilian
Mountains

4.1 Datong River

Our previous research has shown that the drainage network

of the Datong River evolved from an early stage characterized by

transverse dominance to longitudinal dominance in the past

1.1 Ma using integrated provenance methods and river terrace

dating (Ma et al., 2020). The formation of the Datong River

started at ~1.1 Ma, and the drainage basin was limited to the area

of the lower modern Datong River in the initial period. Since

then, the river channelized into the Menyuan Basin between

~0.62 Ma and ~0.42 Ma, and it captured the upper Datong River

between ~0.13 Ma and ~0.06 Ma (Ma et al., 2020) (Figure 2). The

drainage basin gradually extended through drainage

reorganization, and the drainage pattern of the Datong River

became increasingly elongated and dominated by longitudinal.

Moreover, we can calculate the evolutionary trends of the

drainage network of the Datong River using topographic metrics.

The χ-map of the Datong River and its adjacent basins shows that

each segment of the divide has varied states. Most notably, there are

large differences in χ across the divides of the upper Datong River

and Heihe River, indicating that the divide is unstable and moving

toward the Datong River catchment (Figure 3A, Figure 4A).

Moreover, the maximum, mean, and minimum elevations along

the swath of Tuolai Mountain show pronounced ridge asymmetry

and southwardmigration of divides (Figure 4B). TheNorthern slope

of the divide is very steep with local relief of more than 1,000 m,

whereas the slope on the Southern side is gentler with local relief of

only 100 m. Maximum elevations clearly show that the range crest

(highest topographic point) of Tuolai Mountain is located on the

North flank. In contrast, minimum elevations show that the main

divide of the Datong River and Heihe River is located on the South

flank of Tuolai Mountain. This finding indicates that the main

divide has shifted southward ~10 km. The topographic profiles

clearly show that the local base level of the North-facing slope of

Tuolai Mountain is significantly lower than that of the South-facing

slope, which indicates that the Northern side has greater erosion

potential. These findings also suggest that the divide will continue to

migrate Southward, indicating that the upper Datong Rivermight be

captured by the Heihe River in the future.

In contrast, the Δχ between the Datong River and Qinghai

Lake, Huangshui River, and Zhuanglang River suggest that the

divide will move toward adjacent drainage basins from the

Datong River catchment (Figure 3A,B, Figure 4C). The

topographic profile across the divide of the lower Datong

River and Huangshui River shows a pronounced ridge

asymmetry and Southward migration of the divides

(Figure 4D). The Dabanshan planation surface is on the south

side of the divide and is a high-elevation, low-relief region; the

opposite side is characterized by deep gorges. These

geomorphological features also suggest that the divide will
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continue to migrate southward. The Δχ between the middle

Datong River and Shiyang River is fairly low, indicating that

the divide is relatively stable (Figure 3C). The results show that

the mean local relief and gradient are in good agreement with Δχ
(Figure 3C). Overall, the modern elongated Datong River will be

disintegrated. The upper Datong River will be progressively

replaced by transverse-dominated rivers, and the lower

Datong River will be broadened in the future.

4.2 Heihe River

Similar to the Datong River, the evolution process of the

middle Heihe River is also characterized by the development

of a longitudinal river from transverse rivers. Before 1.1 Ma,

the Heihe River cut across Longshou Mountain and flowed

Northward (Tan et al., 1998) (Figure 5). Due to the uplift of

Longshou Mountain, the Heihe River did not have enough

power to maintain the outlet and then left its bed and diverted

toward Jiudong Basin after 1.1 Ma (Tan et al., 1998; Pan et al.,

2016). Two wind gaps were identified on Heli Mountain, and
21Ne and 10Be exposure dating suggested that the Heihe River

left its bed in the eastern and central Heli Mountain at 0.44 Ma

and 0.22 Ma, respectively (Hetzel et al., 2004) (Figure 5). In

addition, the Heihe River arrived at the current outlet in

western Heli Mountain after 0.2 Ma (Hetzel et al., 2004).

This result indicated that the Heihe River flowed through

central Heli Mountain before 0.44 Ma, and the outlets

gradually migrated to the West during the Westward

propagation of Heli Mountain. The history of the drainage

reorganization also showed that the Heihe River gradually

became a longitudinal river.

FIGURE 2
Evolution processes of the Datong River [modified from Ma et al. (2020)]. (A–B): The modern Datong River began to form at ~1.1 Ma, the
drainage basin was limited to the area of the lower modern Datong River at the beginning, and since then, it has gradually extended with headward
erosion. (C): The Datong River channelized into the Menyuan Basin between ~0.62 Ma and ~0.42 Ma (D): The Datong River captured the upper
Datong River between ~0.13 Ma and ~0.06 Ma (E): In the future, the upper Datong River might be captured by the Heihe River and the basin of
lower Datong River will broaden.
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However, the modern upper Heihe River displays a

different characteristic from the past 1.1 Ma. The χ-map of

the upper Heihe River shows higher values than its

surrounding areas, indicating a migrating trend toward the

Heihe River side (Figure 6A). Actually, some transverse rivers

have captured the upper reach of longitudinal rivers, such as

the Hongshuiba River. The Hongshuiba River has cut through

Zoulangnan Mountain, incised into the intermontane basin

bounded by Zoulangnan Mountain and Tuolai Mountain and

captured the upstream portion of the Zhulongguan River

(Figure 6C). The Hongshuiba River has a large bend, where

the river abruptly changes directions by ~100°. In plan view its

flow direction is more in line with the Zhulongguan River that

flows to the West. This network geometry suggests that the

upper Hongshuiba River may have once drained to the

Zhulongguan River.

Some transverse rivers have incised into intermontane

basins and are going to capture the upper reach of

FIGURE 3
(A–B): χ-maps of the Datong River basin and adjacent drainage basins. The black line indicates the divide, and the yellow stars are the
boundaries between the divide segments. Black arrows indicate the predicted divide migration directions. (C): Standardized delta plot for the five
segments along the divide of the Datong River.
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longitudinal rivers, such as the Fengle River. The Fengle River

has cut through Zoulangnan Mountain and incised into the

intermontane basin. The lower χ value on the Fengle River side
indicates that the divide is migrating to the Heihe River side

(Figure 6A). Moreover, remote sense images show that the

sides of the divide have distinctly different erosion statuses.

On the Fengle River side, it is characterized by gullies;

conversely, it is characterized by a smooth surface on the

Heihe River side (Figure 6B). Stronger erosion occurred on the

Fengle River side, and the divide migrated to the Heihe River

side. Although some rivers have not yet incised into

intermontane basins, the χ-map shows that the divide has a

trend of migrating to the intermontane basin side, such as the

Maying River and Liyuan River (Figure 6A).

In summary, the middle Heihe River gradually became a

longitudinal river in the past 1.1 Ma, and the upper Heihe

River will be captured by transverse rivers in the

future.

FIGURE 4
(A): χ-map of the upper Datong River and Heihe River. The black line indicates the main divide, and the black dotted line indicates the range
crest. The black box shows the position of the swath topographic profile. White arrows indicate the predicted divide migration direction. (B): Swath
topographic profile with 3 km width across Tuolai Mountain. Vertical arrows mark the Datong River, Heihe River and the main divide; each profile
shows the maximum, mean, and minimum elevations, respectively, and the shaded area marks the local relief. (C): χ-map of the lower Datong
River and Huangshui River. The black line indicates themain divide. Line a–a’ shows the position of the topographic profile. White arrows indicate the
predicted divide migration direction. (D): Topographic profile across Daban Mountain. Vertical arrows mark the main divide.

FIGURE 5
Evolution processes of the middle Heihe River in the past 1.1 Ma.

Frontiers in Earth Science frontiersin.org07

Ma et al. 10.3389/feart.2022.980928

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.980928


5 Evolution of drainage patterns in
active fold-thrust belts

5.1 Early stage -Transverse to longitudinal
drainage network evolution

As the two greatest rivers in the Qilian Mountains, the

Datong River and middle Heihe River show a coincident

evolutionary history, indicating that early transverse

dominated river networks are progressively replaced by

longitudinal dominated rivers during mountain building.

River response to a growing structure is dependent upon the

rate of fluvial erosion versus the rate of uplift (Tucker and

Slingerland, 1996; Gupta, 1997). Before the rapid uplift of the

mountain, transverse rivers could cut through the structure

(Figure 7A). If the mountain grows with a relatively large

uplift rate, smaller transverse rivers would be defeated and

diverted toward the fold tips. Then, it would gather other

laterally adjacent transverse rivers, increasing stream power,

and flow out of the mountain in areas of structural weakness

(Figure 7B).

The process can be supported by other areas in the Qilian

Mountains. Provenance analysis showed that erosion materials

from the Central and Northern Qilian Mountains can be

transported to the Northern Qaidam Basin before the

Oligocene (Bush et al., 2016), indicating that this area was

dominated by transverse rivers that can cross the Central and

Southern Qilian Mountains. Moreover, transverse rivers rise in

the Ela Mountains across the region that is currently occupied by

Qinghainan Mountain and into the Qinghai Lake Basin before

10 Ma (Zhang et al., 2012). Similarly, transverse rivers rise in the

Western Qinling Mountains across the region that is currently

occupied by Laji Mountain and into Xining Basin before 20 Ma

(Liu et al., 2007). Moreover, integrated field structural and

sedimentary evidence suggests that the original N-S direction

rivers in the Qilian Mountains changed to W-E flowing rivers

FIGURE 6
(A): χ-map of the upper Heihe River and its surrounding areas, the red box shows the location in Figure 6B. Black arrows indicate the predicted
divide migration directions. (B): Google Earth image of the Fengle River and Heihe River. (C): Geomorphic features and χ-map of the Zhulongguan
River and Hongshuiba River.
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since ~13–8 Ma (Meng et al., 2020). In other words, the area of

the Qilian Mountains may have been dominated by transverse

rivers before rapid uplift. With the rapid uplift of the Qilian

Mountains, transverse rivers with insufficient power would have

been defeated and diverted toward the fold tips. The drainage

patterns of the Qilian Mountains evolved toward longitudinal

rivers, and ultimately formed the current pattern.

Moreover, this evolution model of drainage patterns has

been widely detected in other active fold-thrust belts around

the world. In the Zagros Mountains, studies have found that

as the folds grow in length, the smaller transverse rivers are

diverted toward the fold tips to become longitudinal rivers

(Ramsey et al., 2008; Walker et al., 2011). In the younger Sub-

Himalayan deformation zone, transverse rivers have been

dammed by uplift ranges and forced to flow axially in

synclinal valleys subparallel to the fold axes (Gupta, 1997;

Malik and Mohanty, 2007). With the uplift and lateral

propagation of the Wheeler Ridge, drainage deflected

parallel to the fold axes, and some wind or water gaps

were formed (Keller et al., 1999). In addition, this

evolution model of the drainage pattern was validated by a

numerical landscape evolution model (Tucker and

Slingerland, 1996; Tomkin and Braun, 1999; Collignon

et al., 2016).

It is important to note that this evolution model was mainly

observed in fold-thrust belts that were in the early stage of

development.

5.2 Late stage—Longitudinal to transverse
drainage network evolution

In the uplifted fold-thrust belts, the drainage pattern shows a

different situation. In the Northern Qilian Mountains, the

transverse Hongshuiba River has captured the upper reach of

the longitudinal Zhulongguan River. In the upstream reaches of

the Heihe River, capture is still ongoing. Some transverse rivers

(e.g., Fengle River, Maying River, Liyuan River) are extending

their upstream by headward erosion; in fact, the Fengle River has

cut across the Zoulangnan Mountain and is going to capture the

upper Heihe River. A similar situation is observed in the Datong

River catchment, where the divide between the upper Datong

River and Heihe River is moving to the South, and the upper

longitudinal Datong River will be captured by transverse

tributaries of the Heihe River in the future.

Supposing that the rate of uplift of the Qilian Mountains

remains unchanged, with uplift, the height difference between the

Qilian Mountains and Hexi Corridor Basin would continuously

increase. The great height difference (>2000–3,000 m), which

was produced by the vast difference in uplift rates between the

Qilian Mountains and Hexi Corridor Basin, lowered the base

level of erosion and increased the fluvial incision rate of

transverse rivers developed on the north flank of the Qilian

Mountains. In contrast, the difference in uplift rates between the

mountain and intermontane basin is smaller than that between

the Qilian Mountains and Hexi Corridor Basin. Therefore, the

FIGURE 7
Idealized diagram of the model of drainage pattern evolution in active fold-thrust belts. Topographic profiles (a–a’) show the elevation across
the fold-thrust belt. (A): At time 1, transverse rivers could cut through the structure. (B): At time 2, transverse rivers would be defeated and diverted
toward the fold tips. (C): At time 3, transverse rivers could capture the upper longitudinal rivers.
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difference in heights and erosion rates between the longitudinal

rivers and the transverse rivers would continuously increase

(Figure 7B). Actually, the erosion rates measured by

cosmogenic nuclides have shown that the average erosion rate

of the Northern Qilian Mountains is several times higher than

that of the upper Heihe River (Hetzel, 2013; Hu et al., 2015,

2021). The differential erosion rates between the longitudinal

rivers in the intermontane basins and the transverse rivers in the

margins made the latter capture longitudinal reaches. Then the

drainage pattern controlled by longitudinal rivers would

transform into transverse rivers (Figure 7C).

The same phenomenon can be found on the Southeastern

Tibetan Plateau. The Anning River, a tributary of the Yangtze

River, flows Southward parallel to the main structures located

in the Southeastern Tibetan Plateau. The upper course of the

paleo-Anning River was captured by the paleo-Dadu River at

~2 Ma (Yang, et al., 2020). Many studies suggest that the

upper Yangtze River once drained south into either the

Mekong River or the Red River along the structural valley,

and it was later captured by the middle Yangtze River (Clark

et al., 2004; Zheng et al., 2013; Chen et al., 2017). This is a

common phenomenon where a longer, orogen parallel river is

captured by an aggressive steep transverse river in the

marginal parts of the Tibetan Plateau. The transformation

of the drainage pattern is also due to the uplift of the Tibetan

Plateau.

In addition to the Tibetan Plateau, a similar evolution of

drainage patterns can be found in other high fold-thrust belts. In

the High Atlas of Morocco, which is a still-active linear

intracontinental mountain, longitudinal reaches are widely

captured by transverse rivers, indicating that the drainage

network systematically evolves from longitudinal-dominated

to transverse-dominated (Babault et al., 2012). This behavior

is similar to the drainage network reorganization observed in

other fold-thrust belts, such as the Central Range of the island of

New Guinea, the Eastern Cordillera of Colombia and the

Pyrenees (Babault et al., 2013; Babault et al., 2018).

It is important to note that this evolution model was mainly

observed in fold-thrust belts that were in the late stage of

development.

6 Numerical landscape evolution
model

Numerical landscape evolution models have been widely

used to help understand the processes of landscape evolution.

To test the evolution model of drainage patterns in an active

fold-thrust belt, we performed numerical landscape evolution

modeling using the TopoToolbox Landscape Evolution

Model (TTLEM) (Campforts et al., 2017). The TTLEM is a

landscape evolution model based on the MATLAB function

library TopoToolbox 2 (Schwanghart and Scherler, 2014).

The model occupies a rectangular domain of 100 km long

and 60 km wide, with a spatial resolution of 150 m in our study.

To simulate the uplift situation of the active fold-thrust belt, we

use an uplift pattern subdividing the synthetic domain into three

sectors (Figure 8A). The uplift rates of the mountains and

FIGURE 8
Setup of uplift patterns (A) and simulation results for drainage pattern evolution in the active fold-thrust belt (B–D). The numbers in Figure 7B
mark themain rivers; the numbers in Figure 8 (C,D)mark themain drainage basins; and the white arrows show the direction andmagnitude of divide
migration in Figure 8C.
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intermountain basins were set as 1.75 mm/yr and 1 mm/yr,

respectively. The uplift rate of the surrounding areas of the

fold-thrust belt was set as 0.5 mm/yr. Moreover, mountains

and intermountain basins are set as 85 km long and 10.5 km

wide and 85 km long and 6.75 km wide, respectively. The total

duration of simulations is 20 Myr with a time step of 0.05 Myr.

Other simulation parameters follow defaults, including: erosion

coefficient (K) = 3 × 10−6/yr; area exponent (m) = 0.5; slope

exponent (n) = 1; hillslope diffusivity = 0.03 m2/year; and

drainage area threshold = 0.2 km2.

The synthetic landscapes resulting from the experiments are

shown in Figures 8B–D. Figure 8B shows that many simulated

rivers cut across the mountains in the initial period (e.g., rivers

1–7). However, the incision rates of these rivers are less than the

uplift rate of mountains. Then, these transverse rivers are

defeated. Meanwhile, the rivers that flow toward mountain

tips are gradually lengthened (e.g., drainage basins 1–3 in

Figure 7C). A drainage pattern characterized by longitudinal

dominant rivers is gradually formed in the middle stage

(Figure 7C). It is noteworthy that divides move toward the

side of longitudinal drainages when the longitudinal-dominant

rivers are formed. The magnitude of divide migration in the

upstream basin is significantly greater than that in the other

segments (Figure 7C). With the continuous migration of the

divide, the catchment of transverse rivers adjacent to the upper

reach of longitudinal rivers continues to expand. Finally, these

transverse rivers capture the upper longitudinal rivers, and a

drainage pattern characterized by longitudinal-dominant rivers

is gradually formed (Figure 8D). In summary, the model

experiments show that the pattern of the drainage network

can evolve from an early stage characterized by transverse-

dominant channels to longitudinal-dominant channels.

Although the uplift rate is consistent during the simulations,

this drainage pattern is unstable, and the upper reaches of

longitudinal rivers are captured by transverse rivers. The

evolution of the drainage patterns of the numerical simulation

result is consistent with that in the Qilian Mountains.

7 Conclusion

In the light of the geological and sedimentary evidence, we

reconstructed the evolutionary history of drainage system of the

Datong River and the middle Heihe River. Results show that the

Datong River and the middle Heihe River have evolved into

longitudinal rivers in the past 1.1 Ma. Moreover, the analysis of

topographic metrics indicates that the upper Datong River and

the upper Heihe River will be captured by transverse rivers in the

future. In contrast to previous studies, our study suggests that the

evolution of drainage patterns in active fold-thrust belts has two

stages: in the early stage, transverse rivers would be replaced by

longitudinal rivers; in the later stage, the upper longitudinal

rivers would be captured by transverse tributaries. Even if the

tectonic setting is constant, the drainage patterns can still be

changed in different evolutionary stages of an active fold-

thrust belt.
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