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Abstract Identification of the planation surfaces (PSs) is
key for utilizing them as a reference in studying the long-
term geomorphological evolution of the Upper Yangtze
River Basin in the Sichuan-Yunnan region, Southwest
China. Using a combined method of DEM-based fuzzy
logic and topographic and river profiles analysis and based
on a comprehensive analysis of four morphometric
parameters: slope, curvature, terrain ruggedness index,
and relative height, we established the relevant fuzzy
membership functions, and then calculated the member-
ship degree (MD) of the study area. Results show that
patches with a MD >80% and an area>0.4 km?
correspond well to the results of Google Earth and field
investigation, representing the PS remnants. They consist
of 1764 patches with an altitude, area, mean slope, and
relief of mostly 2000-2500 m above sea level (asl), 0—10
km?, 4°-9°, 0-500 m, respectively, covering 9.2% of the
study area’s landscape, dipping to southeast, decreasing
progressively from northwest to southeast in altitude, and
with no clear relation between each patch’s altitude and
slope, or relief. All these results indicate that they are
remnants of once regionally continuous PSs which were
deformed by both the lower crust flow and the faults in
upper crust, and dissected by the network of Upper
Yangtze River. Additionally, topographic and river profiles
analysis show that three PSs (PS1-PS3) well developed
along the main valleys in the Yongren-Huili region,
indicating several phases of uplift then planation during
the Late Cenozoic era. Based on the incision amount
deduced from projection of relict river profiles on PSs,
together with erosion rates, breakup times of the PS1, PS2,
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and PS3 were estimated to be 3.47 Ma, 2.19 Ma, and 1.45
Ma, respectively, indicating appearance of modern Upper
Yangtze River valley started between the Pliocene to early
Pleistocene.

Keywords planation surface, fuzzy logic, topographic
analysis, river profile analysis, Upper Yangtze River,
Southwest China

1 Introduction

Since the theory of the erosion cycle and the peneplain was
put forward at the end of the 19th Century (Davis, 1889a,
b, 1899), the planation surface (PS) has become one of the
basic paradigms and theoretical parameters in geomor-
phology. Though the definition of PS has been widely
discussed, PSs, such as peneplains, pediments, pediplains,
and etchplains, generally are considered as land surfaces
modelled by surface or near-surface wear on a rock mass,
where the result of the wear is reasonably planar (planate)
or slightly inclined. These nearly flat surfaces ranges from
several km? to 10° km? (Guillocheau et al., 2018) and have
to bevel the underlying basement structure and diverse
bedrock types despite residual hills (Adams, 1975;
Huggett, 2016). PSs have been widely recognized in
many mountain belts worldwide (Calvet et al., 2015). As
prominent and regional elements in present-day landscapes
and excellent reference level indicators, PSs play an
important role in the research of long-term landscape
evolution (Bascom, 1921; King, 1962; Kennan et al., 1997;
Widdowson, 1997; Japsen et al., 2009; Wang et al., 2012;
Lidmar-Bergstrom et al., 2013; Coltorti et al., 2015). Over
the past thirty years, stimulated by both the development of
low temperature geochronological techniques (Bishop,
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2007) and the advent of digital terrain analysis techniques
(Pike, 2000), the field-work based study of PSs and other
related features have been resurrected and greatly applied
in the study of regional landscape, drainage basin and
fluvial valley evolution, tectonic deformation, and mantle
dynamics over geological timescales on every continent
and in many mountain belts, for example in Africa (e.g.,
Coltorti et al., 2015; Guillocheau et al., 2018), the Pyrenees
(e.g., Bosch et al., 2016), in Greenland (e.g., Bonow et al.,
2006a, b, 2014), the Armorican Massif in the Western
France (e.g., Bessin et al., 2015), in Scandinavia (e.g.,
Lidmar-Bergstrom et al., 2013), the Andes (e.g., Kennan et
al, 1997), the Himalayas (e.g., van der Beek et al., 2009),
the Tibetan Plateau (e.g., Hetzel et al., 2011; Li et al.,
2018), and the Gobi Altai (e.g., Jolivet et al., 2007).

The Upper Yangtze River Basin (UYRB) in the Sichuan-
Yunnan region (SYR), also known as the Jinsha River
Basin, is located in the southwestern China, in the
transition zone between the Tibetan Plateau and the
Yunnan Plateau. The present-day topography of this region
is highly unusual. It is characterized by a high altitude,
low-relief plateau surface dissected by the deep valley
system of the Yangtze River (Clark et al., 2006). A striking
feature of all the mountain ranges in the region is the
evenness of the summit levels. These upland low-relief
surfaces have been studied by many researchers and most
have agreed on the existence of one or more formerly
planar and low, though now uplifted and deeply dissected,
PSs (Huang, 1992; Wang et al., 1998; Feng et al., 2004;
Zhou et al., 2005; Clark et al., 2006). Some scholars have
also discussed the nature of these surfaces, e.g., Cui et al.
(2001a) argued they are the double leveling surfaces of
karst planation; Clark et al. (2006) thought that they are the
remnants of a polygenetic surface formed at low altitude;
Yang et al. (2015) argued that these surfaces were
produced by river capture during drainage organization,
instead of the remnants of a preexisted surface. However,
an accurate description of these PSs is an essential
prerequisite for PS analysis and to be useful as geomor-
phological markers.

In the past, PSs were usually mapped and delineated
based on study of topographic maps combined with field
investigation. This is a subjective and time-consuming
analysis. Over recent decades, with the development of the
Geographic Information System (GIS) and digital eleva-
tion models (DEMs), it has become possible for us to
effectively recognize PSs over a regional scale. At present,
a lot of works based on DEM-derived parameters with a
hard threshold have been done to recognize the PSs (e.g.,
Ringrose and Migon, 1997; Johansson, 1999; Wang et al.,
2005; Li et al., 2012; Rowberry, 2012; Veselsky et al.,
2015; Ma et al., 2016; Qian et al., 2016; Xiong et al.,
2017). But PSs are ambiguous landforms; the boundaries
between the PS and other landforms are usually not clear,
especially when the original PSs were tectonically
deformed or damaged by subsequent erosion. In such

cases, obviously, the hard thresholds of the topographic
parameters method are not suitable for describing such a
fuzzy concept. Fuzzy logic methods (Zadeh, 1968), which
are widely applied in geographic researches, have been
introduced to PS research in recent years (Zhang and
Huang, 1995; Haider et al., 2015). This method allows
researchers to define the PS threshold class value by a
smooth transition rather than by a hard threshold which
better respects the character of the PS definition (Haider et
al., 2015). In addition, topographic and longitudinal river
profile analysis are other useful techniques for delineating
the remnants of PSs or other relict landscapes, for where
there are remnants of PSs dissected by valley networks,
topographic and longitudinal river profiles on the relict
landscape are characterized by significantly lower slope
values than the surrounding incised landscape. Profiles
across these regions are commonly interrupted by slope
breaks or knickpoints (Schoenbohm et al., 2004; Rowberry
et al., 2007; Legrain et al., 2014; Ma et al., 2016).

The aim of this paper is to identify and mapping the PSs
of the UYRB in the SYR from the morphological
perspective using a DEM-based fuzzy logic method
combined with the topographic and longitudinal river
profile analysis, and then to use the mapped surfaces as
reference for a brief discussion of the long-term geomor-
phological evolution in this area.

2 Geological and geomorphological set-
tings

In this paper, the UYRB in the SYR refers to the boundary
area between the Sichuan and Yunnan provinces in
southwestern China which is drained by the Upper Yangtze
River system (Figs. 1(a) and 1(b)). Tectonically, this area is
located between the Eastern Himalayan syntaxis to the
west and the Sichuan Basin to the northeast and consists of
two major crustal fragments. To the northwest is the
Songpan-Ganze Block (SGB), to the southeast is the
Yangzi Platform (YP) (Fig. 1(a)). Numerous faults are well
developed bounding these blocks in this area, such as the
Xiaojiang Fault (XJF), which is an active sinistral strike-
slip fault, and the Yalong Thrust Fault Belt (YTFB), which
consists of three to four parallel Cenozoic faults (Fig. 1(a);
Wang et al., 1998). Since the Pliocene, this area has
experienced drastic surface uplift as a result of upper-
middle crustal shortening, lower crustal thickening, and the
isostatic compensation due to surface erosion (Li et al.,
2018).

From the geomorphological perspective, the large-scale
landscapes of the UYRB in the SYR are characterized by a
high altitude (1800—4500 m), low-relief (0600 m) plateau
with deeply incised valleys along the Upper Yangtze River
and its main tributaries forming a local relief of ~2-3 km
between mountain top and valley bottom (Royden et al.,
1997; Clark et al., 2006; Liu-Zeng et al., 2008; Fig. 1).
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From northwest to southeast, the mean altitude changes
gradually from 4000—-4500 m asl to 2000-2500 m asl but
drops rapidly across the YTFB and the margins of the TP,
forming topographical steps (Fig. 1(c); Liu-Zeng et al.,
2008). Another marked characteristic of this area is that
varied landforms, such as sharp or top-flat mountains,
broad and shallow valleys, intermontane basins and lakes,
and river gorges, are alternately distributed on the Plateau.
Indeed, landscapes characterized by surfaces that appear in
a series of steps are a common feature along the main river
valleys in this area (Huang, 1992; Zhang et al., 1999).
Especially in the Yongren-Huili region (Fig. 1), in fluvial
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valley, the landscape is commonly characterized by valley
in valley or stepped surfaces; most rivers have not reached
an equilibrium state (Yang et al., 2015).

3 Data and methods
3.1 DEM-based fuzzy logic analysis

Though the definition and formation mechanism of PSs are
disputable, morphologically, the remnants of PSs all are
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Fig. 1 The sketched map of the UYRB in the Sichuan-Yunnan region (SYR) and its surrounding regions. (a) Map showing location of
the study area. (b) Topography with the main faults and rivers based on the shaded SRTM 90 m DEM. (c) Topographic profiles showing
the mean, minimum, and maximum elevations in the 25 km swath: a and b in Fig. 1(b). XJF: Xiaojiang fault; ZMHF: Zemuhe fault; SMF:
Shimian fault; LTF: Litang fault; XJHF: Xiaojinhe fault; JHF: Jinhe fault; LJF: Lijiang fault; CHF: Chenghai fault; LZJF: Luzhijiang fault;
RRF: Red River fault; JSJF: Jinshajiang fault; ZDF: Zhongdian fault; TP: Tibetan Plateau; EHS: Eastern Himalaya Syntaxis; SB: Sichuan
Basin; YP: Yangzi Platform; SGB: Songpan-Ganze Block; YM: Yulong Mountain; GM: Gongwang Mountain; HM: Haizi Mountain.

YTFB: Yalong thrust fault belt.
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characterized by sub-horizontal or slightly tilted top areas
of mountains that form positive relief landforms elevated
relative to the surrounding areas regardless of their genesis
and age. These surfaces can be slightly undulating, but no
well-developed valley system or intersecting river system
exists on them. They are typically bordered by sharp
morphological breaks, which separate the flat central
landscape from the surrounding hilly lowlands. In
addition, the flat-top character of these surfaces is not the
consequence of sub-horizontal stratification of the sub-
strate lithology or the sedimentary cover (Haider et al.,
2013). So, the PSs can be characterized by a set of
parameters describing the morphology of a flat-top
mountain. In this study, we employed DEM-based fuzzy
logic for multiple parameter assessment, following the
method developed by Haider et al. (2015), to identify the
PSs of the UYRB in the SYR. The principle of this method
is that when a mountain landform with a flat top is
relatively higher than its surroundings, this landform will
have a great likelihood (membership degree) to belong to
PS. In this method, a fuzzy logic procedure was used to
convert the magnitude of the parameters to membership
degree that a pixel under consideration belongs to a PS.
Considering the manifestation of the PSs identified in this
paper, the four morphological parameters, i.e., slope,
curvature, terrain ruggedness index (TRI), and relative
height (RH), which already used by Haider et al. (2015)
were selected to describe the morphologies of the PSs of
this area.

The SRTM v4 DEM was used for terrain analysis. This
data has a horizontal resolution of 3 arc seconds (a ~90 m
resolution) and a vertical error of < 16 m. The gap in areas
of radar shadows was filled using a range of interpolation
algorithms (Reuter et al., 2007; Jarvis et al., 2008). The
requisite files were downloaded from the CGIAR-CSI
GeoPortal. As PSs are large-scale geomorphic units (Kiihni
and Pfiffner, 2001; Guillocheau et al., 2018), the moderate
DEM resolution is the most suitable, although terrain
features are generalized and any smaller topographical
details are inevitably lost. The higher resolution data
contain much information that is of no use for the analysis
of large landforms and may actually make the interpreta-
tion more difficult. So, considering our study area is very
large, in order to speed the data process, the DEM data was
resampled to a resolution of 250 m before analyzing.
Previous studies have also demonstrated that DEMs at this
scale provide useful tools for the identification of PSs
(Bonow, 2004).

Slope is a maximum rate of change between each cell
and its eight neighbor cells at the DEM (Burrough and
McDonell, 1998). This parameter can detect the flat areas
and excludes steep areas. But slope alone cannot detect
potential PSs because other landforms, like lakes and
alluvial basins, also are flat with low slopes. The slope is
naturally limited to a value between 0°-90°. For the
identification of PSs, the low slope data are relevant.

However, PSs can be tilted by tectonic activity. Therefore,
it is problematic to set an explicit boundary between ‘still
being a PS’ and ‘definitely not a PS’. With increasing
slope, the likelihood of a possible PS decreases. Slope is
calculated using the standard tools in a moving window of
a3 x 3 grid cell in ArcGIS.

Curvature for any direction is the second derivate of the
surface or in other words, the slope of a slope (Zevenber-
gen and Thorne, 1987). It is broadly used in terrain analysis
in hydrology and soil erosion studies (Zevenbergen and
Thorne, 1987; Olaya, 2009; Peckham et al., 2011). Profile
and plan curvature can be calculated. Negative values
coincide with concave features. Positive values are related
to the convex features. Zero value describes a flat surface
independent of inclination. As a potential parameter for
identification of PS, curvature distinguishes planar sur-
faces and excludes zones along mountain crests which
cannot be distinguished by the parameter slope. Curvature
with values near zero can characterize potential PSs. With
increasing absolute value of curvature, the likelihood of a
potential PS decreases. The curvature can be high only at
the rim of the PS where the slope is sharply broken.
Curvature is calculated using the standard ArcGIS module
involving combined plan and profile curvature. The value
of curvature range between —100 and + 100 m™".

The TRI is the summed change in elevation between a
grid cell and its eight neighbor grid cells (Riley et al.,
1999). It was developed to characterize surface ruggedness
and quantify topographic heterogeneity such as steep and
dissected areas and undulating surfaces. The internal part
of the PS, which has not been affected by rapid erosion,
remains intact and flat, and is characterized by low TRI
values. It is calculated by the following formula:

TRI = /x + 9> —2vs, (1)

where x is the focal sum of the squared DEM cells, v is the
focal value, and s is the focal sum in the floating window 3
by 3 raster cells. The values of x, v, s are calculated using
the neighborhood statistics and raster calculator tools in
ArcGIS.

The RH, which is developed primarily to eliminate plain
surfaces near local erosional base levels to delimit potential
PSs, is an important parameter for the identification of PSs.
It is defined as the vertical difference between the
landscape surface and the envelope surface of the local
base level represented by the main branches of the drainage
system (Haider et al., 2015). The envelope surface was
produced by an interpolation of the valley floors. So, the
erosional base level is highly influenced by the considered
drainage network. After a comparative analysis of the
drainage systems with catchment areas> 10 km? > 50
km?, > 100 km?, and > 500 km?, respectively, we found
that the valleys with a catchment area threshold of 50 km?
extended just a little below the flat-topped areas (PSs)
(Figs. 2(a) and 2(b)). We therefore considered that their
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valley floors were the most appropriate to be interpolated
for use in our calculation of the envelope surface of the
local base level. The RH was calculated based on the
present-day landscape and this envelope surface derived
from interpolation of the valley floors with a catchment
area > 50 km?* (Fig. 2(c)).

In order to set the fuzzy logic criteria for each parameter,
we need to select several test areas to analyze the parameter
characteristics of the PSs and other main geomorphic units
in the study area. The strategies of test areas selection are
that these areas must cover the main landform types of the
study area. Besides PSs, sharp ridges and steep valleys,
broad intermontane basins and valleys are also extensively
distributed in the study area. After a careful investigation
by using Google Earth, we finally selected three square
sub-regions as the test areas for comparative analysis of the
values of the parameters of these representative geo-
morphic units. They ranged from ‘steep and dissected
area’, to ‘PS region’, to ‘intermontane basin’, respectively,
and all contained 7921 pixels with an area of about 495
km? (Fig. 3(a)). These test areas represent most landforms
of the study area. We found that the density scatterplots of
the parameter values for different test areas were
significantly different (Fig. 3(b)). The dataset of ‘steep
and dissected area’ scatterplots covered nearly the whole
graphic, while the datasets of ‘PS regions’ and ‘inter-
montane basins’ covered only a small part of each of the
graphics. However, the ‘PS region’ and ‘intermontane
basin’ could be clearly distinguished using scatterplots of

10 krm2

curvature versus RH. In the ‘PS region’, the value of the
slope was approximately between 0° and 30°, but mostly
< 10°; the value of the curvature was approximately
between —0.5 m ' and 0.5 m', but mostly between —0.2
and 0.2 m'; the value of the TRI was approximately 0—400
m, but mostly < 120 m; and the value of the RH was
approximately 0—750 m, but mostly > 250 m (Fig. 3(b)).
After a comprehensive consideration of these findings, we
established four separate fuzzy trapezoidal membership
functions for these four morphometric parameters (Fig. 4),
which could discriminate the ‘PS region’ from other
regions. The fuzzy logic criteria were set as follows:

For slopes between 0° and 10°, the value of the
membership degree (MD) was set to 100%; between 10°
and 30° this was changed linearly from 100% to 0%; >
30° slopes were set to 0%. This membership function is
same as that of Haider et al. (2015). For the curvature, > 1
m'!or < —1 m"! values were set to 0%; and —1- —0.2
m"' and 0.2-1.0 m™" values were changed linearly from
100% to 0%, respectively. For the TRI, values between 0
and 80 m were set to 100%; values between 120 m and 300
m were changed linearly from 100% to 0%; and values >
300 m were set to 0%. For the RH, < 60 m values were set
to 0%; > 250 m values were setto 100%; and > 60 m and
< 250 m values were changed linearly from 0% to 100%.

Finally, according to the membership functions above
(Fig. 4), we converted the magnitude of each parameter to
its MD using the Fuzzy Logic Toolbox in MATLAB.
Because each parameter cannot constrain the PS alone, in

Fig. 2 Relative height based on different drainage area thresholds. (a) 3D DEM showing the typical planation surface (PS) with river of
the black square region in Fig. 1(b); (b) Base levels with stream networks for interpolating; (c) Relative heights calculated from elevation
differences between the base level and modern topography. PS: planation surface.
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Fig. 3 Topographical characteristics of the test areas. (a) 3D view of the test areas based on SRTM 90 m DEM. (b) Density scatterplots

of the morphometric parameters of the test areas.

order to get a joint assessment of the likelihood that a given
area can be considered as a PS, we synthesized an
integrative MD raster based on the MD raster for the four
parameters above. The step was accomplished by using the
raster calculator tool in ArcGIS. The value of each pixel of
the integrative MD raster is the product of the correspond-
ing pixels of the four MD raster, this means that a region
will have a high integrative MD value only when the MD
values for the four parameters in this region are all high.
This integrative MD raster is shown in Fig. 5.

3.2 Topographic and river profiles analysis

In order to describe further the characteristics of the PSs
and to analyze if the mapped remnants of the PSs represent
one continuous surface or several PSs at different
elevations, we analyzed the topographic and river profiles
based on 90 m SRTM v4 DEM in the Yongren-Huili region
where stepped surfaces are well preserved along the Upper
Yangtze River valley.

Thirty-two (32) parallel individual topographic profiles
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Fig. 4 Membership functions for the terrain parameters describing the PS remnants.

(Fig. 9(a)) were first constructed from DEM using Profile
Graph tools in ArcGIS at regular intervals of 1.5 km. Data
were exported to MS Excel and plotted in Origin. From
these initial individual topographic profiles, a super-
imposed topographic profile was constructed. The result
is shown in Fig. 9(d). Superimposed profiles were
developed to allow the comparison and correlation of
individual profile lines at regular intervals through the
assimilation of each profile line into a single two-
dimensional multiple line graph (Monkhouse and Wilk-
inson, 1952). Where there is a marked convergence in the
superimposed profile graph of individual profile lines, a
sub-horizontal PS may be indicated. If sub-horizontal
surfaces are arranged in a stepped sequence, the conver-
gence zone will be distributed at different altitudes.

Thirty-six (36) tributary channel profiles originated from
the remnants of PSs along the Yangtze River in Yongren-
Huili region (Fig. 9(a)) were selected to analyze by using
the empirical relationship between drainage area 4 and
slope S for an equilibrated channel (Hack, 1973; Flint,
1974):

S=kdA "’ )

where 6 and k; are generally referred to as the concavity
index and the channel steepness index, respectively
(Wobus et al., 2006). River profiles, 8 , and k; were all
extracted from 90 m SRTM DEM utilizing the stream
profile tool for ArcGIS and MATLAB with procedures
described in Wobus et al. (2006). Stream channels were
sampled at a vertical interval of 20 m, then smoothed using
amoving window of 1000 m. Because £; is strongly related
to 6, a normalized channel steepness index (k,) is often
calculated using a fixed reference concavity index 6,.r =
0.45 which is the most commonly used value in the
literature (Wobus et al., 2006). If the channel is considered

to be in equilibrium (no knickpoints along the channel),
only single values of §and k, should be fitted in a doubly
logarithmic slope-area plot. If the channel is not in
equilibrium, channel profiles will depart from the shape
implied by the equations above. Thus, these relationships
can also be used to identify different segments of the river
profiles. The fit must then be done separately for the
different segments of the channel. Here we use this latter
approach as all channel profiles presented here have
marked knickpoints. We also marked these knickpoints on
each river profile.

4 Results and analysis

4.1 Test areas fuzzy logic method results and calibration of
MD for the whole study

The spatial distribution of MD values (Fig. 5(a)) shows
that the UYRB in the SYR has MD values ranging from
100% to 0%. Most of the study area has a very low MD,
about half of the study area possesses a MD of < 20%.
These areas are mainly distributed in deep valleys, broad
valleys, intermontane basins, and on sharp mountain
crests, where, especially in the bottoms of valleys and
basins, the MD is usually close to 0%, indicating that these
landforms do not likely belong to the PS. The areas with a
high MD occupy only a small part of the study area. For
example, the areas with a MD of > 80%, > 90%, and
100% occupied 10.4%, 6.0%, and 0.6% of the total
landscape of the study area, respectively. These areas are
predominantly located on top or near-top areas of the
topography, e.g., its river watersheds, interfluves between
deep valleys, flat-top mountains above broad valleys or
intermontane basins. Such areas have a high likelihood of



62 Front. Earth Sci. 2019, 13(1): 55-74

100°E

102°E 103°E 104°E 105°E
1 1 1

29°N

28°N

26°N 27°N
1oAY USBMIES

25°N

29°N

7

28°N

27°N

26°N

25°N

Fig. 5 The Membership degree (MD) and the PSs of the UYRB in the SYR. (a) Spatial distribution of the MD identified by the fuzzy
logic integration of the four parameters. The squares with solid line edge indicate the locations of three test areas. (b) Field example of PS

remnants. Photograph location is shown in Fig. 5(a).

belonging to the PS. Field investigation also showed that
these areas with high MD values correspond to the low-
relief, subdued regions (Fig. 5(b)). This would indicate that
the MD map above can effectively identifies the potential
remnants of PSs in the study areas.

The MD values in the three test areas are clearly
different (Figs. 6(a) and 6(b)). The data for ‘steep and
dissected areas’ have an MD of 0-76%, but the majority
(85%) of this distribution lies between 0 and 20%. The data
for ‘intermontane basin’ spreads over the whole MD scale
but lies mostly (~82%) < 50%. The MD data for ‘PS

region’ range from 0% to 100%, but > 92% have an MD
of > 80%. In order to select a suitable MD threshold to
represent remnants of the PS in the study area, the results
of interpretations from Google Earth images were
compared to the results of various MD classifications in
the test areas (Fig. 6(c)). In the steep mountain area with a
MD of 0-76%, no PS was found based on the Google
Earth images. In the intermontane basin area, a small PS
patch was found from the Google Earth images where the
MD is more than 80%. In the PS area, the PSs which we
interpreted from the Google Earth images correspond well
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to the areas witha MD > 80%. Therefore, a lower limiting  also used by Haider et al. (2015) to represent the remnants
MD of 80% was found to give the best correlation to the  of PS on the TP, the Andes, the Appalachian Mountains,
results of Google Earth interpretations. This value was then  the Northeast Iberia, the Massif Central, and the southern
applied to all the studies areas (Fig. 5(a)). This value was  part of New Zealand (Haider et al., 2015).
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4.2 Morphological characteristics and spatial distribution of
PSs of the UYRB in the SYR

According to the above analysis, we extracted the PSs in
the UYRB in the SYR using an MD threshold of 80% (Fig.
5). The PSs have a total number of 2585 isolated patches
ranging from 0.0625 km? to 542.5 km? in area, giving a
total area of 20,252 km?. The frequency distribution of the
area of the PSs was calculated and plotted in a semi-
logarithmic plot (Fig. 7(a)), showing that the spatial
extension of PSs has a complicated distribution with a
marked cut-point at about Log (5.6) m?, corresponding to
~0.4 km®. When the patches are < 0.4 km?, the relation

between area and number is not clear. When the patches
are > 0.4 km?, the relation between area and number is
negatively non-linear, and can be well fit using a power-
law function, showing fractal characteristics. In addition,
patches of an MD > 60%, 70%, 90%, and 100% also
analyzed for comparison; we found they all have such a
property (Fig. 7(a)).

The common power-law relation between area and
occurrence for patches > 0.4 km? is in agreement with the
properties of a fragmentation process induced by a
hydrographic network (Rigon et al., 1994). We therefore
felt it reasonable to assume that the patches with an area >
0.4 km? must be the remnants of PSs dissected by streams.
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The unclear relation between area and number for the
patches < 0.4 km*> may have been complicated by the
doping effect contributed by some other surfaces with no
genetic relation to that PS, such as landslide benches,
fluvial terraces, and artificial platforms (which may
mathematically, but not geomorphologically, meet the
criteria of a PS). Though the PS has no specified minimum
or maximum areal dimension (Sevon et al., 1983), in order
to exclude the influence of other original surfaces, we set
0.4 km? as a lower area threshold for PSs in this region,
similar to that (0.5 km?) set by Feng et al. (2004) in
mapping PSs in the Dongchuan region, Yunnan Province.

After excluding the patches < 0.4 km?® (851 patches

with a total area of 2359 km?), the PSs of the UYRB in the
SYR total 1764 patches, ranging in area from 0.4375 km?
to 542.5 km?, with a significant standard deviation of 31.33
km?, where the mean area is 10.14 km?, the total area is
17,895 km? (Fig. 7(b)), and their total area covers ~9.2% of
the total surface area of the study area. Small PSs are
considerably more common than large PSs. 25.8% have an
area of < 1 km?. 82.5% of surfaces have an area of < 10
km?. The mean slope of each PS ranges from 1.2° to 12.3°,
with a standard deviation of 1.5°, mostly falling within the
4°-9° range (Fig. 7(c)); the mean slope of all PSs is 7.2°.
The relief of individual PSs is between 15 m and 1820 m,
with a standard deviation of 162.6 m. 52% of surfaces have
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a relief of <200 m, and 93% of surfaces have a relief of
<500 m (Fig. 7(d)). Scatterplots of slope versus altitude
(Fig. 7(e)) and scatterplots of relief versus altitude (Fig. 7
(f)) show that there is no clear relation between area and
altitude, or between slope and altitude, for these patches.
The distribution of mean aspects plotting in a rose diagram
(Fig. 7(h)) shows that, though these patches evince a wide
range in dip values, a preferential aspect between ~125°
and ~180° can be found, indicating that these patches
overall dip toward the southeast.

The spatial distribution map of these patches (Fig. 8)
shows that the PSs of the UYRB in the SYR are widely
distributed at altitudes ranging from 4851 m to 386 m asl.
But the distribution is discontinuous and scattered, and is
spatially and altimetrically uneven. The PSs located mostly
at an altitude of 2000-2500 m asl (Fig. 7(g)). The most and
largest surfaces are preserved in the south of the YTFB,
especially in the watershed areas between the UYRB and
the Red River, Nanpan River, and Beipan River basins to
the south. PSs are relatively fewer and smaller in the YTFB
and the northern sector of the YTFB, especially along the
major tributaries of the Yalong, Anning, Shuiluo, and
Shuoqu rivers where they are characterized by dense
drainage networks and a dense alternation of V-shaped
valleys and sharp crests, with narrow interfluves between
the main river valleys. A strong link exists between the
preservation of PSs and local relief (Fig. 8(b)). In areas
with high local relief, patches of PS are few and are of
small area. In areas with low local relief, patches are
greater in number and area, this indicates that the spatial
distribution of PSs reflects the erosional conditions
prevalent in the study area, which depend on various
factors such as structural conditions, positive diastrophism,
the localization of river erosion, and various feedback
mechanisms (Twidale, 1976). Therefore, the lack of PS
remnants does not necessarily mean that they never
formed. In fact, they could have been eroded away through
the down-wearing of interfluvial areas after the active
intersection of valleys.

Overall, from northwest to southeast, the mean altitude
of these patches progressively decreases, from southwest
to northeast, the mean altitude of the whole area increases
slowly, but then drops acutely down toward the Sichuan
Basin. On a small scale of tens of kilometers, the mean
altitude of these remnants of PSs can vary up to several
hundred meters, and often exhibits a rapid change across
major known thrust faults, especially thrust faults like the
YTFB (Fig. 8(b)).

4.3 Topographic and river profiles along the main river in
the Yongren-Huili region

On the superimposed topographic profile derived from 32
individual topographical profiles (Fig. 9(d)), several
distinct regions of marked topographic accordance can
be clearly recognized. Overall, these sub-horizontal

regions are distributed at three different altitudes along
main river valleys. The highest surface is widely
distributed between 2000-2400 m asl and is composed
principally of the flat tops of mountains. This surface have
been seriously dissected by rivers. The median surface
developed well below the highest one, with an altitude of
~1600-1800 m asl. This surface is well-preserved around
the highest one and is mainly represented by the middle
shoulders along the main river valley, and dips slightly to
the river valley. The lowest surface is limitedly distributed
along the main river from Panzhihua to Yuanmou and an
altitude from 1400—-1500 m asl. This surface is represented
by the lower shoulders of the v-shaped modern river valley.

Longitudinal river profile analysis (Figs. 9(e) and 10)
showed that all tributaries are characterized by downstream
portions with high k,, values (e.g., > 286.11 for G =
0.45) and irregular curves that are separated by one or more
slope-break knickpoints from upper sections with low £,
values and smooth curves (e.g., < 41.63 for G,.r = 0.45)
(Fig. 11), suggesting the existing of relict surfaces. When
we put these river profiles and knickpoints in the same
coordinate (Fig. 9(e)), we found that these knickpoints are
generally grouped at three distinctly altitudes, correspond-
ing well to the altitudes of the three sub-horizontal surface
levels identified by topographical profiles analysis.

5 Discussion

5.1 Origin of the upland low-relief bedrock surfaces in the
UYRB

High altitude, low-relief surfaces are widely distributed on
the mountain tops in the southeastern TP (Clark et al.,
2006), but the origin of these surfaces has been disputed.
Two major alternative mechanisms were proposed:
dissection of a preexisting, low-relief landscape (Clark et
al., 2006; Cui et al., 2001a) versus in situ formation of low-
relief landscape patches in response to a rise in local base
level following drainage area loss (Yang et al., 2015).
The upland low-relief surfaces produced by the two
mechanisms above can be easily distinguished morpholo-
gically. According to the diagnostic criteria developed by
Whipple et al. (2017), the essential, diagnostic character-
istics of the upland low-relief surfaces formed by
dissection of a preexisting, low-relief landscape is that
the remnants of the surface are all preserved at a common
elevation (allowing for variability in the relief and regional
dip of the initial low-relief landscape) at all times; the low-
relief headwater areas ultimately preserved as low-relief
surface remnants are always the high points in the
landscape. In addition, knickpoints that demarcate the
boundary between upstream, relict channel reaches with
low steepness and downstream, adjusted channel reaches
with high steepness are predicted to occur at approximately
equal elevations in channel profiles throughout the land-
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scape (Niemann et al., 2001; Wobus et al., 2006). By
contrast, surfaces produced by drainage capture mechan-
isms are predicted to be distributed randomly in elevation,
to vary significantly in relief, to be bounded by drainage
divides defined by the affected tributaries, and to be
surrounded by a rim of high relief topography that persists
until the final stages of landscape response to drainage
reorganization. In addition, because relief reduction occurs

101°E

during surface uplift, surface elevation and the degree of
relief reduction will be strongly correlated.

When compared with the high altitude, low relief
surfaces mapped by Clark et al. (2006) based on a slope
between 1.2°-10° and a relief of <600 m in the
southeastern of TP (Fig. 10(a)), including the bedrock
surfaces and sedimentary basin surfaces, the surfaces
mapped by this study are essentially distributed within the
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ambit of the surfaces mapped by Clark et al. (2006), but are
more intensely fragmented and spatially discrete. They are
mostly distributed on the interfluves and river source areas
and mountain tops between intermontane valley basins.
They constitute only a small fraction (~24.6%) of the high
altitude, low relief plateau surfaces which include all
erosional and depositional flat areas just above the deeply
dissected valleys. When comparing these surfaces with the
regional geologic maps (Fig. 10(b)), we found that most of
them cut across the bedrock of various complex composi-
tions, resistances, and ages, therefore the surfaces we
mapped in this study are all bedrock surfaces generated by
erosion. Although these surfaces have been intensely
deformed by faults and modified by streams, they are
approximately co-planar and decrease in altitude system-
atically from northwest to southeast across the study area.
Moreover, there is no relationship between the surface
elevation and surface relief or surface slope (Figs. 7(e) and
7(f)). In addition, knickpoints on river profiles bounding
the surface patches are grouped at altitudinal zones within
which the corresponding PSs lie (Fig. 9(e)). According to
these characteristics, it is clear that these surfaces are not
compatible with those produced by the river piracy model.
Therefore, the most likely interpretation for these upland
low-relief surfaces of the UYRB in the SYR are that they
are remnants of preexisting PSs that formed at low
elevation, and were subsequently uplifted and dissected
by the river systems.

5.2 Number and age of PSs and correlation

The question about the number and age of PSs that
developed and survived in the UYRB is disputed (Huang,
1992). It is also difficult to elucidate how many PSs existed
in this region because of the discontinuous nature of the
preserved remnants, the tectonic deformation, and the lack
of detailed information. As a working hypothesis, it is
proposed that the leveled summits of the ranges along with
the fluvial divides in a geological unit are remnants of a
single major PS formed mainly by fluvial systems eroding
to a common base level (Ahnert, 1998; Zarate and
Folguera, 2014). The remnants of PSs we mapped in this
study were distributed on the mountain top or fluvial
divides at every major geological unit: the YP, the SGB,
and the YTFB in the UYRB (Fig. 5 and Fig. 7). Though
remnants in different tectonic blocks have different
elevations, overall, the elevation change between these
blocks is continuous and systematic, even across major
faults (Fig. 7(b)). Therefore, we argue that these mountain-
top surfaces are all the remnants of a once single regional
PS, which formed at a common base level, but now is
uplifted differentially and dissected unevenly. These
surfaces are the major PS in this region, and are named
PS1. According to the topographical and river profile
analysis combined with field investigation in the Yongren-

Huili region, below the PS1 there are another two lower
sub-horizontal surfaces (labeled as PS2 and PS3, respec-
tively) well developed along the main river valleys (Fig. 9).
They take the form of wide valleys, and are not related to
the faults. PS2 and PS3 have also been identified by other
researchers around Yuanmou basin (Zhang et al., 1999).
So, we suggest that at least three levels of PSs were
developed and preserved in the UYRB.

Assuming that once the PS was uplifted, any river
draining across it will immediately incise down in response
to the change in base level, the age of this PS can be
established by calculating the amount of time (A7) required
by the river to incise its valley to the modern-day location.
The At was calculated using the method as follow (Kirby et
al., 2010; Kirby and Whipple, 2012):

At = Az/(E.~E}), 3)

where E. and E), are the erosion rates within the river valley
and on the PSs, respectively; Az is the amount of incision
into PSs. The Az was estimated by projecting “relict” river
segments based on steepness and concavity indices above
knickpoints, assuming that they had concave profiles in
equilibrium with prevailing conditions prior to the onset of
base level fall (Schoenbohm et al., 2004; Clark et al., 2005;
Harkins et al., 2007; Miller et al., 2013; Legrain et al.,
2014). Az is equal to the difference between the projected
and modern channel elevations.

Although there are many tributaries along the Upper
Yangtze River, and most of them featured transient
behavior, the relict segments of most rivers have incised
deeply and do not flow directly on PSs, other rivers that
flow directly from PSs usually have too small of a relict
segment to be reliably projected downstream due to the
fact that PSs were seriously fragmented (Fig. 9). So, only a
few tributaries were found to be suitable for reconstruction.
The Yongren-Huili region, where remnants of PSs were
well preserved, is the best region to calculate the Az from
each PS. In this region, we can only select six tributary
rivers, where the channel profiles above the knickpoints
were nearly in equilibrium; three rivers originate from the
PS1, two rivers from the PS2, and one from the PS3 (Figs.
9 and 11). Following the method and procedures
developed by Foster and Kelsey (2012) and fixing 6
equal to 0.45, we project the relict channels above the
major knickpoints to the confluence of modern river valley
(Fig. 11). Through subtracting the modern outlet elevation
of each tributary, Az for these six rivers from PS1, PS2, and
PS3 in the Yongren-Huili region have been calculated to be
11794+7.3 m, 1023+£7.3 m, 925+6 m, and 690£10 m,
671+1 m, and 43145 m, respectively (Fig. 11).

Previous research based on thermochronometry has
shown that the long-term (from ca. 100 to ca. 20 or 10 Ma
for PSs, and from ca.13 or ca. 9 Ma to present for river
valley) erosion rates of the PSs and deep river valley in this
region are ~0.02 mm/yr and ~0.25-0.5 mm/yr, respectively
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Fig. 11 Modern and reconstructed channel profiles for tributaries along the Upper Yangtze River. The 2o elevation errors are from the
normalized steepness indices and are based on linear regressions through log-log channel slope-drainage area data. For location of the
channels refer to Figs. 9(a) and 9(e).

(Clark et al., 2005). According to Eq. (3), At for the PS1,
PS2, and PS3 was calculated to be 5.16—1.91 Ma BP, 3.04—
1.40 Ma BP, and 1.90-0.89 Ma BP, respectively. This
would render a mean formation time of 3.47 Ma BP, 2.19
Ma BP, and 1.45 Ma BP, for these PSs, respectively. There
is also other evidence to support this argument. The PS1
are locally unconformably overlain by flat-lying coal-
bearing Pliocene sediments (Wang et al., 1998), suggesting
this surface formed prior to the Pliocene. The basal ages of

the sediment based on the palaecomagnetic analysis in the
Yuanmou Basin (Zhu et al., 2008) and the Heqing Basin
(Shen et al., 2010) in the study area which indicated the
uplifting and disintegrating time of the PS1, dated to 4.9
Ma and 2.8 Ma, respectively. The sedimentation rate of the
Yinggehai-Song Hong Basin in the South China Sea was
relative low in the Middle Miocene—Early Pliocene,
indicating a low relief landscape corresponding to PS1.
The sedimentation rate became sharply higher since the
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Early Pliocene (5.5 Ma, Clift and Sun, 2006; Lei et al.,
2015), indicating a high relief landscape following the
breakup of PS1. The erosion surfaces in the Dongchuan
areas which correspond to PS2 or PS3 dated to 1.87 Ma
based on the overlying fluvial deposits by ESR (Su et al.,
2013).

PSs have been widely reported by many researchers on
the TP and its surrounding mountains (Shackleton and
Chang, 1988; Li et al., 1995; Cui et al., 2001a; Strobl et al.,
2010). According to the age of PSs, the PS1 which is the
major surface of the UYRB in the SYR could be correlated
regionally with other well-known PSs. The Main Surface
(4500-5000 m asl) on the TP with an age of 3.4-3.8 Ma
obtained by dating the overlying basalt of the Mangkang
Mountain in the southeast margin of TP using K-Ar dating
method (Li, 1999; Fig. 12) and the E’xi Surface (1200-
1500 m asl) at the Yangtze Gorges area (Xie, 1990) which
probably formed at 3.4-3.6 Ma (Li et al., 2001, Fig. 11)
correlate well in time with PS1. In addition, weathering
materials of these PSs also have very similar or consistent
properties which only developed under a hot and humid
environment (Cui et al., 2001b). Taken together, these data
indicate that these PSs may be the remnants of a single PS
formed by eroding to a common base level, probably the
sea level during their formation period.

5.3 Implications for regional deformation and long-term
geomorphological evolution in the UYRB

PSs are important geomorphological markers for studying
the regional land surface deformation and geomorpholo-
gical evolution over a large spatial and temporal scale
(Bessin et al., 2015; Coltorti et al., 2015; Li et al., 2018),
and are often considered as the starting point for the
modern drainage and valley system evolution (Pan et al.,
2012; Vandenberghe, 2016).

If the Main Surface, PS1, and E’xi surface of the TP, the
Yunnan Plateau, and the Yangtze Gorges region respec-
tively are the remnants of a single PS, these original
surfaces should be slightly undulate and have similar
altitudes close to a distinct base level (possibly sea level) to
which the rivers graded. At present, the PS remnants of

Altitude/m
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different geological units in southeastern TP are all at high
altitude; the altitude of these remnants varies regionally,
deceasing from 5000 m asl on the TP to 2000 m on the
Yunnan Plateau to 1000 m asl at the Yangtze Gorge region,
showing a long-wavelength surface deformation (Fig. 12).
This indicates that the land surface of the southeastern TP
may have been subjected to an intense and differential
surface uplift since the Pliocene (Li et al., 2018). The
surface uplift of this region on such a large scale was most
likely due to the crustal thickening from the eastward flow
of the lower crust from the TP (Royden et al., 1997; Clark
and Royden, 2000). The altitude of these remnants changes
sharply across the major faults by several hundred of
meters on small scale distances of tens of kilometers (Fig. 8
(b)), indicating that the PSs have also been seriously
affected by local active faults. This implies that the upper
crustal shortening cannot be ignored for crustal shortening
in some local areas of the southeastern TP as suggested by
Li et al. (2018).

Long-term geomorphological evolution of the UYRB in
SYR since the Pliocene was roughly established (Fig. 13).
PS1 was formed in the Middle Miocene to the Early
Pliocene. During this period, the landscape of the UYRB
appears to have had a subdued relief and may have slightly
dipped to the southeast. The drainage networks in this
period may have flowed to the South China Sea through
the paleo Red River (Clark et al., 2004; Zheng et al., 2013),
but they are likely to bear no correlation with the modern
network of the Upper Yangtze River. PS1 began to uplift
and disintegrate due to the intense tectonic movement in
the Early Pliocene (Wang and Burchfiel, 2000; Li et al.,
2018), possibly 3.4-3.6 Ma (Li, 1999). This tectonic
movement is also known as the Hengduan Movement in
the southeastern TP (Chen, 1992). In this period, basins on
the plateau started to form and to receive deposits.
Drainage networks on PS1 rejuvenated and began to
incise. When rivers reached equilibrium again, PS2
developed by river lateral planation along the major
valleys during the Early Pleistocene. Afterward, PS2 was
uplifted at about 2.2 Ma, and PS3 developed locally.
Following an accelerated tectonic uplift at about 1.5 Ma,
the channel gradient increased and the Upper Yangtze

Tibetan
Plateau

Yunnan Plateau
Daliang Mtn.

1 Yangt ; Three Gorges
2000 -~ .. SeRiver T stz - Sichuan Basin- - 8 |
= Thrust fault 3.4-3.5 Ma
(Li, 1999) e W,
0 ' I J ' J ' I T Yangtze River
0 500 1000 1500 2000 2500 3000
Distance/km

Fig. 12 Maximum, mean, and minimum topography along a 100 km wide swath window showing the spatial topographical change of
the PSs across the Tibetan Plateau (Main Surface identified by Li et al., 1995), the Yunnan Plateau (PS1), and the Three Gorges region

(E’xi Surface mapped by Li et al., 2001).
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Fig. 13 Idealized profiles illustrating the development of landscape of the UYRB in the SYR.

River began to cut down its own valleys from the PSs.
After that, several terraces developed successively in these
valleys during the grade period (Su et al., 2013; He et al.,
2015).

6 Conclusions

This study identified and quantitatively analyzed the
remnants of PSs of the UYRB in the SYR using a DEM-
based fuzzy logic method combined with topographic and
river profile analysis. Employing a comprehensive analysis
of the four morphometric parameters (i.e., slope, curvature,
TRI, and RH), we established their fuzzy membership
functions and calculated the MD values of this area. We
selected the patches with a MD > 80% and an area > 0.4
km? as the most likely PSs remnants. Based a detailed
analysis of the spatial distribution and morphological
elements of these PS remnants, we concluded that they are
most probably the remnants of the regionally continuous
PSs on which the networks of the Upper Yangtze River cut
down its own valleys. Based on the analysis of
topographical and longitudinal river profiles, combined
with field observations, we found that three levels of PS
(labeled PS1 to PS3) had been well developed during three
long-time erosion phases. In addition, we calculated the
amount of river incision by reconstructing the paleo river
profile of each PS. Combining these with erosion rates, the
time of formation of PS1, PS2, and PS3 were estimated to
be 3.47 Ma, 2.19 Ma, and 1.45 Ma, respectively. In the
future, the accurate dating of these PSs will be required for
deeper understanding of this region’s long-term geomor-
phological evolution history.
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