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Abstract: Glaciers continue to erode and transport material, forming an accumulation area at the
front of the glacier. The trunk glacier, which has many tributary glaciers upstream and converges on
the main channel, deposits vast amounts of material in the main channel. It blocks the main channel,
forming barrier lakes, and eventually turns into mountain disasters, such as debris flows or outburst
floods. Therefore, the accumulation rate of the material is a major parameter in such disasters and can
determine the frequency of disasters. The material usually comes from bedrock erosion by glaciers,
weathering of bedrock walls, and upstream landslides, and the material loss depends on river erosion.
Based on this, we set up a method to calculate the material accumulation rate in the glacier front
based on satellite images. Then, the Peilong catchment was taken as an example to validate the
proposed method. The results indicate that climatic fluctuations may increase landslides, resulting in
more actual accumulation than the calculated value according to the average rate of bedrock retreat.
The material provided by the retreat of bedrock accounts for 92% of the total volume. Our method
provides a practical reference for the mid- and long-term prediction of glacial catastrophic mass
movement, as global warming seriously threatens glacier instability and downstream communities.

Keywords: material accumulation rate; glacier erosion; bedrock regression; river erosion; satellite
monitoring

1. Introduction

Alpine mountains with sufficient water vapor are often occupied by maritime glaciers,
which move fast and accumulate material continuously at the glacier front, thereby supply-
ing the loss material for mountain disasters, such as debris flows and outburst floods. In
general, the faster the accumulation rate is, the higher the frequency of disasters. There-
fore, the rate is particularly important. However, it is difficult to measure due to the high
altitude and difficult access. Moreover, limited by small monitoring areas, image accuracy,
shelter, and other problems, remote sensing interpretation also has difficulty obtaining
accurate results. Therefore, it is necessary to propose a new method to calculate the material
accumulation rate.

The material at the front of glaciers is usually transported by glaciers, and the source
of the material contains bedrock erosion by glaciers and bedrock retreat. Therefore, the
glacier erosion rate and bedrock retreat rate play key roles in the material accumulation
rate. Due to the differences in glacier characteristics, location, topography, etc., the glacier
erosion rate spans four orders of magnitude from polar glaciers to maritime glaciers [1–3].
There are three methods to calculate the glacier erosion rate [4]: (1) geomorphological
reconstruction, which calculates the erosion rate based on the ancient landform estimated
by the existing geomorphology and overburden; (2) sediment estimation, which calculates
the erosion rate based on Quaternary sediment; and (3) a physical calculation model is
the third method of calculating the glacial erosion rate. Due to the imbalance of glaciers
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in time [5,6] and space [7], the first two methods have difficulty reaching a consistent
conclusion. The physical model requires many parameters with a complicated calculation
process [8,9]. Therefore, these calculation methods have some defects.

There are bedrock slopes in addition to glaciers in glaciated areas that provide material
by weathering. In addition, deglaciation causes some bedrock slopes to lose lateral support,
resulting in landslides. The initial landslides occur shortly after deglaciation and are
then associated with stress release [10]. Many scholars have studied the bedrock retreat
process [11,12] and found that bedrock retreat is accompanied by surface weathering and
deep landslides, and the rates of the two are different. The weathering rate in the Alps
is 0.1 mm/a [13], which is an order of magnitude lower than the long-term retreat rate
(1–2 mm/a) containing weathering and landslides in the area [14,15]. The global average
rate of bedrock retreat in alpine mountains is 1.1 mm/a [16].

Based on previous studies, we focus on trunk glaciers by combining the material
supply and decrease to research the rate of material accumulation, which provides a
theoretical basis for studying glacial debris flows and outburst floods.

2. Methods
2.1. Material Accumulation Rate

The material at the glacier front is supplied by 2 phenomena, namely, glacier erosion
and bedrock retreat, and the decrease in material is due to long-term river transport and
sudden debris flow transport (Figure 1). We ignored sudden material consumption, such
as that which occurs in debris flows; therefore, we mainly considered the material accu-
mulation rate between two debris flows. Considering the relationship between different
processes, we established a model of the material accumulation rate (Formula (1)), which is
represented by the change in material volume (V) with time (t).

∂V
∂t

= E + W − ΦF (1)

where E is the average annual erosion rate of the glacier (m3/a); W is the material accu-
mulation rate caused by bedrock retreat (m3/a); and ΦF is the average annual erosion rate
of the river (m3/a). Formula (1) is based on the assumption that the supply and decrease
in materials in each process is constant. Therefore, the following three conditions need to
be met:

(1) On a large time scale, the glacier shape and glacier erosion rate are constant.
(2) On a large time scale, the retreat rate of bedrock is constant, and the material supplied

by bedrock retreat is always transported to the glacier front by glaciers.
(3) In the absence of sudden external processes, such as earthquakes and debris flows, the

material supply is controlled by glacier erosion and bedrock retreat, and the material
decrease is eroded by rivers.

2.2. Glacier Erosion Rate

The glacier erosion rate varies by four orders of magnitude from polar glaciers to
maritime glaciers [1–3], which is due to the varying velocities of different glaciers, and the
glacier erosion rate is proportional to the velocity [17–19]. Herman et al. [20] studied the
relationship between glacier velocity and erosion rate, obtaining a nonlinear function. The
glacier erosion rate can be expressed by Formulas (2) and (3).

E =
n

∑
i=1

Aiei (2)

ei = Kg|ui|l (3)

where Ai is the glacier area (m2); ei is the glacier erosion depth (m/a); Kg is the erosion
constant (m1−l/a1−l); ui is the glacier velocity (m/a); and l is the index.
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Figure 1. Concept map of source material accumulation at the glacier front. The moraine and eroded 
rock mass left by glacial retreat accumulate at the front of the glacier. Meanwhile, runoff from glacial 
basins also continuously transports debris to the glacier tongue. These masses provide sufficient 
sources of material for the next debris flow event. 
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tract glacier velocity, namely, Synthetic Aperture Radar (SAR) amplitude-based offset 
tracking, SAR phase shift analysis, and optical cross-correlation offset tracking. These 
methods have their own advantages and disadvantages when applied to glacier defor-
mation or velocity extraction. This study extracts the interannual glacier velocity that is 
easily captured via optical images because of its large deformation feature. Therefore, we 
applied optical cross-correlation offset tracking to estimate the glacier velocity before the 

Figure 1. Concept map of source material accumulation at the glacier front. The moraine and eroded
rock mass left by glacial retreat accumulate at the front of the glacier. Meanwhile, runoff from glacial
basins also continuously transports debris to the glacier tongue. These masses provide sufficient
sources of material for the next debris flow event.

Glacier velocity can be measured with two kinds of methods, including ground
observation using instruments with high temporal–spatial resolution [21,22] and large-scale
velocity detection from remote sensing imagery [23,24]. In the past two decades, remote
sensing methodology has been increasingly used to extract glacier velocities because of its
convenient access and improved accuracy. There are three kinds of methods used to extract
glacier velocity, namely, Synthetic Aperture Radar (SAR) amplitude-based offset tracking,
SAR phase shift analysis, and optical cross-correlation offset tracking. These methods have
their own advantages and disadvantages when applied to glacier deformation or velocity
extraction. This study extracts the interannual glacier velocity that is easily captured via
optical images because of its large deformation feature. Therefore, we applied optical cross-
correlation offset tracking to estimate the glacier velocity before the development of the
debris flow. This method first selects two images with the same location and short intervals.
Then, the feature point in the two images is tracked to calculate the distance. Finally, the
velocity of the feature point is calculated with the point distance and the interval time of
the images. This process can be calculated using open source software named COSI-corr.
The time interval between the two images should not be overly large; otherwise, the feature
points may deform and not be tracked. Additionally, the image should have no occlusions,
such as clouds.

2.3. Bedrock Supply Rate

The bedrock in the glacial zone provides a large amount of material via two ways:
frost weathering and landslides. The material is transported by the glacier and accumulates
at the glacier front. Although the two processes are not uniformly distributed in space, they
occur slowly at a certain rate in the long term.

The material volume supplied by bedrock retreat is controlled by the bedrock area
and the retreat rate. Therefore, we use Formulas (4) and (5) to express the volume.

W = eAB (4)
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AB = A − AI (5)

where e is the bedrock retreat rate (m/a); AB is the bedrock area that supplies loose material
(m2); AI is the glacier area in the glacial zone (m2); and A is the drainage contribution area
of the glacier front (m2).

2.4. River Erosion Rate

In addition to the sudden large-scale transport of debris flow material, the decrease in
material is mainly caused by river erosion. River erosion is a long-term process, and its
transport capacity is related to river power [25]. According to Martin and Church [26] and
Dadson and Church [27], the river erosion rate can be expressed by Formula (6).

ΦF =


6.44Q0.35S1.5 if S < 0.22
40.32Q0.34S2.22 if 0.22 ≤ S ≤ 0.3
0 if S > 0.3

(6)

where ΦF is the river erosion rate (m3/a); Q is the river discharge (m3); and S is the gradient
of the river.

The most accurate method of river discharge monitoring is via hydrographic stations.
However, river discharge is hard to monitor due to the high altitude and complicated envi-
ronment. Therefore, when river discharge measurements are not possible, it is necessary to
propose a new method for calculating discharge. Lv et al. [28] studied the river discharge
in the Parlung Zangbo Basin and believed that the river discharge could be calculated by
analogy. They believe that in a region, there are two important ratios: the ratio of glacial
meltwater to river discharge (R1) and the ratio of glacier area to drainage contribution area
(R2). The ratio of R1 to R2 is nearly equal in different basins. Therefore, the river discharge
can be calculated by the glacier area, glacial meltwater discharge, and the known ratio.
According to Lv et al. [28], the average annual melting depth of glaciers is almost equal to
that at the snow line, and then they can be calculated by Formulas (7) to (9).

hI = 1.33(9.66 + ts)
2.85 (7)

hw = hIρI/ρw (8)

QI = AIhw (9)

where hI is the average annual melting depth of glaciers (mm); hw is the water depth
transformed by the glacier melting depth (mm); ts is the temperature from June to August
at the snow line (◦C); ρI and ρw are the densities of glaciers and water (g/cm3), respectively;
and QI is the glacier discharge by glacier melting (m3/a).

According to Lv et al. [28], the ratio of R1 to R2 is 1.27. The ratio of glacial meltwater
to the river discharge at a point in the target basin is calculated by Formula (10), and the
discharge at the point is obtained by Formula (11).

R1 = 1.27 × R2 (10)

Q = QI/R1 (11)

2.5. Calculation Process

We summarized the general process for calculating the material accumulation rate,
and it is shown in Figure 2. First, the cloud-free satellite images were paired up and used to
estimate the distance of glacier movement between before and after the paired image date.
This glacier movement distance in each year was then transformed into glacier velocity
with units of m/a. Consequently, the glacial erosion rate was calculated via glacier velocity.
Second, we used historical images to map the boundaries of glaciers to determine the
exposure rate of moraines. In addition, landslides and rock falls in glacier-covered areas
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were interpreted. These two parts of materials were used to indicate the bedrock supply
rate. Third, we used the glacier meltwater equivalent to estimate the material transport
rate. With the above step, the material accumulation rate was eventually calculated.
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Figure 2. Calculation process. These three steps could quantitatively determine the contributions of
glacier retreat, ice-rock avalanches and landslides, and glacial meltwater runoff to the accumulation
of loose materials.

3. Background of the Verification Case
3.1. Glacier Geomorphology and Historical Debris Flows

We chose the Peilong catchment (94◦59′23′′ E, 30◦04′13′′ N) for the calculation. The
Peilong catchment is located downstream of the Parlung Zangbo basin (Figure 3), which
is only approximately 21 km away from the outlet. This crescent-shaped catchment is
85.55 km2. The main channel is 18.75 km long, and the channel gradient is 13.2%. The ele-
vation ranges from 1984 to 5685 m, with a relative relief of 3701 m. Maritime glaciers extend
between 3100 m and 5686 m in the Peilong catchment, with a total area of approximately
20.68 km2.

Prior to 1983, only a few debris flows occurred in the Peilong catchment. A gradual
increase in debris flow activity since 1983 has resulted in the destruction of parts of national
highway 318 many times, blockage of the Parlung Zangbo, and strong erosion of the left
bank of the river.

On 28 July 1983, a glacial avalanche on the right side of the glacier tongue formed a
depositional dam 260 m high and 3 km long that blocked the channel, and a glacial lake of
5.0 × 106 m3 ponded upstream. The glacial debris flow began at approximately 11 PM that
day and lasted for approximately 10 h, with a peak flow of 2950 m3/s [29].



Sustainability 2024, 16, 284 6 of 14

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 15 
 

3. Background of the Verification Case 
3.1. Glacier Geomorphology and Historical Debris Flows 

We chose the Peilong catchment (94°59′23″ E, 30°04′13″ N) for the calculation. The 
Peilong catchment is located downstream of the Parlung Zangbo basin (Figure 3), which 
is only approximately 21 km away from the outlet. This crescent-shaped catchment is 
85.55 km2. The main channel is 18.75 km long, and the channel gradient is 13.2%. The 
elevation ranges from 1984 to 5685 m, with a relative relief of 3701 m. Maritime glaciers 
extend between 3100 m and 5686 m in the Peilong catchment, with a total area of approx-
imately 20.68 km2. 

 
Figure 3. Overall glacier geomorphology of the Peilong catchment in eastern and southern Tibet. (a) 
Location and geologic setting of the Peilong range. (b) Remote sensing image that was acquired after 
the 1984 catastrophic debris flow from Landsat-5 on 14 November 2015. (c) Remote sensing image 
that was acquired after the 2015 catastrophic debris flow from Landsat-8 on 30 November 2015. 

Prior to 1983, only a few debris flows occurred in the Peilong catchment. A gradual 
increase in debris flow activity since 1983 has resulted in the destruction of parts of na-
tional highway 318 many times, blockage of the Parlung Zangbo, and strong erosion of 
the left bank of the river. 

On 28 July 1983, a glacial avalanche on the right side of the glacier tongue formed a 
depositional dam 260 m high and 3 km long that blocked the channel, and a glacial lake 
of 5.0 × 106 m3 ponded upstream. The glacial debris flow began at approximately 11 PM 
that day and lasted for approximately 10 h, with a peak flow of 2950 m3/s [29]. 

A glacier avalanche triggered 10 glacial debris flows in 1984, the largest of which was 
on 23 August and had a peak flow of 5245 m3/s [29]. The flow lasted for 23 h and blocked 
the Parlung Zangbo River for 15 min, raising the riverbed by 10 m, flooding the highway 
for 6 km, and forming a deposition fan of 5.0 × 106 m3. 

Figure 3. Overall glacier geomorphology of the Peilong catchment in eastern and southern Tibet.
(a) Location and geologic setting of the Peilong range. (b) Remote sensing image that was acquired
after the 1984 catastrophic debris flow from Landsat-5 on 14 November 2015. (c) Remote sensing
image that was acquired after the 2015 catastrophic debris flow from Landsat-8 on 30 November 2015.

A glacier avalanche triggered 10 glacial debris flows in 1984, the largest of which was
on 23 August and had a peak flow of 5245 m3/s [29]. The flow lasted for 23 h and blocked
the Parlung Zangbo River for 15 min, raising the riverbed by 10 m, flooding the highway
for 6 km, and forming a deposition fan of 5.0 × 106 m3.

On 17 June 1985, a glacier avalanche induced an unstable slope to collapse, forming
a dam with a maximum height of approximately 230 m and a width of approximately
1100 m. The dam included moraine and weathered rock blocks and probably incorporated
the remains of past debris flow deposits at the base. The ensuing debris flow lasted three
days with a peak discharge of 8195 m3/s [29]. The accumulation fan with a length of 440 m
and width of 1135 m blocked the Parlung Zangbo River.

After 1985, there were very few debris flows in the Peilong catchment. After 1991, the
catchment was stable until 17 August 2015, when a debris flow destroyed a steel bridge
and blocked the Parlung Zangbo again.

3.2. Data Collection

Current glacier monitoring mainly utilizes optical remote sensing. Here, we used a
collection of optical images from multiple sensors to retrieve glacier information, including
glacier velocity, glacier boundaries, and catastrophic debris flows, in the past half century
to track the evolution of the channel. Table 1 lists the collected remote sensing datasets in
this study.
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Table 1. Remote sensing datasets used in this study.

Sensor/Program Date
(dd/mm/yyyy)

Number of
Images

Resolution
(m)

Revisit
Period (Day) Usage Source *

Corona KH-4A 03/03/1967–
02/05/1968 2 3 - Glacier mapping;

debris flow identification USGS

Hexagon KH-9 16/11/1973 1 6 - Glacier mapping USGS

Aster 18/11/2002–
02/08/2015 12 15 - Glacier mapping USGS

Landsat 1 16/12/1972 1 60 - Glacier mapping USGS

Landsat 4–5 05/01/1988–
04/11/2011 46 30 16 Glacier mapping USGS

Landsat 7 24/09/1999–
08/02/2021 13 30 16 Glacier and velocity

extraction USGS

Landsat 8 20/07/2013–
16/02/2021 16 15/30 16 Glacier and velocity

extraction USGS

Sentinel 2A/B 12/06/2015–
12/25/2018 32 10/60 5

Glacier and velocity
extraction;

landslide interpretation
ESA

GaoFen-1 11/18/2013–
12/06/2019 13 2/8 - Debris flow identification;

landslide interpretation CCRSDA

GaoFen-2 01/17/2016–
12/26/2018 5 0.8/3.2 - Debris flow identification;

landslide interpretation CCRSDA

* USGS—United States Geological Survey, https://earthexplorer.usgs.gov/ (accessed on 5 September 2022);
ESA—European Space Agency, https://scihub.copernicus.eu/ (accessed on 21 March 2022); CCRSDA—China
Centre for Resources Satellite Data and Application, http://www.cresda.com/EN/ (accessed on 11 May 2023).

4. Result
4.1. Parameters

The method for calculating the material accumulation rate includes many parameters.
In terms of the glacier erosion rate, previous scholars believed that the glacier erosion rate
has a linear relationship with the glacier movement velocity, that is, l = 1, Kg = 10−4 m/a.
However, Herman et al. [20] found that there was a power rate relationship between
them, and the parameters were obtained by fitting the process of glacier movement in
the Southern Alps of New Zealand, as l = 2.02, Kg = 2.7 × 10−7 ml−1/a1−l. Bedrock
retreat usually consists of two parts: rock falls dominated by surface frost weathering
and bedrock landslides in relatively deep parts. The former is a continuous process of
stable and slow bedrock denudation. The latter is an accidental sudden phenomenon,
which suddenly increases the bedrock retreat rate in a short time. When the two processes
span a large time scale, the bedrock wall usually presents a gradual retreat at a relatively
average and stable rate. According to previous studies, the frost weathering rate of the
Alps is 0.1 mm/a [13], which is an order of magnitude lower than the long-term retreat
rate (1–2 mm/a) in the area [14,15]. The average rate of bedrock retreat in the global alpine
mountains is 1.1 mm/a [16]. Table 2 lists the values of parameters.

Table 2. Calculating the values of parameters.

Parameter Symbol Value Source

Erosion constant Kg 2.7 × 10−7m1−l/a1−l Herman et al. [20]
Erosion index l 2.02 Herman et al. [20]

Bedrock retreat rate e 1.1 mm/a Murton [16]
Weathering rate 0.1 mm/a Matsuoka [13]

Temperature at the snow line
during June to August ts 4.5 ◦C Institute of Mountain Hazards and

Environment, CAS [30]
Glacier density ρI 900 kg/m3 Cuffey and Paterson [31]
Water density ρw 1000 kg/m3

Proportion of meltwater n 0.634 Lv et al. [28]

https://earthexplorer.usgs.gov/
https://scihub.copernicus.eu/
http://www.cresda.com/EN/
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4.2. Glacier Erosion Rate

Through feature tracking, we obtained the velocity of glacier movement, and the cor-
responding erosion depth and erosion amount were converted according to the calculation
of Formulas (2) and (3). Figure 4a shows the distance of glacier movement from 19 January
to 18 February 2014, which can be considered the velocity of glacier movement per month.
The monthly erosion depth of the glacier was obtained through Formula (3) (Figure 4b).
Then, we obtained the monthly erosion volume with Formula (12), which was transformed
by Formula (2) according to the grid area in ArcGIS 10.2 software (Environmental Systems
Research Institute, Redlands, CA, USA).

Vm =
n

∑
i=1

di Aci (12)

where Vm is the monthly erosion volume of the glacier (m3); di is the erosion depth of
a cell (m); and Aci is the area of the corresponding cell. Since the data source was the
12.5 × 12.5 m resolution DEM from ALOS PALSAR, the area of each cell was 156.25 m2.
Therefore, the formula can be rewritten as Formula (13).

Vm = 156.25
n

∑
i=1

di (13)
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According to the above formula, the erosion volume of the glacier in the Peilong
catchment from 19 January to 18 February 2014 is 223.90 m3. The glacier velocity increases
as the temperature or rainfall increases. Therefore, the erosion rate of glaciers in summer is
significantly larger. However, due to the absence of summer image data, it is impossible to
know the glacier velocity in summer. The annual glacier erosion rate is 2686.80 m3 when
we assume a constant rate.

4.3. Bedrock Regression Rate

Based on the location of the glacier tongue, the upstream drainage contribution area
(A) is 45.41 km2, and the glacier area (AI) is 20.68 km2, so the bedrock area (AB) is 24.73 km2

(Figure 5). Since there are two types of bedrock retreat parameters, we calculated them
separately. When using the average retreat rate, it is not necessary to consider the material
supply provided by the landslide and collapse in the glacial area. Based on the global
average retreat rate of 1.1 mm/a, the annual accumulation volume of material is 27,192 m3.
The rate is an order of magnitude larger than the glacier erosion rate, which can be attributed
to the following two reasons. First, the velocity of glacier movement is measured in the dry
season, and it is smaller than that in the rainy season. Therefore, we obtained a relatively
small erosion ability. Second, the average retreat rate of bedrock consists of the frost
weathering rate, landslides, and other processes, which is an order of magnitude larger
than the weathering rate. When we calculated the material accumulation of the bedrock
according to the weathering rate, the annual accumulation volume was 2473 m3.
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4.4. River Erosion Rate

Table 3 lists the parameters in the calculation of the river transport rate and the annual
transport volume. The annual volume of glacial meltwater is 4.12 × 107 m3 according
to the glacier melting depth, and the total discharge at the glacier front is 7.12 × 107 m3

combined with the ratio Factor n. The longitudinal gradient of the glacier front is 0.249.
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The annual erosion volume of the river at the glacier front is 860.84 m3, which is far less
than the glacier erosion volume and frost weathering volume.

Table 3. Parameters of the river transport rate.

Parameter Glacier Melt
Depth (m)

Transformed Depth
of Water (m)

Meltwater
Volume (m3) Discharge (m3) Gradient Erosion

Volume (m3)

Value 2537.36 2283.62 4.12 × 107 7.12 × 107 0.249 860.84

4.5. Total Material Accumulation Rate

According to the average rate of bedrock retreat, the material accumulation rate at
the glacier front in the Peilong catchment is 29,023.95 m3/a (Table 4). Since 1985, the
30-year material accumulation volume at the glacier front was 8.71 × 105 m3. If using the
frost weathering rate, it is necessary to consider the volume of landslides and collapse.
According to Wang et al. [32], three landslides occurred in the Peilong catchment in 1999,
2008, and 2013. We obtained the landslide volume by the relation of landslide volume-area
(V = αAγ), where α = 0.146 and γ = 1.332 [33]. Finally, the total material accumulation
volume was calculated based on the glacier erosion volume, frost weathering volume, river
erosion volume, and landslide volume (Table 5).

Table 4. Material accumulation rate and accumulation volume.

Parameter Glacier Erosion
Rate (m3/a)

Weather Rate
(m3/a)

River Erosion Rate
(m3/a)

Material
Accumulation

Rate (m3/a)

Material Accumulation
Volume in 30 Years (m3)

Value 2686.80 27,192.00 860.84 29,017.96 8.71 × 105

Table 5. Material volume calculated by the frost weathering rate and landslide volume.

Year
Landslide
Area (m2)

Landslide
Volume (m3)

Total
Landslide

Volume (m3)

Glacier
Erosion

Volume (m3)

Frost
Weathering

Volume (m3)

River
Erosion

Volume (m3)

Total Volume
(m3)

1999 1.14 × 105 4.19 × 105

8.64 × 105 0.81 × 105 0.74 × 105 0.26 × 105 9.93 × 1052008 0.34 × 105 0.84 × 105

2013 1.02 × 105 3.61 × 105

By comparing the two sets of data, we found that the volume composed of frost
weathering and landslides was larger than that of bedrock retreat, and the latter was
approximately 12.3% smaller than the former. According to the calculation process and the
environmental analysis of the Peilong catchment, we speculate that there are two reasons
as follows. First, the parameters are inaccurate. The average retreat rate of bedrock is the
average of the global alpine mountains, and the bedrock weathering rate is in accordance
with the research of Matsuoka [13], who studied the frost weathering rate of the Alps and
found it to be an order of magnitude smaller than the local rate of bedrock retreat. The
volume-area relationship of landslides is also the average value obtained according to big
data statistics. Therefore, all the parameters may not be applicable to the Peilong catchment.
Second, the temperature in the Peilong catchment quickly increased after 2000 [32], and the
glacier movement velocity also accelerated, which induced several landslides and increased
the landslide volume.

4.6. Verification of the Results

According to Wang et al. [32], a debris flow occurred on 17 August 2015, which was
the first debris flow after 1985. This means that the 30 years of material loss of the glacier
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front is only due to river erosion. The debris flow initiated at the front of the glacier and
was caused by the moraine blocking the channel. The debris flow eroded along the way,
resulting in a constantly increasing volume of debris flow with an accumulated volume
of approximately 4 × 106 m3. After the debris flow, the river channel area increased
by 4 × 105 m2 (Figure 6). And according to the field investigation, the channel erosion
thickness of the debris flow was 8 m [32], which means that the material supplied by the
erosion area was approximately 3.2 × 106 m3 and material supplied by the initial area was
approximately 8 × 105 m3.
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This result is slightly smaller than we calculated, with an error range of 9% to 24%.
The error range is related to debris flows. A debris flow cannot transport all the material,
and remote sensing images indicate that some material still exists in the initial area after
the debris flow (Figure 6). Therefore, the calculated material volume is greater than the
initial volume.

5. Discussion

The calculation shows that the material accumulation rate at the glacier front in the
Peilong catchment is mainly caused by bedrock retreat, which includes frost weathering
and landslides. The annual erosion volume of the glaciers in the Peilong catchment is
130 m3/km2, and the frost weathering rate in the glacier area is 100 m3/km2, which is
slightly lower than the glacier erosion rate. However, the occurrence of the landslide greatly
increases the material supply by the bedrock, which reaches 1239 m3/km2 and is almost
10 times the glacier erosion volume. In the total volume of loose material, the contribution
of bedrock retreat is 92%. Therefore, the loose material is mainly from bedrock retreat. Even
if the calculation process of the glacier erosion rate and river transport rate is applied to
some assumptions with some error, it has little influence on the calculation result of the
material accumulation rate at the glacier front. Therefore, the most critical parameter in
the calculation is the average retreat rate of the bedrock wall. Of course, using the frost
weathering rate and the volume of the stage landslide will give more accurate results.

In recent decades, the glacier retreat rate has increased due to global warming [34],
which increases the occurrence of landslides [35]. In our study, we found that landslides
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mainly occurred near the glacier tongue (Figure 7) by observing remote sensing images,
and they were closely related to glacier fluctuations. Almost all of these landslides in the
Peilong catchment occurred during the glacial retreat period. Many studies have shown
that glacier movement is closely related to landslides [36–38], and the response time of rock
landslides to glacier retreat is more than several decades [39]. However, the landslide in the
Peilong catchment quickly responded to the retreat of the glacier, which may be related to
the larger amplitude and frequency of glacier fluctuations. We believe that glaciers greatly
contribute to the material accumulation rate of landslides. However, the magnitude of the
contribution needs to be determined by many conditions, such as temperature, rainfall,
and lithology, and we have not yet conducted in-depth research.
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6. Conclusions

Marine glaciers have strong erosion and transport capacity due to their fast velocity,
and they can quickly transport loose materials to the glacier front for accumulation. These
loose materials block the channel and become a main material source of debris flows, out-
burst floods, and other disasters, so it is very important to obtain the material accumulation
rate. For trunk glaciers, we proposed a method to calculate the material accumulation
rate and calculate the material accumulation volume by taking the Peilong catchment as
an example.

The method takes into account several factors affecting the loose material, including
glacier erosion of bedrock, bedrock retreat, and river erosion, which could yield a reasonable
result. The assumption is that the material produced in the glacial area is continuously
transported by the glacier to accumulate at the glacier front, and the material supply is
balanced to the accumulation on a larger time scale. The calculation method in this paper
does not consider quick material transport, such as debris flows and other disasters, and
obtains the average material accumulation rate under normal conditions. The material
is supplied by glacier erosion and bedrock retreat, and the material loss is mainly due to
erosion by rivers.
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The accuracy of the method is greatly affected by the external environment, such as
climate and earthquakes. Large climatic fluctuations in a certain period may lead to an
increase in the frequency of landslides, resulting in the actual material volume supplied by
bedrock being larger than that calculated according to the average retreat rate. On a large
time scale, the average retreat rate should be used in the calculation; instead, it is more
accurate to use the weathering rate and landslide volume.

According to the method, the material provided by bedrock retreat of the Peilong
catchment accounts for 92% of the total material supplement. Among them, landslides, as
the main contributor, are greatly affected by the movement of glaciers.
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