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Abstract

An investigation on 152 gullies along the Daheba River in the Tongde sedimentary basin was performed. Debris flows develop in
gullies with an excess topography Zg, which represents the sediment availability, above a critical threshold value. Debris-flows
in the Daheba watershed are supply-unlimited, i.e sediment is abundantly available from the steep erodible gully banks. Debris
flows consist of a head and a body. The body propagates faster than the head and constantly supplies it with sediment. The
body and head propagate in an intermittent way through the transient storage of sediment on the riverbed and its subsequent
remobilization. Although the main sediment supply is provided by bank collapse, debris-flow events also incise the gully bed.
The growth and incision of debris-flow gullies in supply-unlimited watersheds is mainly controlled by the frequency of occurrence
of debris flows, which is closely related to Zg. With growth of the gully drainage area, Zr and the debris-flow frequency initially
increase, until they reach maximum values in gullies with a drainage area of intermediate size, which are assumed to be the
morphologically most active gullies. With further growth of the gully drainage area, Zg and the debris-flow frequency decrease,
which opposes the development of debris flows and leads to a more stable gully morphology. The observations indicate and
explain the upstream migrating incision of the Daheba watershed. The lack of available sediment in the mountain reach is

supposed to limit the further upstream migration of the reach of most active debris flows.
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Key Points:

e The sediment availability, parameterized by the excess topography Zg is the dominant control
parameter in debris-flow gullies with unlimited sediment supply.

e Although debris flow events incise the bed, the sediment supply during debris-flow events in
supply-unlimited gullies mainly comes from bank collapse.

e Debris flow gullies of intermediate size have the highest Zg and debris-flow occurrence
frequency, and are therefore supposed to be morphologically the most active.

Abstract:

An investigation on 152 gullies along the Daheba River in the Tongde sedimentary basin was
performed. Debris flows develop in gullies with an excess topography Zg, which represents the
sediment availability, above a critical threshold value. Debris-flows in the Daheba watershed are
supply-unlimited, i.e sediment is abundantly available from the steep erodible gully banks. Debris
flows consist of a head and a body. The body propagates faster than the head and constantly
supplies it with sediment. The body and head propagate in an intermittent way through the
transient storage of sediment on the riverbed and its subsequent remobilization. Although the main
sediment supply is provided by bank collapse, debris-flow events also incise the gully bed. The
growth and incision of debris-flow gullies in supply-unlimited watersheds is mainly controlled by
the frequency of occurrence of debris flows, which is closely related to Zg. With growth of the
gully drainage area, Zg and the debris-flow frequency initially increase, until they reach maximum
values in gullies with a drainage area of intermediate size, which are assumed to be the
morphologically most active gullies. With further growth of the gully drainage area, Zg and the
debris-flow frequency decrease, which opposes the development of debris flows and leads to a
more stable gully morphology. The observations indicate and explain the upstream migrating
incision of the Daheba watershed. The lack of available sediment in the mountain reach is
supposed to limit the further upstream migration of the reach of most active debris flows.

Key words: Debris flow; Landscape evolution; Sedimentary basin; Field investigation; sediment
availability

1. Introduction

1.1: general context
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Debris flows occur when masses of poorly sorted sediment (sand, mud, boulders, cobbles), agitated and

saturated with water, surge down slopes in deep gullies in response to gravitational acceleration

(Ilverson 1997, Hungr et al. 2001). A gully is defined as a long narrow valley with steep side slopes,

which is originally worn in the earth by running water and which drains water and sediment after rain.

From upstream to downstream, a gully consists of a steep gully head, a steep and narrow middle reach,

and a depositional fan (Fig. 1).
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Figure 1. (a) Tongde sedimentary basin, Yellow River and its tributary Daheba River
on the northeastern Tibetan plateau, and DEM of the watershed of the Daheba River;
(b) Maximum and minimum elevation along the 20-km-wide swath indicated in Fig.
1a. Blue segments in the minimum elevation profile coincide with the Yellow River
(modified from Craddock et al, 2010). (c) DEM-based identification of gully
watersheds; the thick line indicates the watershed of the gully at km 11.4; (d) Surface of
Tongde basin and head of the gully at km 11.4; (e) Funnel-shaped cross-section in the
middle reach of the gully at km 11.4; (f) Fan of the debris-flow gully at km 11.4
characterized by high gradient and coarse mixture of gravel and sand.
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Debris flows in mountain regions can travel long distances under high-rainfall conditions and result in

loss of human lives, damage to buildings, farm fields or transport infrastructure (roads, railways, etc),

and vegetation denudation (Papathoma-Kohle et al. 2012; Winter et al. 2013; Godfrey et al. 2015;

Ciurean et al. 2017).

The higher debris surge at the front of the debris flows is called the debris-flow head (Kattel et al.,

2016). Boulders and cobbles play an important role in its formation, and it is characterized by low

water content (Suwa, 1988; Iverson, 1997; Takahashi, 2009; Johnson et al. 2012; Luna et al., 2012).

Wang et al. (2005) even observed debris flows with only dry stones moving in the head. Because of the

boulders and cobbles, the debris-flow head can exert high impulsive loads on objects it encounters. The

debris-flow head is followed by the debris-flow body (Kattel et al., 2016), which is characterized by

smaller sediment sizes and high water content with water flowing at the surface of the body (Luna et al.,

2012).

Debris flows entrain sediment during their run-out. This sediment can be supplied by erosion of the

gully bed and banks (Imaizumi et al., 2006; Theule et al., 2012). Erosion of the gully bed includes

breaching of temporary dams, and erosion of the banks includes bank collapses or landslides (Zhou et

al., 2019). The motion of debris flows is obviously influenced by the distribution of the sediment in a

gully (Berger et al., 2011). Pudasaini (2012) presented a comprehensive process-based model of debris

flows.

The initiation and frequency of occurrence of debris flows essentially depend on two factors. First, they

depend on the volume of sediments that can be mobilized in the catchment and its renewal rate. These

in turn depend on the geological conditions (e.g., lithology, tectonic faults) (Griffiths et al. 1996;

Jomelli et al. 2007; Lorente et al. 2002; McCoy et al. 2012), morphometry of the gully area (Kovanen
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and Slaymaker 2008; Bertrand et al. 2013) and land cover (Reichenbach et al. 2014). Second, they

depend on the rainfall characteristics (Cui et al. 2003; Tang et al. 2009; Ni et al. 2014a, b; Ni 2015).

Above a rainfall threshold, the saturation of pore-water pressure in the sedimentary matrix required for

the initiation of a debris flow is attained (McCoy et al. 2012; Peruccacci et al. 2012).

The ratio of the time-scales of sediment renewal and strong rainfall events distinguishes between

gullies with limited and unlimited sediment supply (Stiny 1910). This ratio is small in supply-unlimited

gullies, where relatively weak intensity rainfalls and discharges are sufficient to trigger debris flows.

The ratio is high in supply-limited gullies, where the sediment that has accumulated on the gully bed is

transported during high-intensity rainfalls. Whether or not a debris flow will occur in a supply-limited

gully mainly depends on the amount of sediment that has accumulated. If the amount of accumulated

sediment is insufficient to initiate and sustain a debris flow, the sediment will be transported as fluvial

bedload.

1.2: The Tongde sedimentary basin and the Daheba tributary

The present paper reports a field investigation on debris flows along the Daheba River, which is a

tributary of the Yellow River in the incised Tongde sedimentary basin on the northeastern edge of the

Tibetan Plateau (Fig. 1a). Wang et al. (2016, chapter 1.4) have introduced the Tongde sedimentary

basin and the Daheba River. Moreover, they have analyzed the morphometry of the Daheba River and

eleven of the major gullies. The main features will be summarized hereafter.

The Tibetan Plateau experiences uplifting and is simultaneously incised by rivers, providing favorable

conditions for the onset of debris flows. Debris flows with volumes larger than one million cubic

meters occur along the deeply incised valleys at the edge of Tibetan Plateau (Lyu et al., 2017a; Wang

et al., 2016). The Tongde basin formed during the quaternary period (Craddock et al., 2010). It has an
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average elevation of 330 m and a drainage area of 3,986 km?. This basin is a graben basin where the
elevation is much lower than the surrounding mountains (Fig. 1b). A graben is defined as a depressed
segment of the earth bounded on at least two sides by faults. Pebbles, gravel, and sand accumulated in
the basin, forming a very thick sedimentary deposit (Fig. 1b). About 0.15 million years ago, the Yellow
River started incising in the sedimentary deposit of the Tongde basin (Fig. 1b; Li et al. 1996). The
incision progressed towards upstream from the Yellow River into its tributaries and induced the
development of new stream networks in the watersheds of these tributaries (Wang et al. 2016).

The confluence of the Daheba and Yellow River is at an altitude of 2684 m. The Daheba is ~ 160 km
long and its headwaters are at an altitude of ~ 5300 m. It has a drainage area of ~4000 km? Debris
flows mostly occur in environments with limited sediment supply, such as rocky mountainous
environments. A particularity of the Daheba watershed is that they occur in a sand-gravel mountainous
environment with quasi-unlimited sediment supply. The high erodibility of the Daheba watershed can
be attributed to the poor vegetation cover, which is due to the thin loess layer (Wang et al. 2016).

The development of debris flow is further favored by the upstream migrating incision of the Daheba
River. Several villages were located along the Daheba River in regions where no debris flows occurred
in the past. In the last 20 years, the region of active debris flows has migrated upstream and frequent
debris flows have buried houses, roads, farmlands and forests on the debris flow fan, and forced the

villagers to abandon their villages (Fig. 2).
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Figure 2. Debris flows deposition and its damage. (a) Villages buried by sediment
deposition on the fan of the debris-flow gully at km 12.3; (b) House, road and trees
buried by sediment deposition on the fan of the debris-flow gully at km 16.1

1.3: Objectives

The retrograding incision, frequent occurrence of debris flows and geological settings with

quasi-unlimited sediment supply make the Daheba watershed an appropriate site for a field

investigation on debris flows. As compared to the investigation of Wang et al. (2016), in the present

paper all gullies in the watershed will be analyzed in detail, and hydro-sedimentary processes during

individual debris-flow events will be investigated.

The objective of the investigation is to find answers to the following science questions:

(i)  What are the main controls that determine whether or not debris flows will develop in a gully ? Or
in other words: why do some gullies develop into debris-flow gullies and others not ?

(i) What are the main hydro-sedimentary processes related to a single debris-flow event ?

(iii) How do gullies develop along the Daheba River due to debris flow events ?

(iv) What are the characteristics of the morphologically most active gullies ?

(v) How will the landscape and topography of the Daheba watershed evolve under the effect of debris
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flows ?

2. Methods

A geophysical exploration was performed with an EH4 electromagnetic imaging system along the

Daheba River at 20 km, 40 km, 68 km and 90 km upstream of its confluence with the Yellow River

(Fig. 3). This exploration accurately provided the depth of the interface between sediment deposits and

the underlying bedrock, the thickness of the sediment deposits, and the type of sediment. At the same

locations, the incision depth of the Daheba River with respect to the basin surface was measured with a

Kustom Signal LaserCam 4 LIDAR, with an accuracy of 0.1 m and a measurement range of 2,000 m.

Additional data obtained with the same techniques at 2 km upstream of the confluence is taken from

Wang et al. (2016).

a

Figure 3. Pictures illustrating: (a) 520 m incision depth in the sediment deposition layer
at km 2 in the sediment-basin reach; (b) 400 m incision depth in the sediment
deposition layer at km 20 in the sediment-basin reach. (c) 62 m incision depth at km 40
in the transition reach, consisting of 26 m incision in the sediment deposition layer and
36 m incision in the underlying bedrock; (d) 33 m incision depth in the bedrock layer at
km 90 in the mountain reach. The figures at the right of each picture illustrate the
stratigraphy estimated from geophysical exploration.

A morphometric analysis of the Daheba watershed was based on a Digital Elevation Model (DEM)

with a 10 m horizontal resolution, available from Lyu (2017a). For gullies with drainage area smaller
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than 0.2 km? additional high-resolution topographic measurements with a grid size of 0.5 m were
performed with a Trimble R8 RTK-GPS, with planimetric and altimetric accuracies of 0.01 m and 0.02
m, respectively. The software package ArcGis 10.1 was used to determine the hydrographic network of
gullies that feed the Daheba River (Fig. lc), and topographic characteristics such as the gullies’
drainage area, cross-sectional shape, and longitudinal gradients of the gullies and fans (Table 1 as
online supplementary material). A total number of 152 gullies were identified along the Daheba River.
They are labeled with their distance in km from the confluence with the Yellow River. Gullies with
accessible fans were then investigated in further detail.

The type of flow that shapes a gully leaves a clear footprint on the characteristics of the depositional
fan (Hungr et al. 2001, Pederson et al. 2015). Debris-flow fans are shaped by deposition of many debris
flow events. They predominantly consist of poorly sorted gravel, sand and fine particles, but large
boulders and cobbles are typically present near the fan margins. Debris-flow fans are typically
relatively steep (as quantified by the average gradient from the gully toe, which is also called fan apex,
to the fan margin) and have sharp fan margins. Non-debris-flow fans can be shaped by floods only, or
by the combined effect of floods and hyper-concentrated flow. Non-debris-flow fans are characterized
by flatter fans and well-sorted sediment.

In order to characterize the gullies, the sediment on the depositional fan was analyzed for 122 gullies.
Sediment samples were taken on a 10 m by 10 m grid in the center of the fan, and the sediment was
divided into fine (0.1 to 1 mm), medium (1 to 10 mm) and coarse (10 to 50 mm) fractions (Table 1).
The spatial distribution of the gullies along the Daheba River was quantified by the number of gullies
along 10 km long reaches of the Daheba River, called the distribution density. This distribution density

was computed on a 5 km interval. The distribution density at km 40, for example, represents the
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number of gullies in the reach from km 35 to km 45, divided by ten. The distribution density was

computed for debris-flow gullies and non-debris-flow gullies separately.

Based on the laboratory work of Lyu et al. (2017Db), the sediment eroded on the gully banks is expected

to play an important role in the generation and the dynamics of debris flows. The amount of sediment

available on the gully banks has therefore been estimated, according to a method introduced by Blothe

et al. (2015) for estimating the volumes of potentially unstable rock mass. First, the excess volume,

defined as the volume of erodible material located between the toe of the gully bank and an idealized

topography with slope equal to the threshold hillslope angle S; (Fig. 4), is computed. In the present

analysis S; = 30° has been adopted for granular sediment (sand and gravel) and bedrock has been

considered as non-erodible, i.e. the excess volume excludes bedrock (Fig. 4). It should be noted that the

separation between the sediment layer and the underlying bedrock is obvious and easily identifiable in

gullies that are incised in the bedrock. Then, the excess topography Zg is obtained by dividing the

excess volume by the drainage area of the gully. The excess topography Zg has been computed for each

gully (Table 1). The computations were performed with the Matlab code developed by Li (2019).

Sediment layer Excess volume

Sediment layer

2N

Bedrock Bedrock

Figure 4. Excess volume, defined as the volume of erodible material located between
the toe of the gully bank and an idealized topography with slope equal to the threshold
hillslope angle St, excluding non-erodible bedrock. In the present analysis St = 30° has
been adopted for granular sediment (sand and gravel). The excess topography ZE is
obtained by dividing the excess volume by the drainage area of the gully. (Modified
from Blothe et al. 2015).

The occurrence frequency of debris flows is important information. Debris-flow deposition has often



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

caused severe damage to agricultural fields, houses and other infrastructure located on the debris-flow

fan (Fig. 2). The history of debris-flow events was estimated from interviewing local villagers. A total

of 53 villagers were interviewed, leading to the identification of 614 debris flows in the last 20 years.

In the end, only data of the last 10 years (2007-2017) were used to estimate the occurrence frequency.

The information thus acquired provided estimates of the occurrence frequency in 50 gullies. Although

the estimates are inherently rather inaccurate, they are sufficient for the purpose of the present

investigation.

Debris flow events occurred on July 8th, 14th and 26th, 2016 (named event 1, 2 and 3 respectively) in

the gully at km 11.4. The first debris flow event was recorded in the upper and middle reaches of the

gully (Fig. 1c) at a frequency of 25 Hz with a hand-held camera. The videographies are available as

online supplementary material. Characteristics of the debris flow dynamics were derived from the

video analysis. In the middle reach of the gully, a Lagrangian analysis was adopted to track the velocity

of the debris flow head (Fig.5 a-d). In the upper reach of the gully, an (approximate) Eulerian analysis

was adopted to estimate the debris flow velocity, based on tracking tracers at the surface of the debris

flow while it passes through the fixed cross-section 1-1 (Fig. 5e).

debris flowshead
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Figure 5. Snapshots from videography of the debris flow event on July 8, 2016 in the
gully at km 11.4: (a-d) Lagrangian analysis of the motion of the debris flow head in the
middle reach of the gully. (e-f) Euler analysis of debris flow body in cross section 1-1 in
the upper reach of the gully. The locations of the images are shown in Figs. 1c and 11a.
The videos are provided as online supplementary material.

In addition, the relation between the characteristics of the debris flow body and sediment supply from
bank collapse were qualitatively analyzed from the videography. Figs. 5e,f, for example, illustrate bank
collapse that leads to the formation of a barrier dam in the gully. The estimations of the velocities are
approximate, but the accuracy is sufficient to provide insight in the dominant hydro-sedimentary
dynamics of the debris flow.

The bed elevation changes induced by debris flow events 1 and 2 were estimated every 0.5 m along the
entire gully axis by comparing longitudinal bed profiles measured with a Trimble R8 RTK-GPS before
debris flow event 1, between events 1 and 2, and after event 2.

3. Field observations

3.1 Characteristics of the Daheba watershed and the debris-flow gullies

According to the geophysical exploration at km 2, 20, 40, 68, and 90, the sediment thickness was 650,

600, 26, 2, and 0 m, respectively, and the incision depth 520, 400, 62, 50, 33 m, respectively (Fig. 3,

6a). In the most downstream reach (km 2 and km 20), the deposits essentially consist of two layers: a

pebble-sand layer at the basis and clay-loess layer on the top (Fig. 3a). At km 40 and further upstream,

the Daheba River has cut through the sedimentary deposits and incised into the underlying bedrock. At

km 40, the Daheba River has incised 36 m in the bedrock (Figs. 3b, 6a), and at km 68 even 48 m (Fig.

6a). As a result, the debris flow gullies have also incised in the bedrock, at least in their downstream

parts. At km 68.5, for example, the gully has become funnel shaped and the incision depth in the

bedrock illustrated in Fig. 6b is ~22 m. This funnel shape is the result of accelerated incision in the past

thousand years: the top portion is the gradual incision zone and the lower portion is the rapid incision

11
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zone (Wang et al. 2016). At km 71 and further upstream, there is no significant sedimentary deposit

anymore, and the bedrock is weathered into poor-psephicity deposits of large size (Fig. 4d). Psephicity

is the degree of roundness of the sediment particles. It increases along the flow direction due to

abrasion and reflects the transport distance. The riverbed in this upstream reach has developed into a

step-pool system typical of gravel-bed mountain rivers (Wang et. al 2016).
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Figure 6. (a) Spatial evolution of the thickness of the sediment deposition layer and of
the incision depth of the Daheba River (defined as the elevation difference between the
surface of the sedimentary basin and the bottom of the Daheba River) (cf. Fig. 3).
Distribution density (number of gullies per km length of the Daheba River) of
debris-flow and non-debris-flow gullies along the Daheba River. (b) Funnel-shaped
gully incised in the bedrock in the gully at km 68.5 (copyright Wang et al. 2016).

Among the 152 investigated gullies along the Daheba River, 114 were debris-flow gullies and 38 were
non-debris-flow gullies. Their location along the Daheba River is indicated in Fig. 7. All of the gullies
and their characteristics are given in Table 1. The fans of the debris-flow gullies typically had gradients
in the range 0.10 - 0.30, whereas the non-debris-flow fans were much flatter with gradients in the range
0.01 - 0.07. Sediment compositions were also markedly different: poorly-sorted and coarser on the
debris-flow fans vs. well-sorted and finer on the non-debris-flow fans. On the average, the sediment on
debris-flow fans consisted of 58.9 % coarse sediments (10 to 50 mm), 23.4 % medium sediment (1 to
10 mm) and 17.8 % fine sediment (0.1 to 1 mm) with standard deviations of 4.5%, 2.5% and 5.3 %,
respectively, and the sediment on non-debris-flow fans consisted of 12.1 % coarse sediments, 17.7 %

medium sediment and 76.9 % fine sediment with standard deviations of 1.7%, 5.3% and 10.6 %,

12



250

251

252

253

254
255

256
257
258

259

260

261

262

263

264

265

266

267

268

respectively. Accumulations of coarse particles were observed in the lateral levees and frontal margins

of all debris flow fans, whereas only well-sorted fine and medium particles were observed in the

non-debris-flow fans. No clear relation between the sediment composition and the gully area is

identifiable.

N
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e Confluence of debris-flow gully
* Confluence of non-debris-flow gully
~_ |__|Watershed boundary

0
-C
Fig.3-¢ 123
L)
Gayy / Hie3a
0 10 20km Yat by,
; 14

Figure 7. Distribution of the debris-flow and non-debris-flow gullies along the Daheba
River. Separation of the Daheba River into three reaches: the sedimentary basin reach
(km 0 - 38), the transition reach (km 38- 71), and the mountain reach (upstream of km
71).

The distribution density of the gullies is also shown in Fig. 6a. It reaches a maximum value of ~ 3 at
km 10 and then steadily decreases to values of ~ 0.5 upstream of km 70. Near the confluence with the
Yellow River, debris-flow gullies are dominant, but also non-debris-flow gullies occur. From km 10 to
50, the distribution density of debris-flow gullies is high and hardly any non-debris-flow gullies occur.
Upstream of km 50, the distribution density of debris-flow gullies decreases and that of debris-flow
gullies decreases. Upstream of km 70, only non-debris-flow gullies occur.

Wang et al. (2016) have separated the Daheba River into three reaches. The sedimentary basin reach is
the reach in the Tongde basin where the river incision has not yet reached the base level of the
deposited sediment, i.e. it has not yet incised in the underlying rock. The mountain reach is the reach

outside the Tongde basin, i.e. the reach where there is no significant layer of deposited sediment

13
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anymore. The transition reach is the reach in between where the river has reached the base level of the

deposited sediment and is incising in the underlying rock. Based on the results of geophysical

exploration, the classification of the gully type, and the gully distribution density, the three reaches can

now accurately be located: the sedimentary basin reach from km 0 to km 38, the transition reach from

km 38 to km 71 and, the mountain reach upstream of km 71 (Figs. 6, 7).

In the sedimentary basin reach, 81 debris-flow gullies and 11 non-debris-flow gullies occur. Seven of

these non-debris flow gullies are within 7.5 km of the Yellow River confluence and have very small

drainage areas (Table 1). The transition reach contains 33 debris-flow gullies and 6 non-debris-flow

gullies, and the mountain reach 21 non-debris-flow gullies.

Figure 8 shows that the gully gradient tends to decay about logarithmically with increasing gully

drainage area. The gully gradient can be steeper than 0.4 in the smallest gullies. Debris-flow gullies

with such steep slopes generally have drainage areas that are an order of magnitude larger than

non-debris-flow gullies with similar slopes. In general, however, this relation between gully gradient

and drainage area is remarkably similar for debris-flow gullies and non-debris-flow gullies, and for

gullies in the sedimentary basin, transition and mountain reaches.
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Figure 8. Gully gradient vs. gully drainage area for debris-flow and non-debris flow
gullies along the Daheba River.
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Fig. 9 shows the excess topography Zg versus the gully drainage area for the debris-flow and
non-debris-flow gullies. For debris-flow gullies, Zg varies from 55 m to 367 m with an average value of
215 m, indicating that a large amount of sediment is available on the steep gully banks for fueling
debris flows. The smallest values of Z¢ are observed for the smallest (< 0.1 km?) gully drainage areas.
Zethen increases about monotonically and values of Zg > 250 m are found for gully drainage areas of
intermediate size in the range 0.25 — 1.70 km? For larger drainage areas, Zg decreases about
monotonically and reaches a value of 62 m for the largest drainage area of 6.2 km? For
non-debris-flow gullies, the largest observed excess topography is Zg = 52 m. The average value in the

intermediate reach is Zg =25 m and in the mountain reach Zg is by definition close to zero.
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Figure 9. Excess topography Zg (cf. Fig. 4) vs. gully drainage area for debris-flow and
non-debris flow gullies along the Daheba River.

Not all debris-flow gullies are equally active. Figure 10 shows the occurrence frequency of debris
flows, expressed as number of occurrences per year, versus the gully drainage area. No debris flows
were reported in the smallest (< 0.045 km?) and largest (> 5.3 km?) gullies. Small (0.045-0.07 km?) and
large (2.2-5.3 km?) gullies have the lowest frequency of debris flow outbreaks, with on the average less

than one debris flow event every five years. In most gullies with a drainage area in the range 0.13-2.2
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km?, debris flows occur more than once every second year. The more active debris-flow gullies (on the
average more than one event per year) have typically an intermediate drainage area in the range of 0.35
km? to 0.70 km? The most active gullies have debris-flow events 2 to 3 times per year. Since gully
drainage area and gully gradient are related (Fig. 8), the most active gullies typically have intermediate

gradients in the range 0.20 — 0.35.
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Figure 10. Occurrence frequency of debris flows vs. gully drainage area for
debris-flow gullies along the Daheba River.

Fig. 11 takes a closer look at the topography of one of the most active debris-flow gullies situated at
km 11.4. This gully, in which debris flow events have been monitored, has an area of 0.70 km? and an
average gradient of 0.23. According to Figure 10, this should be one of the most active debris-flow
gullies along the Daheba River, which is confirmed by the occurrence of 3 debris flows between July 8
and 26, 2016. The head of the debris-flow gully is steep and experiencing headward erosion (Fig. 11c).
The middle-reach of the debris flow gully is super V-shaped (Figs. 11 b,c). A super V-shaped gully
usually has steeper slopes in the lower parts than the upper parts of the banks, indicating accelerating
incision in the past (Wang et al., 2014). The bank slopes are significantly steeper than 30° (37°in

average with standard deviations of 2°), resulting in a large excess topography Zg = 278 m (Table 1).
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The gully’s cross-sectional area increases in its upstream part, but then remains about constant in the

middle-reach (Fig. 11b). The gully bed and banks are very irregular and rough (Fig. 11c). The

cross-sectional shape on the fan is broad and concave (Figs. 11b, ¢), and the fan has a steep gradient of

0.15 (Table 1).
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Figure 11. Topographic characteristics of the debris-flow gully at km 11.4 (cf. Figs. 1c,
5). (a) Detailed topography; (b) Cross-sectional shapes; (c) Pictures in selected
Ccross-sections.

13

3.2 Flow and sediment dynamics of a debris flow event

Videography of the debris flow event that occurred on July 8, 2016 in this gully provides information
on the dynamics of debris flows, including the characteristics of the flow, the erosion processes on the
banks, the sediment flux in the gully, the changes in bed elevation and their interactions. Figure 12a
shows the propagation velocity of the head of the debris flow in the middle reach of the gully at the
location shown in Fig. 11a. The head enters the field of view of the camera after 6s (Fig. 5a). Initially,
it has a propagation velocity of about 0.1 m s™. In the next minute, the head decelerates and ultimately
comes to rest after about 66 s (Fig. 5b). At 79 s, the head is remobilized (Fig. 5c) and strongly

accelerates to reach a propagation velocity of about 0.5 m s (Fig. 5d). This intermittent motion of the
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334  debris-flow head can be understood by considering the motion of the debris-flow body. Fig. 12b
335 illustrates the velocity of the debris flow body in the upper reach of the gully at the location shown in
336 Fig. 11a. The video sequence illustrates three remarkable features. First, the velocity of the debris-flow
337 body is in general higher than that of the debris-flow head, implying that the debris-flow body
338 continuously feeds the debris-flow head with sediment. Second, the velocity of the debris-flow body is
339 intermittent and modulated by the intermittent sediment supply from bank collapse. Bank collapse
340 leads to the formation of barrier dams in the gully, that cause a temporary partial (video sequences
341  from 24-31 s, 47-65s and 67-97s) or total blockage (video sequence at 66s) of the debris flow. When
342  these barrier dams break, bursts of high debris-flow velocity occur, which are called flood peaks (Figs.
343 5 e,f). Third, the dominant sediment supply to the debris flow comes from bank collapse.
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Figure 12. Characteristics of the debris-flow event that occurred on July 8, 2016 in the
gully at km 11.4 (Figs. 1c, 5, 11a) estimated from videography (a) Velocity of the head of
the debris-flow based on a Lagrangian analysis of the video taken in the middle reach of
the gully. Note that the debris-flow enters the video image after 5 s and quits it after 95 s.
(b) Velocity of the body of the debris flow while passing through section 1-1 (indicated in
Fig. 5e,f) based on an Eulerian analysis of the video taken in the upper reach of the gully.
The locations of the videography are shown in Figs. 1c and 11a. The video sequences are
available as online supplementary material and representative snapshots are shown in Fig.
5.

344 Figure 13 shows the change in gully bed elevation induced by the debris flow events 1 and 2 on July 8
345 and 14, 2016, respectively. The debris flows caused a significant deposition of the order of 2 m on the

346 gully fan (first 500 m from the Daheba River), where the gully slope flattens in downstream direction.
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This confirms and explains the burial of houses and trees on a debris-flow fan illustrated in Fig. 2.
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Figure 13. Longitudinal profile of the bed of the debris-flow gully at km 11.4 and
changes in bed level elevation induced by debris flow event 1 on July 8, 2016 and 2 on
July 14, 2016. The average incision of the gully excluding the depositiona