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Abstract
Debris flow susceptibility is usually evaluated through material supplies and topographic features and the formation of debris 
flow is ascribed to the factors over the whole valley, almost ignoring detailed distribution of material sources and variety of 
behaviors in different tributaries. So far, there is not a comprehensive picture of debris flow developing from source tributaries 
to mainstream channel. Debris flow in Jiangjia Gully (JJG) exhibits diversity of surges and vivid scenarios concerning the 
forming and developing mechanisms. This study takes JJG as an example to explore how the materials are distributed in the 
valley and how the spatial heterogeneity of material distribution and tributary evolution influence the forming of variety of 
debris flow surges. It is found that most materials are distributed in tributaries of active stages with evolution index between 
0.55 and 0.65; the occurrence of debris flow relies more on the spatial distribution of source tributaries than on the quantity 
of the material. Local conditions of tributaries, such as the concentration of materials, the granular structure of soils, and 
the locations receiving frequent rainfalls, are the very factors governing a debris flow event. It is the spatial heterogeneity 
of sources and material supplies that result in the variety of debris flow surges in JJG. Similar mode is believed to occur in 
debris flows in other regions.
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Introduction

Debris flow prediction and assessment rely on understanding 
of material sources and topography over the whole valley 
(Lorente et al. 2003; Tunusluoglu et al. 2008; Dong et al. 
2009; Kappes et al. 2011; Qiao et al. 2012). Remote sens-
ing images and Geographic Information System (GIS) tech-
niques make it possible to obtain material distribution and 
related topographic data (Rickenmann 1999; Chen and Lee 
2000; Fannin and Wise 2001; Crowley et al. 2003; Ricken-
mann et al. 2006; Blahut et al., 2010; Garcia-Davalillo et al. 
2014; Gonzalez-Diez et al. 2014; Iverson 2014; Nakata and 

Matsushima 2014; Royan et al. 2014). The quantity of mate-
rials is usually considered as the major factor and attention 
has been mainly paid to the mapped distribution of source 
areas, almost ignoring the difference in material behaviors 
and the variety of effects due to spatial distributions of 
materials (Shieh et al. 1996; Iverson and George 2016). For 
example, materials receiving less rainfall or located in gentle 
slopes are not so active as those receiving heavy rainfall and 
in steep slopes. Moreover, materials are in various physical 
and mechanical conditions and contribute to debris flows in 
different manners. Materials in stream channels are domi-
nated sources for debris flows in burned areas (Santi et al. 
2008); while for other cases, slope failures and landslides 
are the main sources. The spatial distribution of materials 
and their quantities do not suffice to evaluate the potential 
of debris flows, let alone predict the occurrence. There are 
so many cases that a valley is abundant of loose materials 
that are believed to be potential supplies but has only occur-
rences at very low frequency (e.g., once in more than ten 
years). Only when materials are considered in association 
with the processes of specific event, we can really identify 
the sources of debris flows.
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Living debris flows are rarely witnessed in field and it 
is even harder to trace where and how the source materials 
take actions. Jiangjia Gully (JJG) has provided an ideal place 
for debris flow monitoring, where each year sees on aver-
age a dozen of occurrences, with each consisting of tens or 
even hundreds of flow surges in various regimes and mag-
nitudes, and a long-term observation dataset of more than 
6000 surges is available in the Observation Station of JJG 
(Li and Luo 1981; Li et al. 1983; Davies et al. 1991, 1992; 
Li et al. 2004; Liu et al. 2009; Li et al. 2012, 2013). Surge 
phenomenon implies that debris flow does not depend on 
the full-valley factors such as the total drainage area, the 
average slope, and the mainstream length; on the contrary, 
each debris flow event originates from special sources under 
favorable local material and rainfall conditions. As indicated 
by the high variety in material compositions, the surges 
within a debris flow event cannot come from a single source 
and in a unique forming and evolving process. The surges in 
various appearances indeed hint at their sources and origina-
tions. Therefore, it is possible to use the surge data in JJG to 
associate surges with special sources and further explore the 
real sources of high potentiality. The present study provides 
the material distributions in tributaries and their relations to 
debris flow development. As surge phenomenon is ubiqui-
tous over the world (e.g., Rickmers 1927; Blackwelder 1928; 
Sharp 1942, 1953; Broscoe and Thompson 1969; Pierson 
1980, 1986; Takahashi 1991, 2007; Major 1997; Arattano 
and Marchi 2000), the study in JJG is also helpful and heu-
ristic for understanding debris flows in other regions.

Materials and methods

Physical background and data sources

Outline of the study area

The major materials for the study include the physical back-
ground of debris flows in JJG, especially the tributary fea-
tures and their material supplies to debris flows, and the 
observation data of debris flow surges.

The JJG lies in the east bank of the Xiaojiang River, a 
tributary of the Upper Yangtze, in the northeast Yunnan 
plateau. It is 48.6 km2 in area, with a mainstream length 
of 13.9 km. The valley extends along the seismic faults 
and frequent earthquakes make the rocks fragile and easily 
weathered. The outcrops are dominated by pre-Cambrian 
epimetamorphic rocks, such as slate, phyllite, and shale, all 
being easily weathered to form fragmental clastics. Accord-
ingly, quaternary diluvium and colluvium are widely distrib-
uted in slopes, occupying 80% of the valley area, providing 
abundant material supplies to debris flows.

Geomorphologically, JJG has a great relief with eleva-
tion difference of 2229 m, from the top at 3269 m down 
westwards in steps to the junction into Xiaojiang at 1040 m. 
The slope is 43° on average and 88° at the extreme. Slopes 
between 30° and 70° occupy 68% of the total area, which 
are highly potential to landslides and soil failures because 
the slope is much higher than the friction angle. The gradi-
ent of stream channels in the upper reaches is 25% on aver-
age and 35% or more in some sections, with cascaded water 
falls up to 4–6 m in the channel. Moreover, the gourd-ladle 
shape of the drainage basin is well favorable for the collec-
tion of water and material restoration, since both material 
sources and rainfalls are concentrated in the upper reaches 
of JJG, contributing to the “gourd”. Besides, there are more 
than 200 major tributaries, with stream channel density of 
2.56–3.2 per km (Fig. 1). All these are facilitating the accu-
mulation of water and materials, and acceleration and inci-
sion of mass movement, providing favorable conditions for 
debris flows.

There are several major gullies contributing to the main-
stream: the Menqian Gully, Duozhao Gully, Dawazi Gully, 
Chaqing Gully, and Laojiangjia Gully, among which the 
most active is the Menqian (Fig. 1). Field survey indicates 
that Menqian has 65 major tributaries (bigger than 0.1 km2) 
in fan shape; while the Duozhao has 76 dendritic tributaries 
(as eye-identified in the map of 1:50,000). Besides, there 
are still more than 100 small gullies (much smaller than 
0.1 km2) and numerous drills in the upper reaches, cut-
ting the slopes into fragmented pieces to become scatter-
ing sources for debris flows. It is found that a debris flow 
does not come from some single tributary, but from different 
tributaries; and some tributaries are active, while others are 
not so active alike. For example, in the last decades, almost 
all debris flows came from Menqian and few from Duozhao. 
This spatial heterogeneity plays a crucial role in developing 
debris flows, which is well represented by the appearances 
of surge waves.

Debris flow surges in JJG

Debris flows in JJG move in manner of surge waves; each 
event consists of tens or hundreds of surges with differ-
ent debris compositions and flow properties. For example, 
a single debris flow event occurred on July 9, 1991(event 
910,709), which started at 4:10:00 in the morning and 
ended at about 19:30:00 in the evening, delivering more 
than 1.6 × 106 m3 of sediment. During the period, there were 
427 surges coming in succession, with time interval of 125 s 
on average. These surges fluctuated considerably, with dis-
charge (Q) fluctuating from 1.4 to 680 m3/s, density (ρ) from 
1.3 to 2.25 g/cm3, and velocity (v) from 2.5 to 11.1 m/s. Fig-
ure 2 shows the parameter variations on average for several 
surge groups as circled in the plot.



Environmental Earth Sciences (2020) 79:318	

1 3

Page 3 of 20  318

It is noted that flows with density below 1.5 g/cm3 are not 
really debris flow but hyperconcentrated flows. This means 
that debris flows do not coincide with water flood, which 
further implies that soil materials do not always supply water 
flows. In other words, the soils and water are transported 
through separated processes. Debris flow occurs only when 
the two components are coincided in space and time. Moreo-
ver, the variation of flow density corresponds to change in 

material composition, implying that the materials are sup-
plied from different sources. The Station of Observation and 
Research of Debris flows of the Academy of Sciences of 
China has monitored debris flows in JJG since 1960s and 
achieved a dataset of including more than 6000 surges (Cui 
et al. 2005; Li et al. 2009), based on which it is found that a 
surge formation involves water process and soil process. As 
water process is the major concern for hydrology, the present 

Fig. 1   Basic background condition of JJG

Fig. 2   Hydrographs of debris 
flow event 910,709
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study considers mainly the soil process, i.e., the material 
supplies to debris flow surges. Therefore, the focus is to 
determine the material sources and their activities in differ-
ent tributaries, which finally determine how source materials 
supply to surges.

Methods and data processing

Interpretation of material sources

The purpose of the study is to associate the surges to the pos-
sible material sources, then the major methods are in terms 
of GIS and remote sensing interpretation, combining with 
field surveys and statistic analysis.

Material sources for debris flows in JJG are mainly of 
loose deposits of shallow slope failures and sediments of 
old debris flows in channels. As shown in Fig. 3, the photos 
a, b, c, d represent four typical situations of materials in the 
tributaries, indicating different types of loose materials in 
channels and slopes.

For identifying these sources over the whole valley, 
Quickbird image of 0.61-m resolution is used, with radiation 

and geometry correction. In operation, the spectrum bands 
B4, B3, B2, with geometric rectification and Band PAN, 
are applied to false color image, and the material blocks are 
easily identified as polygons in different features of tone, 
texture, pattern and shape. The high resolution of the images 
ensures the reliability of the identification of material source 
blocks in various sizes. A total of 906 material blocks have 
been identified in different tributaries, with areas ranging 
from 0.38 m2 to 6.7 × 105 m2, amounting to 15.30 km2. The 
material blocks include landslides, soil failures, debris flows, 
and potential active mass deposits on slopes.

Hypsometric analysis and evolution division of tributaries

Almost all sources are located in tributaries, then various 
tributaries are necessarily identified to find their relationship 
with the sources. A tributary is easily abstracted from DEM 
(digital elevation model), which can be automatically real-
ized under GIS tools generating water system through mod-
eling surface run-off flow. For the present, 550 tributaries, 
covering 46.1 km2, about 95% of the total valley, are taken 

Fig. 3   Different types of mate-
rial sources
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from the 1:10 000 DEM of JJG, using hydrology analysis 
module in ArcGIS 10.2 software spatial analysis function.

Hypsometric analysis is employed to describe a tributary 
by the hypsometric curve (H-curve), which is also known as 
the area-elevation curve, defined as an area function varying 
with elevation (Strahler 1952, 1957). The H-curve expresses 
the elevation (rescaled as h/H, with h the elevation relative to 
the outlet point of the tributary and H the maximal elevation) 
as function of drainage area at the given point (rescaled as 
a/A, with a the area at the point and A the total area of the 
tributary). Formally, H-curve is expressed by

or h = f(a) when the coordinates of elevation and area are 
normalized. Simply speaking, H-curve tells how the drain-
age area varies with the elevation. Figure 3 shows some 
H-curves for some tributaries. In this study, the contour 
interval (i.e., the elevation difference between two neighbor-
ing contours) is 10 m, ensuring the accuracy of the resulting 
H-curves (Fig. 4).

According to the generation of H-curve, the area under 
the curve in the plot, or the integral of H-curve, represents 
the residual mass fraction in the tributary. For example, 
when the area is 1/3, it means that 2/3 of the tributary mass 
has already been eroded. Thus, the H-curve integral features 
the evolution of tributary and can be properly defined as the 
evolution index (EI), which is formally calculated as

(1)h∕H = f (a∕A),

In practice, the specific function f(a) is unnecessary; the 
integral can be simply obtained through figuring out the area 
in the plot. Obviously, large EI means a tributary in youth 
stage having large fraction of mass and, hence, more mate-
rial for mass movement.

The interpretation of material sources and the corre-
sponding tributaries provide the background basis for further 
exploration of debris flow sources.

Besides, the scaling distribution of grain size (Li et al. 
2013) is used to feature the soil properties and active poten-
tial of the source materials.

Results and analysis

Material quantities over the valley

Based on field surveys, it is found that material sources of 
debris flows are widely distributed in JJG over the whole val-
ley, in volume from potential landslides of about 1.23 × 109 
m3 (Du et al. 1987; Tian 1987; Wu et al. 1990), and from 
deposits in stream channels of about 7.5 × 108 m3 (Yang 
1997). Moreover, the surveys have indicated that there is a 
great difference between the two major branches of JJG, the 
north Menqian Gully and the south Duozhao Gully. Majority 
of slope sources and about 60% of debris flow deposits are 

(2)EI = ∫
1

0

f (a)da.

Fig. 4   Hypsometric curves of 
tributaries in JJG
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located in Menqian. In fact, most all debris flows in the last 
decades come from Menqian areas.

Furthermore, the Quickbird image interpretation provides 
more accurate estimation of loose materials in specific major 
tributaries of the two branches, as listed in Table 1. Com-
pared with the previous estimation, the quantities are less 
because they are derived directly from the “present” active 
landslides, excluding quantities from potential or historical 
landslides.

In these surveys, the landslide volume is calculated by the 
production of landslide area interpreted from the Quickbird 
image and the thickness estimated by the following empiri-
cal formula (Tian 1987):

where θ and b are average slope and width of the landslide. 
For θ ≤ 45°, K = 0.225 and m =  − 0.041.

However, these estimations are only helpful for evaluat-
ing the potentiality of debris flows at the valley scale, they 
tell little about the real sources for debris flow events. Dif-
ference between Menqian and Duozhao implies that even 
the gullies having large quantity of materials may not be 
the sources for debris flows. In fact, what are really asso-
ciated with debris flow occurrence involve the following 
three problems: Where are the materials distributed? How 
are about their local conditions? What are their physical 

(3)d = (K tan � + m)b,

and mechanical properties? Incorporating all these issues in 
material supplying processes is the only way to understand 
the formation and evolution of debris flow. For the present 
purpose, the point at issue is the real sources where debris 
flows originate, then it is necessary to look the valley into 
even smaller scales, down to specific tributaries that directly 
provide material supplies for debris flows.

Material distribution in tributaries

Based on hypsometric analysis, the EI (Eq. 2) for each 
tributary is obtained, which is 0.508 on average, ranging 
between 0.32 and 0.84, with standard variance of σ = 0.138. 
Following the EI values, the tributaries are classified into 
five groups:

Table 2 lists the EI divisions and corresponding mate-
rial distribution, showing that materials are concentrated on 
tributaries with EI between 0.55 and 0.65.

Figure 5 has combined the EI division and material inter-
pretation, showing the distribution of materials in tributar-
ies. The materials in blue are overlapped with the freshcolor 
blocks, meaning that the overwhelming majority of materi-
als are coincided with the young tributaries.

(4)
I (< 0.35), II (0.35 − 0.45), III (0.45 − 0.55),

IV (0.55 − 0.65), V (> 0.65).

Table 1   Loose material 
quantities in tributaries of 
Menqian and Duozhao Gully

Branches Tributaries Landslides Minimum 
(104 m3)

Maximum (104 m3) Total (106 m3)

Menqian Sanjiacun 30 0.17 90.6 22.4
Mashanao 30 0.56 885.5 34.2
Dadi 18 0.91 868.6 49.3
Mainstream 18 40.06 7004.0 (group) 222
Total 96 328

Duozhao Meizishu 26 0.11 604.07 25.8
Xiazhuqing 6 1.64 330.92 7.8
Daxiaoduozhao 18 2.1
Mainstream 9 26.91 1682.97 58.7
Total 59 94

Table 2   EI division and 
landslide/debris flow 
distribution

EI Area (km2) Area fraction (%) Landslide/debris flow 
area (104 m2)

Fraction of total 
debris flow area 
(%)

I (< 0.35) 0.00045 0.00 0 0
II (0.35–0.45) 0.77 1.58 8.77 0.57
III (0.45–0.55) 3.97 8.17 82.79 5.42
IV (0.55–0.65) 35.76 71.52 1295.82 84.86
V (> 0.65) 6.62 13.62 139.15 9.11
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It is noted that the “old tributaries” (i.e., EI < 0.35 in shal-
low blue) are scattering along some big tributary channels; 
while, the young tributaries (EI > 0.65 m in dense brown) 
are scattering in boundary of the watershed, mainly around 
the north and east divide. More remarkable are concentra-
tions of several “fleshcolor blocks”, which are tributaries 
with EI between 0.55 and 0.65; and some scattering “yel-
low blocks”, which are tributaries with EI between 0.45 and 
0.55. In particular, the freshcolor blocks are mainly distrib-
uted in Menqian and along the mainstream channel of JJG; 
while in Duozhao, those tributaries are only in the south part 
at the middle stream. This clearly represents the difference 
of material sources in the two branches (cf. Table 1).

Figure 5 indicates that material distribution is non-uni-
form and majority is concentrated in the tributaries of high 
EI values (between 0.55 and 0.65); this exemplifies the spa-
tial heterogeneity of material sources, which in turn deter-
mines the diverse activities of mass movements in tribu-
taries. Roughly speaking, the tributaries with high material 
concentration are expected to be highly potential to debris 
flows.

Moreover, the EI is found to satisfy the Weibull 
distribution:

where β is the EI value; λ and k are, respectively, 
the scale and shape parameter. For the present case, 
λ = 0.53 and k = 11.73, meaning that the EI on average is 
0.53Г(1 + 1/11.73) ~ 0.50, with Г(x) being the Gamma 
function. The probability distribution provides an overall 

(5)f (�) = Weib(�;�, k) =
�

k

(

�

�

)k−1

exp(−(�∕�)k),

description of evolution state of a valley. With such a dis-
tribution function, comparisons between valleys can be 
made through the shape and scale parameters. In general, 
the higher the scale parameter, the younger the valley, and 
the higher the potential of valley activity.

The following discussion focuses on the details of exist-
ing and potential material sources in relation to various geo-
morphology elements and down to specific tributaries with 
different evolution state, geometric shape, and water system 
structure, so as to illustrate how the materials in different 
situations evolve and supply to debris flows.

Material distribution in relation to geomorphology 
elements

Material distribution with elevation

Elevation is usually considered as a factor deciding the 
gravity potential energy of the material. Figure 6 shows the 
materials distributed at different elevations. It is noted that 
the distribution presents little difference, except for the low-
est and highest zones (Fig. 7). This means that the surface 
processes responsible for the materials are active at all eleva-
tions, responding to the fact that the rocks are fragile and 
intensively weathered, making slopes abundant of fractured 
debris.

In fact, the potential energy depends on the difference of 
elevation between the site of material and the end point of 
the mass movement. In this meaning, the elevation of mate-
rial provides only a rough index for the potential. As materi-
als considered here are distributed in specific tributaries, the 

Fig. 5   Material distribution at 
different EI division in JJG
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more direct controlling factor is the slope of the tributary, as 
discussed in the following.

Materials in tributaries of different slopes

As an overall indicator of relative relief, slope of a trib-
utary is the average gradient of the stream, defined as 
J = ΔH/L, where ΔH is the elevation difference between 
the top and outlet of the tributary and L is the streamlength 
of the channel. As shown in Figs. 8 and 9, materials are 
mainly distributed in tributaries with J = 0.58–1.19 (i.e., 
between 30 and 50°), and more than 31.26% (4.78 km2) 

are bigger than 40° (J = 0.84). As J decreases with drain-
age area in a power law (Li et al. 2009), the high value of 
J means that the materials are mainly in small tributaries. 
And the high J also provides a possibility of long runout 
distance for landslides.

Gravity potential energy of a material block is determined 
by the relative elevation between its location and the outlet 
of the tributary, which can be roughly taken as a fraction 
of the overall relief of the tributary, αΔH = αJL. Thus, the 
potential energy P is evaluated as:

where M is the block mass, A is the drainage area of the 
tributary, g is the gravity acceleration, and α is a coefficient 
depending on the location of the mass, with α = 1 when the 
mass block lies at the top. It is noted that this α is just the 
normalized elevation in the H-curve.

Since both L and J are related to the drainage area of the 
tributary through the Hack’s law, L ~ Am, and J ~ A−k, Eq. 6 
yields:

In general, m = 0.57 but for small tributaries m is about 
0.50, and k is 0.20 on average (Li et al. 2009). This implies 
P ~ A0.3, meaning that the potential increases with drainage 
area of the tributary. Equation 7 is meaningful here because 
both α and A are associated with H-curve and in principle, 
it is possible to find the distribution of α over a valley and, 
thus, the total potential can be evaluated.

(6)P = aMgΔH = aMgJL,

(7)P = aMgAm−k.

Fig. 6   Material distribution at 
different elevations

Fig. 7   Materials at different elevations
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Material distribution with respect to aspect

Aspect responds to the receiving quantities of sunshine 
and rainfall, which are related to the moisture states and 
hydrological conditions, and thus of significance to the 
mass movements of the materials. But as shown in Figs. 10 
and 11, the material distribution presents little difference 
in aspect, implying that the sources are governed mainly 
by the geological agents rather than the environmental (i.e., 
weather) influences. However, as slopes of different dip 

directions are under different conditions of precipitation, 
vegetation, the hydrology processes should be different, 
and thus, the materials at different aspects are believed to 
undergo different surface processes.

Material types and soil properties

Landslides types

Above discussions consider the spatial distribution of mate-
rials in blocks, ignoring types of materials. In fact, the mate-
rial blocks consist of different types of materials connected 
in a tributary, such as landslide on slope or from talus, or 
colluviums. This can be illustrated by the Dadi gully, a tribu-
tary of Menqian. The Quickbird image clearly shows the 
landslides distribution (Fig. 12, in which the numbers are 
the codes of tributaries), from which the volumes of the 
landslides can be calculated through thickness estimation 
using Eq. 1; the results are listed in Table 3, showing that 
the majority of landslides occurs on the talus, accounting 
for about 70% of the total landslides area (or volume), and 
only about 30% occur on the slope. This means that the 
gully has been long fragile and slopes are “pre-deposited” 
by talus materials prone to failure. A remarkable feature 
is that almost all the slopes are near and bigger than 40°, 
which goes beyond the usual internal friction angle (about 
25°–30°). Obviously, similar situations occur in many other 
tributaries, meaning that even a block of material may fall 
into different pieces of different potentiality to failure.

Fig. 8   Slope gradients of 
materials

Fig. 9   Materials at different slopes
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Slope of the materials

Materials are always in different slopes. Figure 13 shows 
several tributaries (e.g., No. 9, 10, 36, 47. 59, which are 
serial number of tributaries used for tributaries division), 
where the material blocks are divided into different slopes, 
ranging from 14° to 45° and mainly between 30° and 40°. 
The material slope is a crucial factor controlling landslides 
and soil failures. It is noted that the material slope is some-
times smaller than the tributary gradient; this is because the 
sources are distributed in the lower reaches of tributaries, 
which makes it easy for the materials to find ways into the 
channel.

For example, consider a tributary by the mainstream of 
JJG, the Dawazi Gully, which is in area of 2.33 km2 and 
stream length of 600 m. The materials are mainly on slope 
of 35°–45°, higher than the average repose angle and, thus, 
of high potentiality to slope failure (Table 4). Moreover, 
the materials are concentrated in the mid-lower reach, only 
300 m to the junction; thus, the failures are easy to move 
downwards into the mainstream channel. In fact, debris flow 
occurred several times one year in this single gully (Chen 
et al. 2001).

The case of Dawazi indicates that the location of mate-
rial in a tributary is also crucial for its contributing to debris 
flows. The location plays multi-roles of influence. Generally, 
material at high elevation usually has high gravity poten-
tial energy. But for a specific block of material, the gravity 
potential energy is determined by its height above the slope 
root but not the outlet of valley; therefore, the location on 
slope is of even more influence than the general elevation.

Two other tributaries are taken for comparison: one is 
taken from the Menqian (Fig. 14a) and the other from the 
lower reach of the mainstream of JJG (Fig. 14b). Numbers 
in the figures are also serial number of the tributaries as 
in Fig. 13. Material blocks in different slope gradient are 
denoted by different colors. In tributary A, material blocks 
with slope bigger than 40° are located on both banks of the 
lower reach and in B, they are in the upper reach. In case 
A, when slope failures occur, they easily find a way out to 
enter the mainstream channel; while in case B, the failures 
must take a long way to get out of the channel. Obviously, 
materials on the lower slopes are more potential to debris 
flows, given the same background.

Fig. 10   Aspects of materials

Fig. 11   Materials at different aspects
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Discussions above illustrate that for a specific material 
source, the material type, the slope, and the location are all 
influential for the mass movement and the potentiality to 

debris flows. It follows that materials should be assigned 
different potential to slope and channel process, depending 
on their specific situation in the valley.

Fig. 12   Landslides distribution in tributary Dadi

Table 3   Landslides in tributary Dadi

No. Landslide types Width (m) Slope (°) Area (m2) K Volume (104 m3)

1 Talus 311.79 39.80 56,143.90 0.1463 256.10
2 Talus 416.03 42.70 113,727.10 0.1669 789.67
3 Talus 124.59 45.40 6980.78 0.1992 17.33
4 Talus 194.03 39.30 7712.78 0.1435 21.47
5 Talus 40.21 47.30 1191.14 0.1901 0.91
6 Talus 42.86 44.10 1482.53 0.1773 1.13
7 Talus 155.06 39.90 9521.32 0.1471 21.72
8 Talus 239.75 41.00 30,417.06 0.1547 112.81
9 Talus 387.63 39.20 97,087.26 0.1423 535.53
10 Slope 184.64 41.30 18,711.77 0.1570 54.24
11 Slope 74.58 36.60 6442.60 0.1262 6.06
12 Talus 54.44 42.30 13,641.10 0.1640 12.18
13 Slope 282.42 44.10 49,401.38 0.1768 246.67
14 Talus 483.79 42.80 107,259.11 0.1674 868.65
15 Slope 561.05 38.90 83,298.17 0.1407 657.55
16 Talus 323.29 39.90 42,915.23 0.1472 204.23
17 Talus 302.51 37.80 95,843.86 0.1334 386.78
18 Slope 450.85 41.10 104,557.86 0.1556 733.50
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Properties of materials

Besides the spatial distribution and local conditions, the soil 
structure of material is even more significant in influence. 
The soil features are described in term of grain composition, 
which is the fundamental property related to soil structure 
and mechanical properties. Soil samples are collected from 
the above tributaries A and B, with sampling sites indicated 
by red points in Fig. 14, and the cumulative curves for some 
samples are shown in Fig. 15.

The grain size distribution (GSD) can be described in the 
following form (Li et al. 2013):

where P(D) is the percentage of grains larger than D (mm); 
C, μ, and Dc are parameters determined by the frequency 
data in Fig. 15. As C is associated with μ, the GSD reduces 
to the two parameters μ and Dc, with μ representing the fine 
content and Dc is a characteristic grain size representing the 

(8)P(D) = CD−�exp(−D∕Dc),

grain size range (Li et al. 2013, 2017). GSD parameters for 
the samples are listed in Table 5.

Soil properties have been found to be well featured by 
μ and Dc (Gou et al. 2015; Li et al. 2015a, b; Wang et al. 
2017). Table 5 indicates that the soils are similar in fine 
content (featured by μ) while different in coarse grains (fea-
tured by Dc). As μ falls into the range between 0.06 and 0.10, 
the soils by nature are potential to debris flows according 
to the critical limit of initiation of granular flow (Li et al. 
2013). Moreover, the left bank slope has higher content 
fine grains (μ is 0.094 on average) and wider range of grain 
size (Dc is 14.98 mm on average) than the right bank slope 
(μ ~ 0.075 and Dc ~ 7.68 mm on average). Given the moisture 
conditions, the GSD difference will make great difference 
in porosity and soil strength (cohesion and friction angle) 
and cause different behaviors. As indicated by field experi-
ments on slopes with different grain compositions (Guo 
et al. 2016b), soil failures occur easily and frequently on 
slope with high value of μ. And experiments of Iverson et al 

Fig. 13   Slopes of material blocks

Table 4   Material distribution in Dawazi Gully

Slopes (º) 15–20 20–25 25–30 30–35 35–40 40–45 45
Area (103 m2) 2.56 33.21 2.87 9.9 94.94 319.75 23.88
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(2000) indicate that even small difference in initial porosity 
is enough to result in dramatically different slope processes, 
such as the imperceptibly slow movement or the catastrophi-
cally accelerated motion.

More generally, a soil slope consists of a wide range of 
grains and each block of material may take different GSD 
parameters and thus have different physical and mechani-
cal properties associated with a variety of slope processes. 
According to field surveys in JJG, for a slope or a deposit 
body, the GSD parameter μ satisfies the Weibull distribution 

(cf. Eq. 5). Table 6 shows the distribution parameters for 
flows and deposits.

The Weibull parameters are helpful for distinguishing soil 
slopes of different potential to debris flows. For example, 
the soil with λ near the flows are expected to have a higher 
potentiality because they may turn into flow with less vari-
ation of grain composition and thus involve less energy dis-
sipation and momentum transition in the processes from soil 
to flow. Physically, these processes are always accompanied 
by infiltration and fine grain migration and the high value 

Fig. 14   Material distribution in 
typical tributaries (a an active 
tributary in Menqian; b a stable 
tributary in the lower reach of 
JJG)
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of μ on average (hence high λ) always plays an active role 
(Wang et al. 2017).

In fact, red–yellow soil is dominant in the sources, 
accounting for 63% of the area, with porosity between 0.41 
and 0.51 and infiltration rate up to 0.16 mm/s, which is 
in favor of loss of fine grains during the seepage of rain-
fall. Moreover, it is found that the permeability coefficient 

Fig. 15   Frequency distribution 
of grain size for soil samples
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Table 5   GSD parameters of material samples

Tributaries Sediment deposits Left bank slope Right bank slope

μ Dc μ Dc μ Dc

Lower tributary 0.05 3.38 0.07 8.61 0.07 7.16
0.07 4.32 0.08 21.16 0.07 7.68
0.05 3.50 0.07 16.08 0.08 9.69
0.06 3.26 0.08 14.64 0.08 9.13
0.07 3.49 0.08 4.56 0.08 7.56
0.07 6.06 0.10 11.27 0.10 15.01
0.05 2.55 0.10 18.49
0.07 4.07 0.07 8.61
0.06 4.03 0.08 21.16

Tributaries of 
Menqian

0.08 9.94 0.08 14.28 0.06 3.98
0.08 7.58 0.10 11.41 0.08 11.25
0.08 6.98 0.09 12.50 0.10 16.53
0.08 1.48 0.08 7.35 0.08 6.34
0.06 5.40 0.11 11.68 0.07 5.24
0.10 9.75 0.09 8.65 0.08 11.12
0.08 6.58 0.10 15.49 0.07 5.22
0.06 4.06 0.10 21.68 0.07 4.99
0.08 8.11 0.10 17.64 0.07 5.57

0.09 29.12 0.07 6.55

Table 6   Weibull distribution of GSD parameter for different materials

Materials Weibull parameters Samples

λ k

Debris flow fluids 0.097 1.9 205
Debris flow 

deposits
0.047 1.43 254
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increases exponentially with μ under given conditions of 
initial water moisture.

Generally, infiltration varies much with soil, land use, 
vegetable cover, and season. As shown in Table  7, the 
infiltration rate is much higher in the Menqian than in the 
Dawazi and other regions, which provides a favorable condi-
tion of water flood in stream channel.

Potential of material in different tributaries

The little differences of material distributions with altitude 
and aspect indicate that the materials are irrelevant to some 
single factors (e.g., elevation, temperature and rainfall); but 
at tributary scale, they present a great variety of appear-
ances. As shown in Fig. 16, photo A is a well-developed 
tributary channel, B shows slopes in the source of a tribu-
tary, and C is a tributary by the mainstream channel, with 
fragmented slopes in its upper reaches.

Moreover, the fact that debris flows mainly come from 
some special areas strongly suggests that materials in dif-
ferent tributaries are in different potentiality to debris flows. 
Although material sources are governed by the tectonic and 
rock backgrounds, their behaviors depend mainly on local 
conditions of the tributaries, including landform and rain-
fall conditions, as well as the connectivity of the tributaries, 
which influences how the tributary flows converge into the 
mainstream channel. For illustration, a comparison between 
the Menqian and Duozhao branches is made in details as 
follows.

The most remarkable is the difference between the two 
major branches, the Menqian and Duozhao (Fig. 13): debris 
flows in the last decades have almost come from Menqian. 
The difference in debris flow activity cannot be ascribed to 
the material sources, because both branches are abundant of 
loose materials, with quantities, respectively, of 5.2 × 108 m3 
and 2.3 × 108 m3; and the areas of 5.67 km2 and 4.62 km2 (cf. 
Table 1). Neither can this difference be ascribed to the exist-
ence of a platform (or mesa) in Duozhao, since this platform 
only obstructs the local activities but cannot prevent other 
tributaries from developing debris flows. So, there should be 

other causes for the absence of debris flow in Duozhao. An 
obviously possible cause is the connectivity of the materi-
als. In Menqian, one sees huge blocks of materials are con-
centrated; while in Duozhao, there are only relatively small 
and scattering material blocks. The concentration of material 
can be well described by the “area density” defined as the 
ratio of material area to the tributary area. As indicated by 
Table 8, the density in Menqian is about a half higher than 
that in Duozhao.

Another possible cause relies in the structure of tribu-
taries of the two branches: Menqian has a well-developed 
tree-shape water system constituting tributaries from lower 
to higher orders; while Duozhao has a braided drainage sys-
tem with several channels of long stream length. Obviously, 
the former more easily facilitates the cascading supplies of 
materials from upper tributaries to the lower. While the latter 
makes it hard for source materials move down to the lower 
reaches. This can be featured by the drainage density link 
length distribution, combining with the distribution of mate-
rial blocks as the “nodes” at the link ends.

The comparison between Menqian and Duozhao reveals 
that debris flow depends not only on the material sources 
but also on the drainage structure. As the geometry of the 
drainage system is easily understandable, we still focus the 
materials in Menqian tributaries in the following (Fig. 17).

Discussions: implication of material sources 
in debris flow occurrence

The material source distribution and properties discussed 
above provide the material stage of various potentiality for 
debris flows. As for how the stage plays a role in determining 
the occurrence of debris flow, it is helpful to consider a real 
case of debris flow event.

For a specific event, rainfall is the necessary triggering 
factor. But, in practice, it is hard to associate a debris flow 
with specific rainfall condition because rainfall in mountain-
ous valley is always non-uniform. In the case of JJG, nine 
rainfall monitoring stations are placed, considering differ-
ent local conditions of climate and weather factors (e.g., 
elevation, aspect, vegetation cover, soil type, land use, and 
landform) (Fig. 18), and the records of these gauges provide 
a heterogeneous distribution of rainfall.

Figure 19 shows a rainfall event between 23 and 24, June 
2014 recorded by four stations, presenting different intensity, 
duration, and fluctuation, which are usually taken as crucial 
indices for predicting of debris flow occurrence (Caine 1980; 
Guzzetti et al. 2008; Guo et al. 2016a). But in the present 
situation, rainfall varies much in space and covers differ-
ent material sources; therefore even under the same rainfall 
event, it is impossible to determine which rainfall is respon-
sible for the occurrence; moreover, materials in different 

Table 7   Stable infiltration rate of various land types

Land types Stable infiltration rate (mm/s)

Red soil Dawazi 
Gully

Men-
qian 
Gully

Waste land 0.014 – 0.091
Grass land 0.056 – 0.075
Wood land – 0.072 0.149
Cultivated land 0.079 0.106 0.156
Bare land 0.014 – –
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tributaries may respond in different manners. What is prac-
tically possible is to construct the forming processes through 
associating local rainfall with specific material source.

The rainfall record, at first glimpse, suggests that debris 
flow should have been concentrated between 1:00 and 10:00 
on 24 June, when rainfall covered the whole valley and all 
possible sources might be initiated. But in reality, debris 
flow (including hyperconcentrated flows) only occurred at 
5:25 and ended at about 9:00 on June 24. Especially, the 
typical debris flows were concentrated only between about 
6:00 and 7:00 (Fig. 20). This implies that debris flows do not 

Fig. 16   Materials distribution in different tributaries and slopes
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occur simply as responding synchronously to rainfalls and 
flood flows. Moreover, the discharge fluctuates considerably 
from about 10 m3/s to more than 500 m3/s, and this fluctua-
tion cannot be responding to any variation of the rainfall, 
because such a rainfall event cannot result in any hydrologi-
cal processes with fluctuation up to two orders of magnitude.

Indeed, the occurrence and fluctuation of debris flow 
surges can be traced to the material sources and their 

response to the local rainfall. Comparing the surge series 
with the rainfall records, several facts concerning debris flow 
formation can be inferred:

1.	 The flows came from the rainfall regions of R6 and R8, 
in the Menqian;

2.	 No debris flows occurred in Duozhao even there were 
heavy rainfalls in R3 region;

Fig. 17   Material distribution in 
Menqian and Duozhao

Fig. 18   Rainfall monitoring 
gauges in JJG
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3.	 Debris flow may occur with a rather long time lag after 
the rainfall.

In details, all these processes are dependent on the slope 
processes and water–soil interactions. Rainfall is responsible 
for changes in soil structure and initiation of failure and flow. 
Field experiments and observations indicate that both failure 
size and failure frequency on a slope rise exponentially with 
rainfall intensity (Guo et al. 2016b).

Generally, debris flow can be considered as such a process 
that combines the continuous water flows and discontinuous 
soil supplies. Rainfall governs the water flow process while 
materials in response to rainfall determine the manners of 
mass movements (e.g., soil failures, landslides, avalanches, 
and surface flows). Specifically, the spatial distribution of 
material sources in various tributaries provides the very 
stage for the material processes.

Conclusions

A comprehensive investigation of debris flow material 
sources is conducted in JJG. It is found that most materi-
als are distributed in young tributaries, e.g., with evolution 
index between 0.55 and 0.65. More important is that debris 
flow does not rely on the quantity of the material, but on 
some specific conditions:

1.	 Materials are concentrated on a localized region, such 
as the Menqian Gully of JJG, where material blocks are 
widely distributed on slopes and tributaries near the 
mainstream;

2.	 Materials are composed of soils with special granular 
structure featured by the scaling grain size distribution 
(GSD) parameters (μ, Dc) falling into a certain value 
range (e.g., μ < 0.1 in the case study of JJG);

Fig. 19   Rainfall records of 
different stations on 23–24 June 
2014

Fig. 20   Debris flow surges on June 24th, 2014
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3.	 Materials are located in regions receiving frequent rain-
falls.

Besides the material locations and properties, the occur-
rence of debris flow also depends strongly on the pattern 
of drainage system. For example, the high frequency (or 
absence) of debris flow in Menqian (or Duozhao) is well 
illustrated by the difference in tributary structure: the tribu-
taries in Menqian form a cascading drainage system which 
facilitates the developing of debris flows from multiple 
sources in tributaries of various orders; and tributaries in 
Duozhao form a braided drainage system with long links, 
which hampers the flow down to the mainstream channel.

In summary, the problem of debris flow sources should 
consider both the materials (together with their attributes) 
and their locations in the watershed system. The material 
determines the presence or absence of debris flow, while 
the tributary structure governs the manner of flow devel-
oping. It is the spatial heterogeneity of tributary evolution 
and material source distribution that control the forming 
and developing of variety of debris flow surges. The present 
study provides an example illustrating how these aspects are 
combined together to influence debris flows.
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