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The Sichuan–Tibet Railway crosses through the largest maritime glacier region in China. A
large number of moraines formed after the rapid glacial retreat caused by climate warming.
Moraines could induce frequent geological hazards that seriously threatened the safe
construction and operation of the railway. Accordingly, moraines in this maritime glacier
region have become a new challenging research topic with respect to the formation of
geological hazards. Using remote-sensing image interpretations, field investigations, and
dating tests, moraines and their topographic information were systematically obtained.
After analyzing the geometrical distribution characteristics of the moraine accumulations,
the geometrical characteristics of three typical moraine accumulation forms were
generalized into corresponding mathematical models. Consequently, a method to
quickly and quantitatively estimate the moraine reserves is proposed. The moraine
distribution is primarily affected by the elevation, slope, river–valley morphology, and
climate conditions. Old moraines that formed in the Pleistocene epoch (the Guxiang and
Baiyu glacial periods) are primarily distributed below 3,500m above sea level, while most of
the new moraines that formed in the Holocene epoch (Neoglaciation and Little Ice Age) are
primarily distributed above 4,000m above sea level. Both the new and old moraines are
primarily distributed within a slope range of 10–30°. Furthermore, the main river–valley
morphology has a significant impact on the distribution of the old moraines, which are
primarily distributed in the Zhongba–Guxiang section of the river valley where the
longitudinal slope is relatively gentle. The difference in glaciation is the main reason
why the new moraines distributed on the south banks in the study area are different
from those on the north banks and why those distributed upstream are different from those
distributed downstream. In addition, moraines are the main source of glacial debris flows.
According to the presented method, the loose moraine reserves can be accurately
calculated by analyzing the position, consolidation, and supply capability of the new
and old moraines in each debris flow gully. It is anticipated that the presented results can
be used to better understand the formation mechanisms of glacier-related hazards and
improve risk assessments.
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INTRODUCTION

High mountain glaciers are gradually retreating as a result of
global warming, subsequently exposing a large quantity of loose
and unvegetated glacial sediments (moraines). Some of these
unconsolidated moraines are a major source of hazards, such as
glacier lake outburst floods, landslides, and debris flows. In recent
years, more attention has been given to geomorphological
landforms with regard to the moraine-related risk potential
(Legg et al., 2014; Zaginaev et al., 2019; Kumar et al., 2019;
Veh et al., 2020; Guo et al., 2021). The Parlung Tsangpo Basin is a
modern glaciation center within the Qinghai–Tibet Plateau. The
construction of the Sichuan–Tibet railway and the highway in
operation crosse this basin and will therefore face serious glacial
hazards as shown in Figure 1. Large quantities of loose and
unvegetated moraines are often a source of glacial disasters. Even
though considerable attention has been paid to the evaluation of
potential risks of glacial hazards in this region (Cui et al., 2014;
Zhang, 2016; Deng et al., 2017; Peng et al., 2020; Peng et al., 2020);
however moraines’ distribution and reserve are unclear, making it
impossible to accurately identify the potential risk of moraine-
related disasters. So the accurate estimation of moraine reserves
play a significant role in the study of glacial periods and scales and
the prediction and comprehensive prevention of moraine-related
disasters.

Moraines, as glacial relics, were first researched by
paleontologists, meteorologists, and geologists. Different
combinations of moraines distributed in different valleys can
reflect changes in the paleoclimatic environment (Iturrizaga,
2008; 2018). By studying the distribution and accumulation of
moraines and the biological fossils within the moraine soils,
researchers can analyze glacial advance and retreat during
different glacial periods, and identify the impact of glaciers on
the ecological environment, biological evolution, and the
evolution of the topography and landforms so as to infer the
characteristics and trends of climate change (Shi et al., 2006; Zhou
et al., 2010; Barr and Lovell, 2014; Korsgaard et al., 2015). Several

scholars have found that the combination of moraine forms may
reflect the degree of climate change affecting the glacial advances
(Włodarski and Godlewska, 2016; Epshtein, 2017) and that the
moraine scale can reveal the temporal scale of stable climate
periods (Schrott et al., 2003; Dunlop and Clark, 2006; Ou et al.,
2014). Most of these moraine distribution studies have focused on
the determination and division of moraine chronological ages, as
well as the evolutionary characteristics of glacial advances and
retreats according to the moraine distribution. Since the
Quaternary, many glacial activities have occurred on the Tibet
Plateau. Moraine ridges at different locations correspond to the
local glacial activities during different periods, and moraines
formed in the same period show similar spatial distribution,
forms, and scales (Chen et al., 2015). Topography controls not
only where moraines can be formed but also if they can be
preserved and easily identified. Also, the slope is one of the main
factors that can affect the distribution of moraines as well as the
glacial dynamics. The regional average slope where glacial
moraines exist is from 7° to 25°(Peng, 1996; Libohova et al.,
2016). In addition, a high relief is not conducive to the
preservation of moraines so that moraines can be easily
eroded and transported to relatively flat areas by gravitation
and hydrodynamic forces.

The recent development of geographic information system-
related technologies has made studies of large-scale glacial relics
more intuitive and efficient, which is conducive to the rapid
identification and comparative analysis of glacial landforms
(Chen et al., 2015). Moraines formed at the margins of ice
sheets and ice caps are likely to be large and readily
identifiable in the modern landscape (Finlayson and Bradwell
2008; Winkler and Matthews 2010; Ojala 2016; Chandler et al.,
2016). Meanwhile, ice-marginal moraines have a ridge-like form
and are typically classified according to their location as glacier
terminal, lateral, or lateral-frontal moraines (Chen et al., 2013;
Cui 2013; Cui et al., 2015; Tonkin et al., 2016; Iturrizaga 2018).
These moraines are formed through a number of processes, such
as the dumping of supraglacial, englacial, and subglacial debris at

FIGURE 1 | Geographical location and characteristics of Parlung Tsangpo basin.
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glacier margins (Eyles, 1983; Heyman and Hãttestrand, 2006).
Individual moraine ridges are often produced through a
combination of these processes and can be formed subaerially
and subaqueously (Krzyszkowski and Zeliński, 2002; Ottesen and
Dowdeswell, 2006). Barr and Clark (2012) systematically
interpreted the distribution characteristics of moraines from
the Verkhoyansk Mountain in northeastern Russia to the
Chukchi Peninsula via aerial images and digital elevation
topographic data. His research findings show that most of the
area (now basically ice-free) was previously covered by glaciers.
Ely et al. (2017) retrieved high-resolution aerial images (with a
resolution of 2 cm) of the Isfallsglaciären pre-glacier area in
Lapland, Sweden, using unmanned aerial vehicles (UAVs) to
produce a moraine distribution map. His study highlights the
advantages of using UAVs to rapidly interpret glacial deposition
landforms.

A better knowledge of sediment storage may significantly
improve process modeling and the understanding of glacier-
related hazards (Otto et al., 2008; Sattler et al., 2011; Chang
et al., 2011; Chen and cui, 2015; Jiang et al., 2021). More detailed
information concerning the volumes of potentially mobilized
sediments is required, especially in densely populated
mountainous regions that are vulnerable to natural hazards
(Chen et al., 2015, Chen et al., 2018; Guo et al., 2020; Li et al.,
2021; Cui et al. 2021; Guo et al., 2022). However, accurate
quantifications of the sediment volume in drainage basins are
problematic, especially in large drainage basins (Slaymaker,
1991). Different approaches have been applied to determine
the volume of debris stored in a drainage basin. For a single
landform, a more reproducible approach is the application of
geometric forms to represent the shape of the storage body, thus
approximating its volume (Curry, 1999; Shroder et al., 1999;
Campbell and Church, 2003; Guo et al., 2021). Geometric forms,
such as prisms and sectors of cones, are used to represent single
landforms, including talus slopes, talus cones, debris cones, fans,
or fluvial terraces. Parameters used for volumetric calculations are
usually extracted from maps, aerial photos, or digital elevation
model (DEM) data (Campbell and Church, 2003; Otto, 2006;
Otto et al., 2008). For the maritime glacier region in southeastern
Tibet, especially for glacial debris flow gullies, the extent to which
the sediment yields are still influenced by sediments from the last
glaciation is not well understood.

In this study, we systematically interpret moraines with multi-
phase and high-resolution remote-sensing images and Digital
Elevation Model (DEM) data according to their typical landform
characteristics. We also verify the interpreted moraines based on
field investigations. In addition, we propose moraine reserve
calculation methods for different accumulation modes,
investigate and calculate the distribution and quantity of
glacial deposits over the entire watershed, and build a
distribution and reserve database of the moraines.
Furthermore, we analyze in detail the types and distribution
characteristics of the moraines, as well as the factors that
affect their distribution. This study provides a more time-
efficient and reliable method for the identification of moraines
around maritime glaciers, and proposes a more accurate and
convenient method for the calculation of the source reserves of

glacial debris flows. The results of the study, applied to debris flow
prevention and control engineering, can improve the safety and
economy of such ventures. In addition, we provide extremely
important data for research concerning source characteristics and
formation mechanisms, which also support risk assessments of
glacial debris flows.

METHODOLOGY

The Future of Remote-Sensing Applications
and Moraine Types
When a glacier advances, the accumulation of a large number of
loose materials can occur in moraines as a result of processes such
as glacier ploughing and plucking. The moraines above, in, and
below a glacier and in front of the glacier tongue can be pushed
forward when the glacier advances but cannot retreat when the
glacier retreats. These moraines are likely to form specific
landforms, indicating glacial erosion such as cirques and
glacial troughs. However, moraines in and on the glacier
tongue are separated from the glacier and, as the glacier melts,
remain in situ and form end moraines. Meanwhile, most of the
moraines left on the two sides of the glacier become lateral
moraines. These glacial relics with typical topography and
landform characteristics are easy to identify in the field and in
high-resolution images (Iturrizaga, 2018). Therefore, different
moraine types show obviously different presentation
characteristics in remote-sensing images, including different
forms, color tones, and image structures. Large-scale lateral
moraines and end moraines generally form dikes and ridges,
and there may be multiple ridges on both sides of the glacier and
in the valley in front of the glacier tongue as a result of repetitive
glacial advance and retreat (McBratney et al., 2003; Libohova
et al., 2016; Dubey et al., 2019). These typical characteristics are
different from the surrounding background in their forms, color
tones, and image structures and can be identified via high-
precision remote-sensing images and high-resolution digital
topographic maps. In addition, the types and distributions of
moraines can be obtained by analyzing the melting processes of
glaciers and the changes in the glacial morphology in branch
valleys. Via field investigations, the type of moraines in a study
area can be classified into end moraine ridges, lateral moraine
ridges, elliptical hills, moraines in trough valleys, moraines in
cirques, and talus cones according to the positional relationship
of themoraines relative to the glacier and the characteristics of the
accumulation forms during their formation (Figure 2), referring
to the classification of moraines via glacial landforms. The
characteristics of various moraines are shown in Table 1.

Data and Materials
In this study, for the remote-sensing recognition of moraines,
high-resolution Gaofen-1 (GF-1, with 1-m resolution) and
Gaofen-2 (GF-2, with 4-m resolution) multispectral images
(image date: 2013–2016, ©China Centre for Resources Satellite
Data and Application), Digital Elevation Model (DEM) data
(with 5-m resolution, © the Tibet Bureau of Surveying and
Mapping), and glacier data [© the Cold and Arid Regions
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Science Data Center (http://westdc.westgis.ac.cn/)] were used. In
addition, to enhance the presentation of regional topographic
characteristics, DEMdata were used to generate hill-shade images
to improve recognition of the moraine accumulation range. A
more time-consuming polygon-based visual interpretation of the
moraines, instead of the automatic extraction tool in the ArcGIS
9.3 software, was performed by integrating the high-resolution
remote-sensing images and the DEM data (Figures 3A,B).
Polygons were used to represent the moraines such that the
location and the planar area of each moraine and the total
number of moraines could be estimated. Similarly,
approximately 10% of the moraines from the preliminary
interpretation were verified in the field on foot or using a
mini quadrotor UAV (Figure 3C) in July 2016. In addition,
the formation age of the moraines can be measured using 14C
samples. On the basis of existing studies (Zhou et al., 2010; Wang
et al., 2013), lacustrine deposition and carbon debris in lateral
moraine dams were collected as 14C dating materials to determine
the formation ages of the moraines. For the sample location and
age information, please see Figure 4.

A Novel Hybrid Approach to Estimating
Moraine Reserves
Different moraines accumulating to regular shapes are closely
related to topographic influences. Accordingly, it is relatively easy

to extract the geometries of the moraines in the study area from
DEM data by applying a spatial analytical method. The geometric
characteristics of the moraines can then be generalized into
corresponding mathematical models to estimate their total
reserves (Otto et al., 2008; 2009).

(1) For ridge-shaped moraines, such as lateral moraine ridges,
end moraine ridges, and elliptical hills, their geometric
characteristics are similar to those of triangular prism-
shaped accumulations (Figure 5). Their volumes can be
estimated according to the following formula:

V � 1
2
h2L(ctg−1α1 + ctg−1α2), (1)

where V is the sedimentary volume of the moraine ridge, h is the
accumulation height of the moraine ridge, L is the accumulation
length of the moraine ridge, and α is the slope degree of either side
of the triangular prismatic moraine [°].

(2) Talus cone-shaped moraine accumulations primarily include
talus cones formed by large lateral moraine ridges (or end
moraine ridges), which are destroyed nearly to a vertical
plane. The moraines in steep cirques and on the slope surface
under wind and freezing erosion, fall and accumulate at the
foot of the slopes under the effect of gravity; accordingly,
their accumulation forms are primarily fan-shaped cones.

FIGURE 2 | Types of moraine [(A) Lateral moraine; (B) Terminal moraine; (C)Drumlin; (D)Moraine dam in trough valley; (E)Moraine dam in cirque; (F)Debris apron].
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Their volumes can be calculated according to the following
formula (Figure 6):

V � 1
6
· L2 · h(α − sin α). (2)

(3) The cross sections of loose moraines in trough valleys and
cirques are approximately parabolic (Svensson, 1959).
Their accumulation reserves can be calculated according
to the shape of the cross section of the valley (Figure 7)
(Institute of Mountain Hazards and Environment
(IMHE), 1994):

V � LBh

4.5
, (3)

where V is the possible reserve of loose solid materials in the
valley; B is the average width of the cross section of the valley; L is
the length of the loose materials in the valley; and h is the average
thickness of the moraine accumulation.

RESULTS

Moraine Chronology
According to the Chronological data of moraine tested in this
paper and the existing research achievements on moraine in
Parlung Tsangpo Basin (Zhou et al., 2010; Wang et al., 2013),
the formation ages of the moraines in the study area can be
classified into the Penultimate Glaciation Period (also called

TABLE 1 | Characteristics of different types of moraines.

Moraine types Characteristics

Lateral moraines Lateral moraine bars are the debris falling on both sides of the glacier from the bedrocks on both sides of themountain due to
the lateral movement of glacier ice. After the glacier melts, these substances accumulate on the two sides of the glacial valley
in a melting manner, forming a long dike-shaped terrain parallel to the glacier (Figure 1A)
Lateral moraines are characterized by steep inner slopes and slightly gentle outer slopes. The gradients of the outer slopes
can be up to 30°–35°, and inner slopes 60°–70°, so steep slopes are a major characteristic of lateral moraine ridges (Fu 2009)
Lateral moraines generally start near the snowline upstream, and their terminus downstream are generally connected with
end moraines. The height that the lateral moraines can reach depends on the height of the glacier surface then. (Hu 2010)

Terminal moraines The terminal moraine bar is a ridge-shaped semicircular terrain formed due to the gradual deposition of the terminus of the
glacier tongue staying in the same position for a long time when the supply and ablation of the glacier terminus are in balance
(Figure 1B)
When the glacier terminus is in a stable state for a long time, the terminal moraine will accumulate and increase by
continuously receiving glacial deposits. Generally, terminal moraines develop in a relatively stable period of glaciers, and can
clearly indicate the locations and ranges reached by the glacier under a glaciation. They are a key indicator for the
classification of moraines and glacier advance and retreat
The terminal moraine bars are short and high, steep on the outside and gentle on the inside, and can appear in groups. They
can indicate the expansion ranges of glaciers in different glacial periods or different development stages, respectively. When
the glacier advances, the old end moraine bars will be destroyed by the glacier, or divided by subsequent water flows, thus
forming arc hills which are still arranged in an arc shape

Drumlins Drumlins, composed of moraines, are in round or oval shape, with a long axis parallel to the orientation of ice flow and with an
up-ice (stoss) face that is generally steeper than the down-ice (lee) face (Figure 1C)
Drumlins are distributed at relatively fixed positions and always appear in groups not far behind the end moraine ridges. The
reason may be that the transporting capacity of the glacier becomes weak and its bottom is blocked when it approaches the
terminus, thus forming accumulations

Moraines in trough valleys The trough valley is a typical glacial valley formed by excessive erosion and widening of glaciers, with flat valley shoulders on
both sides. It is also called U-shaped valley since it has a U-shaped cross section
The bottom of glacier trough valley is mostly wide, gentle and flat, while the valley slopes on both sides are steep, thus
providing a favorable place for the accumulation of moraines
In the process of glacier retreat, the original ice surface, and super glacial moraines, medial moraines and inner moraines in
the glacier fall and deposit in the flat channel of the trough valley, with a thickness ranging from several meters to more than
one hundred meters (Figure 1D)

Moraines in cirques Glacier cirques develop near the equilibrium line of the glacier, generally in the shape of round-backed armchair or concave-
down lopolith with flat bottom, with steep rock walls on three sides and an opening on the downhill side. Generally, a raised
reversed rock step can be seen at the opening. Cirques are usually composed of cirque bottom, back wall, opening and
reversed rock step
The geomorphic shape of round-backed armchair, with mountains on three sides and an opening on one side, provides a
natural accumulation area for the deposition of moraines (Figure 1E)

Talus cones Talus cones, as a general term, mainly include landslides and collapses caused under the effect of gravity, and debris cones
and residual and slope deposits triggered by the effect of gravity, freezing and wind erosion
Moraines of this type are not completely formed due to glacier retreat, instead, they are formed by the accumulation of
moraines melted from hanging glacier on the one hand, and on the other hand from the sliding of moraines in cirques under
the scouring effect of ice and snowmelting water and the effect of freeze-thaw cycle and the accumulation of thesemoraines
at the slope toe. They are in a huge cone shape, as shown in Figure 1F
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the Guxiang glacial period, 112.9 ± 16.7–136.5 ± 5.7 ka.B.P.,
corresponding to glacial period MIS-6), the Last Glaciation
Period (also called the Baiyu glacial period, 11.1 ± 1.9–18.5 ±
2.2 ka.B.P., corresponding to the glacial period MIS-2),
Neoglaciation (3,500–1,000 a.B.P.), and the Little Ice Age
(140 ± 30 a.B.P.).

The penultimate glacial period (the Guxiang glacial period)
and the last glacial period (the Baiyu glacial period) belong to the
Pleistocene epoch, while Neoglaciation and the Little Glacial Age
belong to the Holocene epoch (Peng, 1996). Large-scale glaciers
in the Pleistocene epoch entered the main valley of the Parlung
Tsangpo Basin, and the moraines formed by glaciers in the

FIGURE 3 | (A) Sedimentary feature of moraine in remote-sensing image; (B) Topography features of moraine deposit; (C) Accumulation characteristics taken by
UAV unmanned aerial vehicle (2016.09.14).

FIGURE 4 | Locations and ages of moraine dating samples at the Parlung Tsangpo basin. The Cosmogenic Radio Nuclide (CRN) age is from Zhou et al (2010),
Optical Stimulated Luminescence (OSL) ages are from Wang et al., 2005 and 14C ages are from testing in this study. (Site A is located at the lateral moraine in the
intersection of Langqiu Gully and Parlung Tsangpo river. Site B is located at the lateral moraine at the end of glacier in Tianmogou Gully).
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Pleistocene epoch are primarily distributed on both sides of the
main channel of the Parlung Tsangpo River and at the
intersections between the river branches and the main river.

These moraine ridges have a relatively old sedimentary age.
Therefore, the moraines formed in the Pleistocene epoch are
called old moraines in this study. Glaciers in the Holocene epoch,

FIGURE 5 | The accumulation morphology and geometric model of triangular prismatic moraines. (A) Field image. (B) Corresponding sketch model.

FIGURE 6 | The accumulation morphology and geometric model of debris aprons. (A) Field image. (B) Corresponding sketch model.

FIGURE 7 | The accumulation morphology and geometric model of moraines in trough valley and cirque. (A)Google earth image. (B)Corresponding sketchmodel.
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limited by their small scales, are hard to reach from the river
branch mouths. They are distributed on both sides and at the
terminus of the modern glacier tongue, and their lowest
thresholds are generally above 3,500 m, while still maintaining
relatively complete moraine forms such as lateral moraines and
end moraines. The upper parts of the lateral moraines are
connected with the modern glaciers. These moraines with
relatively young sedimentary ages and primarily distributed in
the branch valleys or on both sides of the modern glaciers are
called new moraines.

Moraine Distribution
On the basis of the GF-1 and GF-2 images, together with high-
precision topographic data (resolutions of 5 × 5 m and 25 × 25 m,
respectively) and hill-shade images, different types of moraines
were identified using the presented identification methods; the
moraine distribution is shown in Figure 8. According to the
statistical results, 1,089 moraines with obvious sedimentary
characteristics were detected in the Parlung Tsangpo Basin,
covering an area of approximately 256.6 × 106 m and
accounting for approximately 6% of the total study area.
According to the field investigation, the moraines in the study
area are mostly distributed in glacial troughs, valleys, cirques, and
other relatively flat areas. The distribution of newmoraines on the
right bank has a relationship with the altitude and are primarily
concentrated near 500 m a.s.l. close to the river channel and
glacial front. Conversely, new moraines on the left bank do not
have such prominent altitudinal distribution patterns and
distribute widely from the river channel to the glacier
terminus. Moreover, the lowest elevation moraines on the
right bank are obviously higher than those at the same
location on the left bank.

There is a distinct difference in the upstream and downstream
moraine distributions, as well as along the left and right banks
throughout the entire basin. Figure 9 shows the longitudinal profiles
of the moraines along the main river valley of the Parlung Tsangpo
River on the south and north banks. There are two knickpoints in the
main river channel, located near Zhongba and Guxiang (Korup and
Montgomery, 2008). These points divide the basin into three
sections: Ranwu to Zhongba forms the upstream section,
Zhongba to Guxiang forms the midstream section, and Guxiang
to Tongmai forms the downstream section. In the upstream canyon
section between Ranwu and Songzong and in the midstream broad
valley section between Songzong andGuxiang, themoraines account
for 94% of the total reserves of the entire basin. However, in the
downstream canyon section between Guxiang and Tongmai,
moraines are sparsely distributed, accounting for a mere 6% of
the total reserves in the entire basin. Old moraines (shown in the
pink circles) on the left and right banks are primarily distributed in
the section between the two knickpoints (i.e., the Zhongba–Guxiang
section) and are accumulated near the main river valley. The
Neoglaciation moraines are primarily distributed in the branch
valleys and on both sides of the modern glaciers. This is
consistent with the results of the field investigations. In the
upstream Ranwu–Zhongba section, because of the steep slopes of
the longitudinal profile of the river, with an average slope of 15.89%,
and the strong scouring ability of the river, old moraines moving
from the glacier to the valleymouth in this section are not completely
preserved. In the midstream Zhongba–Guxiang section, the slope of
the longitudinal profile of the river decreases, with an average slope
of 6.29%, the erosivity of the river weakens, and most of the old
moraines at the valley mouth are preserved. However, in the
downstream Guxiang–Tongmai section, the average slope of the
longitudinal profile increases to 11.38%, making the erosion capacity

FIGURE 8 | The moraine distribution map in study area.
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in the downstream section increase under the confluence effect of the
Bodui Tsangpo River. Consequently, old moraines are not found in
this section.

Moraine Reserves
After the shapes and areas of the moraines were interpreted
based on the remote-sensing images, the volumes of all of the
moraine types were computed using the reserve estimation
methods given in Section 2.4. The total volume of the

accumulated glacial deposits is 10.6 × 109 m3, and the
statistical results for the different moraine types in the
study area are listed in Table 2.

Theold moraine primarily accumulate in lateral moraine,
which account for more than 90% of the total old moraine
reserves. Comparably, the new moraines deposits primarily
accumulate in cirques (52% of the total new moraine reserves)
or on the valley sides in the form of lateral moraine ridges (30% of
the total new moraine reserves). Moraines accumulated in the
form of end moraine ridges and talus cones account for only a
small proportion of the total. In addition, the distribution surface
area of the moraines changes remarkably. Lateral moraine ridges
with relatively large areas are primarily located on the shoulders
of both banks of the Parlung Tsangpo River and in the two large
branch valleys (of the Bodui Tsangpo and Songzong Tsangpo
rivers), and their moraine scales are much larger than those of the
lateral moraine ridges near the modern glaciers. This is intimately
related to the paleoclimate, glacier scale, and glacier movement
characteristics that cause the formation of lateral moraine ridges
(Wang et al., 2005; Wang et al., 2013; Barr and Lovell, 2014).

FIGURE 9 | Distribution characteristic of moraine along the Parlung Tsangpo river. ((A)Moraine distribution in the north side of river. (B)Moraine distribution in the
south side of river).

TABLE 2 | The volume of different types of moraine in study area.

Moraine type Volume (108m3) Proportion of the
total moraine (%)

Lateral moraine 60.7 57.3
Moraine in cirques 34.7 32.7
Moraine in trough valleys 7 6.6
Terminal moraine 5.7 5.4
Debris apron 2.3 2.3
Drumlin 0.73 0.7
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DISCUSSION

Factors Affecting the Moraine Distribution
(1) The elevation effect

Via an analysis of the spatial distribution of the moraines
formed during different glacial periods and their local elevations,
a relationship between these factors was obtained, as shown in
Figure 10. The statistical results show that the moraines in the
study area are located within the elevation range of 2,017–6,415 m
above sea level (a.s.l.), where old moraines account for 19% of the
total moraines, and approximately 91% are located within an
elevation range of 2,500–3,500 m a.s.l. New moraines are
primarily distributed above 4,000 m a.s.l., accounting for 88%
of the total moraines (Figure 10A). In general, with increasing
altitude, moraines of different types distinctly vary in their
distribution, evolving from lateral moraine ridges and talus
cones to lateral moraines and moraines in cirques and then to
moraines in cirques and talus cones (Figure 10B). In addition,
below 3,500 m a.s.l., moraines primarily exist in the form of
lateral moraine ridges and talus cones, while moraines of other
accumulation types are rarely seen. Within the elevation range of
3,500–4,000 m a.s.l., the majority of moraines are lateral ridges
and in cirques. Above 4,000 m a.s.l., moraines are mainly in
cirques, the area of the lateral moraine ridges gradually decreases,
and the next most abundant moraine type is talus cones.

(2) The slope effect

The relationship between the moraine distribution and the
topographic slope (Figure 11) indicates that old and new
moraines in the study area are primarily located in a slope
range of 10–20°, where the moraine distribution area accounts
for approximately 36% of the total moraine area. In the slope range
of 20–30°, the moraine distribution area accounts for
approximately 16% of the total moraine area. However, old and
new moraines are rarely seen where the slope is steeper than 40°,
with such areas only accounting for 5% of the total moraine area.

(3) Influence of sunny-shade slopes

The sunny-shade slope effect and the glacier scale significantly
impact on the distribution of moraines. The Parlung Tsangpo Basin
presents a nearly east-west river valley, which is affected by the
geological structure and maritime glaciers. Under the similar
geographical conditions, in winters the sunny slope is exposed to
the stronger solar radiation, longer sunshine duration, higher
temperature, and larger diurnal temperature difference compared
with the shady slope. Repentantly in spring glaciers prone to
dramatically advance and retreat. The snowline implicating the
heat-water conditions required for the development of glaciers (Shi
et al., 2006). The uneven hydrothermal conditions experienced by

FIGURE 10 | Distribution characteristics of different types of moraines at different elevations [(A) new and old moraines; (B) Different types of moraines].

FIGURE 11 | Distribution characteristics of moraine on slope [(A) Old moraine; (B) new moraine].
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sunny-shade slopes directly affect the position of the snowline and
further determine the deposition locations of moraines. As shown
in Figure 12A, the quantity of precipitation on the northern slope is
much higher than that on the southern slope, making the southern
slope being apt to the development of numerous large-scale glaciers
than the north slope. Additionally, the freezing and wind erosion
are stronger on the southern slopes. Therefore, the snowline is
higher on the north bank than on the south bank (Figure 12B). This
is supported by the evidence that glaciers are distributed at the
higher positions on the north bank than the south bank at the same
latitude, and that deposition position of the corresponding
moraines are also relatively higher on the north bank.

Influence of Moraine-Related Disasters on
the Sichuan–Tibet Railway
The Sichuan–Tibet Railway crosses the Guxiang–Tongmai section
of the Parlung Tsangpo River. Under continuous climate warming,

the large amount of loose moraine deposited by rapid glacial retreat
can cause giant glacial debris flows in this region. In particular, large
glacial debris flows tend to block the river in the gorge section,
resulting in large-scale disasters, which not only can cause huge
casualties but also can endanger the safe construction and operation
of the Sichuan–Tibet Railway (Cui et al., 2015; Staffler et al.2008).
For example,more than 1,000 debris flows have occurred inGuxiang
Gully since the 1950s; with a peak flow of 28,600 m3/s, the debris
flows blocked the Parlung Tsangpo River and formed a barrier lake
1–2-km wide and 5-km long (Liu et al., 2015). The frequency and
scale of the debris flows in this gully are the highest recorded in
China. Debris flows in the Tianmo Gully were not active prior to
2007. However, on 4 September 2007, on July 25 and 5 September
2010, and on 11 July 2018, four large debris flows occurred in the
Tianmo Gully. These events not only blocked the Parlung Tsangpo
River but also destroyed the G318 Highway and caused great harm
to the lives and property of local residents (Ge et al., 2014; Wang
et al., 2019). This gully is also extremely rare in terms of its debris

FIGURE 12 | (A) Glacier area distribution on north and south banks of Parlung Tsangpo river. (B) Characteristics of the snow-line of the North- and South-Facing
slope along the Parlung Tsangpo river.

FIGURE 13 | The moraine reserve in glacial debris flow gullies in Parlung Tsang basin.
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flow development speed. Glacial debris flows are special
geomorphologic processes that develop in periglacial
mountainous areas at high altitudes. It is necessary to evaluate
the source materials for debris flows to accurately assess the
hazard posed by the source area (Guo and Cui, 2020; Cao et al.,
2021). This study shows that the contribution of moraines at
different positions in the channel to the debris flow activity varies
greatly. Old moraines with long consolidation times and good
stability are primarily located in the debris flow accumulation
area; therefore, they have a weak impact on the debris flow
activities. Meanwhile, new moraines, with their loose structure
and poor stability, are primarily located in the debris flow source
area and flowing channel and, consequently, become the main
suppliers for the formation and scale enlargement of debris flows
(Stoffel et al., 2014). Using the proposed generalized models for
moraines with different accumulation characteristics, we can
quantitatively estimate the reserve of loose solid materials in
glacial debris flows. An analysis of the moraine reserve and
spatial distribution related to the 139 debris flows in the Parlung
Tsangpo Basin indicates that 71 watersheds have thick moraine
accumulation characteristics (Figure 13). According to the statistical
results, 15 valleys have reserves exceeding 108 m3, 35 valleys have
total reserves of 107–108 m3, 15 valleys have total reserves of
106–107 m3, five valleys have total reserves of 105–106 m3, and
one valley has a total reserve of less than 105 m3.

CONCLUSION

Morainesare a sensitive indicator of climate change in eastern Tibet.
Abundant moraines in this maritime glacier region induce frequent
geological hazards, seriously threatening the safety of towns and
roads in the mountains. This article proposed a new method to
quickly identify moraines and quantitatively estimate their reserves.
In this approach, the moraines were systematically identified using
multi-stage and high-resolution remote-sensing images and were
then validated via field investigations. Topographic information
concerning typical moraine accumulations was extracted from
DEM data. Then, the geometrical characteristics of three typical
moraine accumulation forms were generalized into corresponding
mathematical models, allowing the quick and reliable estimation of
the moraine reserves. This provides a new approach to estimate the
reserves of loose solid substances in periglacial regions.

The factors that affect the moraine distribution are complex
and diverse. In this article, moraines were analyzed based on their
temporal and spatial dimensions. The study site has experienced
four main glacial periods, namely the Guxiang glacial period, the
Baiyu the glacial period, Neoglaciation, and the Little Glacial Age.
The old moraines that formed during the Pleistocene epoch (the
Guxiang and Baiyu glacial periods) are primarily distributed at
the mouth of each branch valley on both banks of the main river
valley of the Parlung Tsangpo Basin. The new moraines that
formed in the Holocene epoch (Neoglaciation and the Little
Glacial Age) are primarily distributed in the channel of each
branch valley and at the margins of the modern glaciers. In terms
of the effect of spatial differences in the environmental
conditions, the moraine distribution is primarily affected by

the elevation, slope, river–valley morphology, and climate
conditions. The results indicate that the old moraines are
primarily distributed below 3,500 m a.s.l., while most new
moraines are primarily distributed above 4,000 m a.s.l. Both
new and old moraines are primarily distributed within a slope
range of 10–30°. Moreover, the main river–valley morphology has
a significant impact on the distribution of the old moraines,
causing them to be primarily distributed in the
Zhongba–Guxiang section of the river valley, where the
longitudinal slope is relatively gentle. In addition, differences
in the glaciation are the main reason why the newmoraines in the
study area distributed on the south banks are different from those
distributed on the north banks and those distributed upstream are
different from those distributed downstream.

In terms of the material source conditions for the formation of
debris flows, loose moraines are accumulated during the
repetitive and dramatic advances and retreats of glaciers. The
material sources have diverse types, and their distribution
sections are relatively long in debris flow gullies throughout
the entire glacier region. These loose solid materials are more
likely to participate in debris flow activities than materials from
non-glacial debris-flow areas. However, the material sources of
glacial debris flows are generally located in high-altitude areas
above 3,000 m a.s.l., where the observation conditions are harsh
and the monitoring and historical disaster data are insufficient.
Accordingly, it is difficult to determine the reserve of material
sources and the processes supplying materials for glacial debris
activities. This seriously restricts the understanding of the
formation mechanisms of glacial debris flows and the accuracy
of risk assessments. Using the proposed generalized models of
moraines with different accumulation characteristics, we can
quantitatively estimate the reserve of loose solid sources in the
debris flow channel. This will provide scientific support for
hazard prevention, control, and risk assessments of glacial
debris flows in alpine areas.
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