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Summary 

Post-earthquake debris flows pose significant hazards to recovering local 

communities and transport large volumes of co-seismic sediment from 

hillslopes into higher order channels. In the decade after the 2008 Wenchuan 

earthquake, several extremely large debris flows have occurred. These debris 

flows, hereafter referred to as catastrophic debris flows, bulked to volumes 

(>105 m3) much larger than their initiation volumes by rapidly entraining 

sediment. Controls on the runout and magnitude of these catastrophic debris 

flows are poorly constrained due to the lack of in-field measurements and the 

infrequent and unpredictable nature of large debris flows.  

In this thesis I used field investigations of debris flow grain-size distributions 

(GSDs) and modelling to infer controls on the runout length of catastrophic 

debris flows. I first compared five different methods to identify the most 

accurate approach to measure mass movement deposit GSDs. Based on these 

results, I then used three methods (sieving, manual photo counts and 

automated tool, pyDGS) to collect high-resolution GSDs for two post-

earthquake debris flows in Wenchuan. Both debris flows were triggered from 

co-seismic sediment in the same storm event but had vastly different runout 

lengths. The debris flows deposited similar GSDs in terms of width and 

maximum size, suggesting that grain size was not the primary control on 

runout length in these locations. Using a multi-temporal inventory, I then 

analysed controls on debris flow magnitude regionally. I found that 

catastrophic debris flows were more frequent than estimated when assuming 

a single magnitude-frequency distribution for all debris flows. Finally, I used 

the runout model Massflow to demonstrate that bed saturation, basal friction 

angle and triggering volume all controlled the runout of catastrophic debris 

flows. Magnitude-frequency distributions based on simulated debris flows, 

where parameters were described using field and remotely sensed data, also 

underestimated the frequency of catastrophic debris flows. This thesis used 

local and landscape-scale datasets to infer that catastrophic debris flows 

should be considered as a separate process. By currently considering all post-

earthquake debris flows on a single continuum we may be underestimating the 

risk posed by debris flows to infrastructure and life. 
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Catastrophic debris flows entrain vast amounts of sediment and can bulk to 

over an order of magnitude larger than their initiation volume (Iverson, 1997; 

Scott et al., 2005). These debris flows pose a major hazard to communities 

directly, by travelling at speeds ~20 m s-1 and transporting large boulders ~10 

m (Rana et al., 2021; Scott et al., 2005; Takahashi, 2007), and indirectly 

through the development of landslide dams (Fan et al., 2012). Subsequently, 

large, catastrophic debris flows are responsible for most debris flow fatalities. 

In a global inventory of 213 debris flows which occurred over a 61 year period, 

the two largest debris flows accounted for 53% of the total fatalities (Dowling 

and Santi, 2014). The low frequency of these high magnitude events leads to 

catastrophic debris flows typically being excluded from magnitude-frequency 

analyses (Marchi and D’Agostino, 2004; Stoffel, 2010). Controls on the size of 

catastrophic debris flows, and why they reach such large volumes, are 

therefore poorly understood. An understanding of what controls the size of 

catastrophic debris flows will aid debris flow prediction models that consider 

magnitude-frequency distributions as well as help to identify areas most at 

risk from large debris flows.    

The 2008 Wenchuan earthquake presents a unique opportunity to study 

multiple catastrophic debris flows across similar geological and climatic 

conditions. In 2019 alone, 13 catastrophic debris flows inundated catchments 

along the Min Jiang River (Yang et al., 2021). These debris flows led to 22 

fatalities and caused significant damage to infrastructure. To understand 

catastrophic debris flows from a hazards perspective, it is crucial to elucidate 

controls on the runout of large debris flows. Numerical models and flume 

experiments have demonstrated that debris flow runout length can be 

attributed to their composition and grain size (de Haas et al., 2015; Hsu et 

al., 2008), the water content of the flow (de Haas et al., 2015; Hürlimann et 

al., 2015) and topography (Benda and Cundy, 1990; Cannon and Savage, 1988; 

Prochaska et al., 2008b). However, controls on the runout of catastrophic 

debris flow remain poorly constrained due to limited field observations. In this 

thesis, I intend to utilise a rare field dataset of post-earthquake debris flows 

from Wenchuan to assess controls on the runout of catastrophic debris flows. I 

define catastrophic debris flows as debris flows which entrain sufficient 
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sediment to traverse catchments several kilometres in length before 

depositing in higher order channels. 

Debris flows are masses of sediment and water which surge down hillslopes 

under the influence of gravity (Cruden and Varnes, 1996; Iverson et al., 1997; 

Jakob and Hungr, 2005). Debris flows can transport a wide range of grain sizes 

from clay and silt to boulders >10 m (Iverson, 1997). The wide range of grain 

sizes transported by debris flows can control the runout length of the flow. 

For example, the presence of clay and silt in the interstitial fluid phase of the 

debris flow can decrease the rate at which excess pore pressures dissipate 

(Pierson, 1981). Too high proportions of silt and clay in the interstitial fluid 

(>22%) can increase the viscous forces within the flow and decrease runout 

length (de Haas et al., 2015). Similarly, if the proportion of solid constituents 

is too high (>60%), the frictional forces at the base of the flow increase and 

reduce runout length. Pore pressures will also dissipate more readily in a 

predominantly sand and gravel based mixture (de Haas et al., 2015). The 

complex interactions between solid and fluid phases in debris flows can 

additionally lead to high flow velocities and strong impact forces (Iverson, 

1997; Iverson et al., 1997). For example, coarse grains transported by the 

flow, typically in the snout, can lead to high impact forces along the channel 

and between grain contacts (Hsu et al., 2008, 2014). These high impact forces 

not only enable scour of the channel bed by the debris flow (de Haas et al., 

2022; Roelofs et al., 2022) but also lead to more infrastructural damage 

(Jakob et al., 2012; Zhang et al., 2021b). Flow velocity can relate to the 

presence of large grains transported by a debris flow as well as flow depth, 

slope and discharge (Rickenmann, 1999). The high flow velocities, strong 

impact forces and long runouts associated with the wide grain-size 

distributions (GSDs) reiterate that debris flows are one of the most hazardous 

types of landslide (Iverson, 1997; Iverson et al., 1997).  

The combination of long runouts and high flow velocities allow debris flows to 

transport masses of heterogenous sediment from hillslopes and into channels 

(Chen et al., 2006; Fan et al., 2019a; Francis et al., 2022). Large debris flows 

can have particularly lasting impacts on long-term sediment yields (Anderson 

et al., 2015; Bennett et al., 2014). For example, debris flows which occurred 

during a 1 in 300 year storm exported hundreds to thousands of years of 
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weathering products in a single event in Colorado, US (Anderson et al., 2015). 

Debris flows can also be critical in post-earthquake sediment cascades, 

transporting sediment from landslide deposits and into channels following 

earthquakes (Dadson et al., 2004; Fan et al., 2019a; Francis et al., 2022). 

Estimates of the amount of sediment transported by post-earthquake debris 

flows can provide insight into how landscapes respond to an earthquake (Fan 

et al., 2019a; Francis et al., 2020; Marc et al., 2016a), and contribute to 

efforts predicting debris flow hazards and secondary hazards, such as in the 

form of landslide dams (Chang et al., 2017; Fan et al., 2012). 

1.1 Post-earthquake sediment cascades and debris flows 

Post-earthquake sediment cascades evacuate co-seismic sediment from 

catchments in the years to centuries following an earthquake (Dadson et al., 

2004; Francis et al., 2022; Hovius et al., 2011; Wang et al., 2015). For 

example in the 2008 Wenchuan earthquake at least 60 000 landslides 

generated close to 3 km3 of material in a geological instant (Huang and Fan, 

2013; Li et al., 2014). Many of these co-seismic landslides eroded bedrock 

material and have bimodal GSDs of fine and coarse sediment (Fan et al., 

2019a; Wang et al., 2015). The coarser fractions of deposits cannot be 

remobilised through fluvial processes alone, and require in-situ weathering or 

larger, higher velocity flows to be transported. Debris flows are one of the 

primary processes that transport coarse grains from hillslopes and into 

channels (Fan et al., 2019a). In the 10 years after the 2008 Wenchuan 

earthquake around 15% of the total sediment generated by co-seismic 

landsliding has been removed from hillslopes through fluvial and debris flow 

processes. Debris flows mobilised 67% of this material, making them an 

extremely important erosional mechanism during this period (Francis et al., 

2022). The timescale over which earthquake-generated sediment is evacuated 

from the landscape is not well constrained due to the lack of accurate field 

data for the coarse fraction of deposits (Pearce and Watson, 1986), a limited 

understanding of the processes which transport sediment downstream (Francis 

et al., 2022) and how these processes relate to hillslope-channel connectivity 

(Croissant et al., 2019; Francis et al., 2020; Li et al., 2016). Current estimates 

suggest coarse co-seismic debris remains on hillslopes for hundreds to 

thousands of years (Francis et al., 2020; Pearce and Watson, 1986; Yanites et 
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al., 2010). Debris flows are extremely important to the post-earthquake 

landscape response, yet we lack strong frameworks for understanding their 

role in the amount of erosion, sediment transport and connectivity between 

different parts of the landscape (Dai et al., 2021; Fan et al., 2019a).  

Catastrophic debris flows are the most efficient process transporting hillslope 

sediment into the main channel in Wenchuan in the ten years after the 

earthquake (Fan et al., 2019a; Francis et al., 2022; Li et al., 2016; Wang et 

al., 2015). These large flows are crucial in exporting sediment from 

catchments by connecting low order tributaries directly to the Min Jiang River 

(Francis et al., 2022). Several catastrophic debris flows occurred in 2008, 

2010, 2013 and 2019 (Ge et al., 2015; Tang et al., 2011a, 2012a; Yang et al., 

2021). Despite their importance from a hazard and sediment transport 

perspective, the mechanisms governing the development of catastrophic, 

entraining debris flows have only been explored using single field studies (e.g. 

Vallance and Scott 1997; Breien et al. 2008), numerical models (e.g. Ouyang 

et al. 2015; Horton et al. 2019) and flume experiments (e.g. Iverson et al. 

2010; Iverson et al. 2011) due to their infrequent nature. An understanding of 

what governs these large debris flows will provide vital insight into controls on 

the post-earthquake sediment cascade. 

1.2 Post-earthquake debris flow grain-size distributions 

The GSDs of debris flows can control their runout length, velocity, and impact 

forces along the bed, as outlined above. Yet the role of debris flow grain size 

in the post-earthquake sediment cascade is essentially unknown. GSD 

measurements from field debris flows are limited by the wide range of grain 

sizes mobilised (from clay to boulders), the heterogenous nature of deposits 

vertically and laterally, the large size of deposits and inaccessible field sites 

(Dufresne and Dunning, 2017; Fan et al., 2019a; Iverson, 1997; Vallance and 

Savage, 2000). To overcome these challenges, studies have used multiple 

methods to obtain the entire range of grain sizes across different sections of 

the deposit (Ibbeken et al., 1998; Kim and Lowe, 2004; Major and Voight, 

1986; Nishiguchi et al., 2012; Zhang et al., 2015). The comparability of these 

different approaches is poorly understood, which has limited our ability to 

compare the effect of GSDs on debris flow dynamics. It is crucial that 

approaches to measure the GSD of debris flows are developed to better 
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understand both the runout of post-earthquake debris flows and the size of 

material transported to fluvial channels (Fan et al., 2019a). 

The size of the sediment transported by debris flows can control the onward 

fate and fluvial export of sediment (Wang et al., 2015; Zhang et al., 2019). In 

non-seismic settings, pulses from landslides and debris flows have been found 

to measurably coarsen the grain size of river bed sediments (e.g. Attal and 

Lavé 2006; Attal et al. 2015; Dingle et al. 2017; Roda-Boluda et al. 2018). 

However, the effect of landslide and debris flow grain size on the post-

earthquake sediment cascade has only been considered qualitatively (Pearce 

and Watson, 1986). Most studies of post-earthquake fluvial export also focus 

on only suspended sediment concentrations, which are easier to measure 

(Dadson et al., 2004; Wang et al., 2015). Yet the processes controlling the 

export of fine sediment (e.g. <0.25 mm) are different to those controlling the 

export of coarse material, which can only be delivered to main fluvial 

channels via debris flows, floods, and landslides (Li et al., 2016; Zhang et al., 

2019). Therefore, to fully quantify the rate of sediment export, for all 

seismically sourced sediment, the transport pathways for coarser debris must 

be better understood.  

The role of debris flow grain size in controlling debris flow magnitude, and 

subsequently their hillslope-channel connectivity, has also not been explored 

in a seismic setting despite evidence from flume experiments that debris flow 

grain size can control runout length and entrainment rates (e.g. Hsu et al. 

2008; Iverson et al. 2010; Iverson et al. 2011; de Haas et al. 2015; Haas and 

Woerkom 2016). The presence of large grains relates to entrainment in debris 

flows by increasing impact forces and enabling bed erosion (de Haas et al., 

2022; Roelofs et al., 2022). Entrainment can also relate to the positive pore 

pressures which govern debris flow mobility. Flume experiments by Iverson et 

al. (2011) found that debris flows which travelled over wet, saturated beds 

entrained sediment more rapidly. Rapid entrainment was driven by a positive 

momentum feedback, where higher positive pore pressures produced by 

entraining wet sediment increased momentum and reduced friction at the 

base of the flow, enabling further sediment entrainment. The presence of fine 

sediment in a wide GSD, which includes coarse grains, can decrease the rate 

at which these excess pore pressures dissipate (de Haas et al., 2015; Pierson, 
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1981). Therefore, to understand controls on hillslope-channel connectivity 

and post-earthquake hazards, it is important to determine the mechanism 

which controls the development of a debris flow into a catastrophic debris 

flow.  

1.3 Research aims, questions and objectives 

The overarching aim of this thesis is to understand how grain-size distributions 

of channel and hillslope sediment control the runout of catastrophic post-

earthquake debris flows in Wenchuan. I will provide insight into what governs 

the mobility of post-earthquake debris flows to identify potential processes 

controlling the development of catastrophic debris flows. The basis for this 

work has included methodological development (RQ1, Chapter 4), detailed 

field analysis of individual debris flows (RQ2, Chapter 5) and topographic 

analysis and modelling (RQ3, Chapter 6). 

Research Question 1: How can we accurately measure the grain-size 

distributions of mass movement deposits?  

To answer this question, I measured the GSD of three different mass 

movement deposits (including two debris flows) using five methods (sieving, 

Wolman pebble counts, survey tape counts, manual photo counts and an 

automated approach, pyDGS). I compared the resulting GSDs using the 

normalised root mean square error values and statistically through two-

sample goodness-of-fit chi squared tests. I then considered how the GSDs 

generated for the same mass movement deposits using different methods 

would impact the accuracy of the geomorphic interpretations made. 

Research Question 2: How do the grain-size distributions of post-

earthquake debris flows with different runout lengths vary across all three 

spatial dimensions? 

For this research question, I used the methods discussed in Chapter 4 to 

develop high-resolution GSDs for two post-earthquake debris flow deposits 

with different runout lengths. The Luoquan debris flow was a catastrophic 

debris flow with a runout ~8 km in length. The Liusha debris flow was shorter 

with a runout length of ~1.5 km. For both debris flows, I measured the GSDs 

across three dimensions (vertical, lateral and longitudinal). I then compared 

the GSDs deposited by the two debris flows in terms of composition and the 
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spatial patterns of deposition. From the deposited GSDs, I inferred potential 

transport and deposition mechanisms occurring within the two debris flows.  

Research Question 3: What controls the development of large, catastrophic 

debris flows? 

To answer this question, I analysed the magnitude-frequency distribution of 

all post-earthquake debris flows in Wenchuan. From this distribution, I 

assessed whether the occurrence of catastrophic debris flows was driven by a 

change in process. I then used the 2D model Massflow to conduct a sensitivity 

analysis to determine which parameters were required to simulate 

catastrophic debris flows within the Luoquan catchment, using the 2019 event 

for reference. Finally, I developed a magnitude-frequency distribution from 

the simulated debris flows in Luoquan using a Monte Carlo analysis based on 

statistical distributions constrained by field data. From this, I inferred how 

the post-earthquake conditions in Wenchuan led to an unprecedented 

frequency of catastrophic debris flows.   

1.4 Thesis structure 

Below I will outline the structure of this thesis and how the three main 

research questions above will be used to achieve the overarching aim. The 

three research questions will be formatted as research papers with the 

respective methods found in each section. I will outline how these research 

chapters interlink below. 

In Chapter 2, I review the literature on debris flow entrainment and transport. 

In particular, I focus on the role of grain size and the development of large 

debris flow runouts. I then discuss potential controls on the magnitude and 

frequency of post-earthquake debris flows in the years following an 

earthquake, with the Wenchuan earthquake central to the discussion.  

In Chapter 3, I provide a brief background to the 2008 Wenchuan earthquake. 

I also explain the inventory of post-earthquake mass movements, which is 

used in Chapter 6. Finally, I introduce the two post-earthquake debris flows 

that provide the foundation for the field work and modelling analysis within 

this PhD. 

In Chapter 4, I compare five techniques (sieving, Wolman pebble count, 

survey tape count, automated pyDGS and manual photo counts) used to 
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measure mass movement deposit GSDs for three different mass movement 

deposits (two in Wenchuan, one in South Wales). Based on these comparisons, 

I determine which techniques most accurately quantify mass movement GSDs 

and how the choice of method can affect the conclusions made.  

In Chapter 5, I use the findings from Chapter 4, to measure high-resolution 

GSDs for two post-earthquake debris flows across three spatial dimensions. I 

analyse these GSDs to better understand the processes governing transport 

and deposition within two debris flows with similar initiation mechanisms and 

conditions but very different runout lengths.  

In Chapter 6, I explore whether the magnitude-frequency distribution of large 

debris flows in Wenchuan implies that they should be described as a separate 

process using an inventory of over 2000 post-earthquake debris flows. I then 

apply the model, Massflow, to determine what controls the development of 

catastrophic debris flows. From these 132 simulations, I develop a magnitude-

frequency distribution of modelled debris flows to elucidate why catastrophic 

debris flows are so frequent following the 2008 Wenchuan earthquake.    

In Chapter 7, I summarise the main findings of this thesis framed around the 

research questions set out in this introduction. I then discuss potential 

directions for future work in the field of post-earthquake debris flow 

dynamics.  
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Chapter 2 

Literature Review  
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2.1 Introduction 

Catastrophic debris flows are slurries of water and sediment that surge down 

hillslopes and through channels, entraining more sediment to reach extremely 

large volumes (e.g. 106 m3) (Cruden and Varnes, 1996; Iverson, 1997; Major 

and Pierson, 1992). Catastrophic debris flows have been triggered by heavy 

precipitation in Wenchuan, China (Ge et al., 2015; Tang et al., 2012a; Yang et 

al., 2021), Montecito, California, U.S.A. (Oakley et al., 2018) and Vargas, 

Venezuela (Reinaldo and López, 2005), in volcanic settings in Nicaragua (Scott 

et al., 2005) and in the mountain cryosphere (e.g. Evans et al. 2009; Evans et 

al. 2021; Shugar et al. 2021). In the mountain cryosphere, the events are 

often referred to as catastrophic mass flows (Evans et al., 2021; Shugar et al., 

2021).  

The term catastrophic debris flows is typically used to describe debris flows 

with significant societal consequences, such as fatalities and infrastructural 

damage (Jakob, 2005; Vilímek et al., 2006; Zhang et al., 2022) as well as 

extremely large debris flows which travel long distances through processes 

such as entrainment with the channel bed (Rana et al., 2021; Scott et al., 

2005; Tang et al., 2012a; Yang et al., 2021). These two descriptors of 

catastrophic debris flows are often synonymous, with the number of fatalities 

caused by debris flows events disproportionately higher for large debris flows 

(Dowling and Santi, 2014). However, the number of fatalities caused by a 

debris flow event can also be related to the economic-status of a country, the 

debris flow trigger and the proximity of the debris flow event to a populated 

area (Dowling and Santi, 2014). For example, 13 catastrophic debris flows 

were triggered in Wenchuan in August 2019 through intense precipitation. 

These catastrophic debris flows filled channels up to 16 km in length. Whilst 

the debris flows bulked to large volumes, few directly impacted towns and 

therefore the flows only led to 22 fatalities in total (Yang et al., 2021). In 

contrast the 1999 Vargas event triggered 24 catastrophic debris flows which 

travelled up to 20 km in length and led to at least 15 000 fatalities (Dowling 

and Santi, 2014; Reinaldo and López, 2005). This event accounted for ~20% of 

all debris flow fatalities recorded between 1960 and 2011 (no. of debris flows 

in study = 213). The high number of fatalities following this event was 

attributed to the debris flows inundating the city of Vargas which had been 
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built on a debris flow fan (Dowling and Santi, 2014). In this thesis, I define 

catastrophic debris flows as debris flows which entrain sufficient sediment to 

traverse catchments several kilometres in length before depositing in higher 

order channels (such as the Min Jiang River). These debris flows have the 

potential to cause significant destruction, but this is not a requirement 

(Jakob, 2005) as the main focus of my research is to understand the processes 

governing their generation.  

Debris flows differ to other landslides due to their high water and sediment 

concentrations that allow them to flow at speed over long distances. The 

velocity of a debris flow can range from 0.5 to 20 m s-1 and they typically 

travel between 0.2 and 10 km in distance (Takahashi, 2007). Flows can reach 

volumes greater than 109 m3 and transport grain sizes from clay to boulders 

>10 m (Iverson, 1997). The size of the grains transported by a debris flow can 

influence the processes by which a debris flow initiates, entrains, transports 

and deposits material (Gabet and Mudd, 2006; de Haas and Woerkom, 2016; 

Iverson et al., 1997; Johnson et al., 2012; Major, 1997). By controlling these 

processes debris flow grain size in part governs the runout length and volume 

of debris flows (de Haas et al., 2015; Kaitna et al., 2016). In this chapter, I 

will review the role of grain size in controlling debris flow erosion and 

transport mechanisms as well as the constraints on catastrophic debris flow 

magnitude and runout length. I will also highlight the importance of 

understanding controls on debris flow size from a sediment transport 

perspective.  

Our current understanding of debris flow grain size is limited to large-scale 

and small-scale flume experiments (see Iverson et al. 2010; Kaitna et al. 

2014; de Haas et al. 2015), multi-phase numerical models (see Gray 2018; 

Pudasaini and Mergili 2019), and individual debris flow events (see Vallance 

and Scott 1997; Kim and Lowe 2004; Zhang et al. 2011). Large-scale flume 

experiments are useful for obtaining accurate constraints on the material 

properties of a flow (e.g., grain size and water content) and how they affect 

debris flow properties (e.g., runout length and velocity) as well as quantifying 

initial and boundary conditions (e.g., roughness of a channel bed) (Iverson, 

1997; Iverson et al., 1997, 2010). However, executing experiments in large 

flumes can be costly and time-consuming, and therefore small-scale flumes 
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are typically more popular (D’Agostino et al., 2010; de Haas et al., 2015; 

Major and Iverson, 1999). Small-scale flumes can be used to conduct a higher 

number of experiments, and therefore explore general relationships between 

debris flow composition and erosion and deposition mechanisms (de Haas et 

al., 2015; Roelofs et al., 2022). Though, small-scale flume experiments must 

account for disproportionately large effects of yield strength, grain inertia 

and viscous flow resistance (de Haas et al., 2015). More recently, numerical 

models using bidisperse (two grain sizes) and multi-phase (typically three 

grain sizes) flows have been used to further understand what mechanisms 

control processes such as segregation in debris flows (Barker et al., 2021; 

Golick and Daniels, 2009; Gray, 2018; Gray and Ancey, 2011; Hill and Tan, 

2014). These numerical models of grain size are currently limited by the 

computational power required to model the complex GSDs found in debris 

flows (Pudasaini and Mergili, 2019; Sanvitale and Bowman, 2017). These GSDs 

can range in size over eight orders of magnitude from clay to boulders and are 

often angular so misrepresented when using spherical grains (Iverson et al., 

1997; Vallance and Scott, 1997).  

Field-based studies of debris flows are rare due to their infrequent and 

unpredictable nature as well as the inaccessible mountainous locations in 

which they predominantly occur. As such, GSDs are generally only collected 

from individual events (Kim and Lowe, 2004; Pierson, 1981; Takahashi, 1981; 

Vallance and Scott, 1997). Accurately measuring debris flow GSDs can be 

challenging due to the heterogeneity of deposits and the wide range of grain 

sizes. These challenges are explored further in Section 2.7. 

2.2 Definition of a debris flow 

The high sediment content of debris flows (>40 – 60%) and wide grain-size 

distributions (GSDs) are often used to characterise different types of debris 

flows (Blair and McPherson, 1998; Iverson, 1997; Johnson et al., 2012; 

Pierson, 1981; Whipple and Dunne, 1992). Debris flows can be classified in 

several ways, such as by appearance and composition, by the mechanisms 

occurring within the flow, by the size of the flow and the initiation 

mechanism (Iverson, 1997; Iverson et al., 1997; Takahashi, 2007). Classifying 

debris flows is important to avoid misinterpretation and aid hazard 

predictions. Early studies classified debris flows based on the sediment 
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concentration of the flow, for example O’Brien and Julien (1985) divided 

flows into water floods, mud floods, mudflows and landslides. Takahashi 

(2007) characterised debris flows into three categories: stony debris flows, 

turbulent muddy debris flows and viscous debris flows. This assessment was 

made primarily based on the appearance of the flowing material and the 

deposit.  

Debris flow classifications have also been developed using debris flow size. 

Jakob (2005) proposed a debris flow classification using total volume, peak 

discharge, and inundated area. Debris flows were characterised by volume in 

10 different classes, each class covers one order of magnitude, for example 

Class 2 includes debris flows with volumes between 102 m3 and 103 m3. The 

aim of this classification was to provide a basis for understanding hazard and 

risk associated with different debris flows (Jakob et al., 2012). Debris flows 

>107 m3 were thought to only occur during volcanic events (Pierson, 1995; 

Scott et al., 2005). In supply-limited catchments, only a few different size 

classes of debris flows are expected, due to the rate of sediment recharge in 

gullies (Jakob, 2005; Jakob et al., 2005). The size of debris flows produced 

can also relate to their triggering mechanism, with Class 5 debris flows 

thought to be debris avalanche-generated and Class 6 debris flows rock 

avalanche-generated. This reiterates the importance of understanding debris 

flow composition and triggering mechanism as controls on debris flow 

magnitude.    

Debris flows have also been classified based on their rheological behaviour 

(Pierson and Costa, 1987; Savage, 1984). Pierson and Costa (1987) defined 

debris flow type using three rheological boundaries, which related to the 

sediment concentration and yield strength of the material, where yield 

strength is the point at which the shear stress applied has been exceeded and 

the material begins to deform, or flow. The three categories were hyper-

concentrated flows, slurry flows and granular flows. The flows were identified 

based on the dominant forces acting within the flow: inertial, viscous or 

frictional (Pierson and Costa, 1987). Iverson (1997) developed seven 

dimensionless parameters to characterise the importance of these forces 

within different debris flows. The three dimensionless parameters known to 
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vary the most from flow to flow were the Savage Number, NSav, the Bagnold 

Number, NBag, and Darcy’s Number, NDar. 

NSav is the ratio of collisional (inertial shear stress) to frictional forces within 

the flow and is represented as 

𝑁𝑆𝑎𝑣 =  
𝜌𝑠𝛿2𝛾2

(𝜌𝑠− 𝜌𝑓)𝑔𝐻𝑡𝑎𝑛∅
, 

Equation 2.1 

Where 𝜌𝑠 and 𝜌𝑓 are the solid and fluid densities, 𝛿 is the mean grain size of 

the flow, 𝑔 is the gravitational acceleration, ∅ is the internal angle of friction 

and 𝛾 is the flow shear rate which equates to 𝛾 =  
𝜇

𝐻
, where 𝐻 is the flow 

depth and 𝜇 is the interstitial fluid viscosity. In flume experiments, (Iverson, 

1997) suggests NSav equates to 0.2, whereas in field experiments NSav < 0.2. 

NSav is thought to be much lower for larger debris flows, implying that 

collisions transmit negligible stress in these flows and that friction dominates 

(Iverson, 1997).  

NBag is the ratio of particle inertial stresses to interstitial fluid viscous 

stresses, where    

𝑁𝐵𝑎𝑔 =  
𝑣𝑠𝜌𝑠𝛿2𝛾

𝑣𝑓𝜇
, 

Equation 2.2 

𝑣𝑠 and 𝑣𝑓 are the solid and fluid volume fractions. A high value of NBag (>200) 

suggests the flow is dominated by collisional stresses, such as a rock 

avalanche. A lower value of NBag suggests viscous stresses dominate, such as in 

a mudflow. Iverson (1997) states that NBag can vary from 0.2 to 400, with a 

value of 400 in the USGS flume suggesting collisional stresses dominate.   

NDar describes the tendency for pore fluid pressure to buffer grain 

interactions, with 

𝑁𝐷𝑎𝑟 =  
𝜇

𝑣𝑠𝜌𝑠𝛾𝐾
, Equation 2.3 

Where 𝐾 is the hydraulic permeability of the flow. Large values of NDar in large 

debris flows suggests viscous drag is important. NDar equated to approximately 

600 for the USGS flume debris flows but can be much larger in field debris 

flows (Iverson, 1997). These three parameters can be used to define a debris 
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flow when compared to other types of mass movements as well as 

characterise different types of debris flows, as shown in Figure 2.1. 

 

Figure 2.1 

The relationship between three dimensionless parameters (NDar, NSav and NBag) and 

how they relate to different types of debris flows. Figure taken from Iverson (1997).  

Takahashi (2007) built on the definition of debris flows in Iverson (1997) using 

the three dimensionless parameters in Figure 2.1 by including the solid 

volume fraction to differentiate mechanistically between stony debris flows, 

turbulent muddy debris flows and viscous debris flows. According to Takahashi 

(2007) debris flows with a coarse solid volume concentration between 0.2 and 

0.5 fit this classification. Above a threshold of 0.5 coarse solid volume 

fraction, quasi-static motion develops within the debris flow. Quasi-static 

motion occurs when the inertial stresses in the debris flow are negligible, 

which is typical during initiation and deposition of the flow (Iverson, 1997). 

Typical debris flow solid volume fractions range between 0.4 and 0.6 (Iverson, 

1997).  

Dimensionless numbers are a useful method of quantifying the stresses driving 

debris flow mobility, particularly when comparing flume-based observations 

to field studies (Iverson and Vallance, 2001; Kaitna et al., 2014, 2016; Roelofs 

et al., 2022). However, based on the complex interactions between solid and 

fluid components in different parts of a debris flow, for example a coarse 

friction snout in comparison to a wet, fluid body, it is likely that the NSav, NBag 

and NDar will vary across the flow (Iverson, 1997, 2003; McArdell et al., 2007; 
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Parsons et al., 2001). I will discuss the formation of debris flow snouts and the 

importance of the fluid tail in Section 2.3. 

The dimensionless parameters can also provide insight into how flow 

composition can affect debris flow internal dynamics, runout length and 

volume (de Haas et al., 2015; Kaitna et al., 2016; Roelofs et al., 2022). Debris 

flow grain size can have considerable implications for the NSav and NBag due to 

its importance in governing collisional forces within the flow (Equations 2.1 

and 2.2). Flume experiments have been used to explore the relationship 

between grain size, dimensionless parameters and debris flow processes, such 

as erosion and deposition (de Haas et al., 2015; Iverson et al., 2010; Roelofs 

et al., 2022). Most recently, small-scale flume experiments showed that both 

NSav and NBag correlated with erosion, with impact forces in the flows 

increasing due to an increase in the median grain size (Roelofs et al., 2022). 

They found that gravel content (and NSav) positively correlated with erosion 

quantity. The NSav and NBag dimensionless parameters therefore highlight the 

importance of grain size in controlling debris flow runout length and erosion.  

2.3 Debris flow processes 

2.3.1 Debris flow initiation 

Debris flows can also be categorised by their triggering mechanisms 

(Takahashi, 2007). Debris flows can be triggered by rainfall, snow and ice 

melt (e.g. Pierson et al. 1990), landslides (e.g. Gabet and Mudd 2006; Huang 

and Li 2014), earthquakes (e.g. Chen and Petley 2005; Dahlquist and West 

2019; Fan et al. 2019a), volcanic eruptions (e.g. Major et al. 2007; Davies et 

al. 2010) and lake outburst floods (e.g. Breien et al. 2008; Sattar et al. 2022). 

All of these triggers can supply a large volume of water or sediment, which is 

required for a debris flow to initiate.  

Debris flows can initiate from landslides and landslide deposits (Brayshaw and 

Hassan, 2009; Gabet and Mudd, 2006; Iverson et al., 1997), in-channel 

deposits (Berti et al., 1999; Cannon et al., 2001b; Takahashi, 2007; Yang et 

al., 2021) or through the erosion of bedrock (Johnson and Rodine, 1984). For a 

debris flow to occur three requirements must be met, (1) the failure of a rigid 

mass of water-laden sediment; (2) enough water to saturate the mass, and (3) 

the conversion of gravitational potential energy to internal kinetic energy so 
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that the mass travels as a flow. A detailed account of the mobilisation of 

landslide deposits into debris flows can be found in Iverson et al. (1997). 

Iverson et al. (1997) stated that for a debris flow to occur, the rigid mass 

must first fail. They described this failure using the Coulomb failure law, 

which remains included in many subaerial debris flows models due to its 

simplicity (Iverson, 1997; Iverson et al., 1997; Iverson and Denlinger, 2001; 

Ouyang et al., 2015a; Pudasaini and Mergili, 2019). The Coulomb failure rule 

can be described as the criterion for slope failure along a discrete surface, 

with failure occurring when the stresses obey Equation 2.4,  

𝜏 = (𝜎 −  𝑝)𝑡𝑎𝑛∅ + 𝑐 Equation 2.4 

where τ is the mean shear stress acting on the surface, σ is the grain contact 

stress, p is the pore fluid pressure, ø is the angle of internal friction in the soil 

and c is cohesion, from root strength or clay. The law states that the strength 

of the resisting forces is governed by the bulk friction angle, the normal stress 

component and cohesion. In Iverson et al. (1997), they use the effective 

normal stress, where pore fluid pressures can reduce the normal stress acting 

on the mass. Generally, debris flows initiate once the mass is saturated. 

Saturation occurs due to infiltration from intense rainfall or snowmelt, which 

can lead to sudden changes in pore water pressures (Major et al., 2007; 

Pierson et al., 1990; Shugar et al., 2021). The GSD of the initiating and 

flowing mass can also control the rate at which excess pore pressures in the 

deposit dissipate (Pierson, 1981). For example, a higher proportion of fines in 

a wide GSD can trap fluid and elevate pore pressures (Major, 1997; Pierson, 

1981). In contrast, coarse grains with large pore spaces allow excess pore 

pressures to dissipate rapidly. The bulk friction angle of a failing deposit may 

also change because of compaction and the packing geometry of grains, 

however this effect is likely to be less important than the role of pore fluid 

pressures (Iverson, 1997). 

Pore fluid pressures can also change as the mass shears. This is referred to as 

Critical State Theory. Critical State Theory states that the grains in the 

shearing zone rearrange in order to approach a critical void ratio (Gabet and 

Mudd, 2006; Iverson et al., 1997). Loose soils will contract, and dense soils 

will dilate to overcome the resistance from interlocking grains and reach the 



19 
 

critical state. The contraction of loose soils in this process is particularly 

important for debris flow mobilisation, due to the fact when loose soils 

contract, pore water pressures can increase if the rate at which pore space is 

reduced exceeds the rate at which the induced fluid pressure dissipates 

(Iverson et al., 1997; Reid et al., 1997; Wang and Sassa, 2003). Gabet and 

Mudd (2006) demonstrated using case examples and a numerical model that 

dilating soils could also fail and trigger a debris flow through the following 

feedback relationship. Firstly, the Coulomb slope failure equation is obeyed 

and the slump slides partway downslope. The soils then dilate, which inhibits 

further movement and decreases soil pore pressure. The looser soil then 

absorbs water, either through rainfall or ponding on the surface, allowing the 

slump to resaturate. This increases pore fluid pressures and induces a second 

failure. The loose soils then contract during failure, which enables 

liquefaction and the occurrence of a debris flow (Gabet and Mudd, 2006; 

Iverson, 2005).  

The final process thought to initiate a debris flow from a landslide is via 

increases in granular temperature (Iverson et al., 1997), which is only briefly 

outlined here. Granular temperature describes the degree of agitation 

between solid grains (Iverson et al., 1997). High granular temperatures result 

in a reduced concentration of solids and more fluidity, in the form of a debris 

flow. In debris flows, the downslope movement of the mass supplies the bulk 

translational energy. The translational energy is then converted into grain 

fluctuational energy by the shearing of grains along the irregular surface in 

order to maintain the flow momentum (Iverson et al., 1997). 

2.3.2 Transport and deposition by debris flows 

The complex interactions between solid and fluid constituents in the flow 

allow debris flows to travel long distances. These interactions govern the 

development of distinct features in debris flows, such as the coarse snout and 

levees which entrain sediment and channelise the flow as well as the finer, 

fluid tail which pushes the coarse front forward (Figure 2.2; Johnson et al., 

2012; Major and Iverson, 1999; McArdell et al., 2007; Vallance and Scott, 

1997). Friction along the coarse front of the debris flow is thought to explain 

how many debris flows deposit sediment, with positive pore pressures absent 

in this section of the flow (Major, 1997; Major and Iverson, 1999; Schürch et 
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al., 2011). Debris flows can deposit sediment through the mass freezing of a 

deposit, the lateral shunting of deposited sediment and by incremental 

deposition (Iverson, 1997; Iverson et al., 2010; Major, 1997). In the 

paragraphs below I explore how grain size relates to patterns of deposition 

found in debris flows and how the deposition of grains can provide insight into 

transport mechanisms. 

 

Figure 2.2 

A cartoon showing the structure of a debris flow including the coarse snout and 

liquified, finer tail. This figure was adapted from Pierson (2006).   

The proportion of different grain sizes, such as clays, silt and gravel, have 

previously been shown to control the runout length of debris flows (de Haas et 

al., 2015; Kaitna et al., 2016; Pierson, 1981). For example, the content of silt 

and clay in the interstitial fluid of the flow can reduce the rate at which 

excess pore pressures dissipate (Blair, 1999; Cannon et al., 2001a; Pierson, 

1981). As such, debris flows with a wide GSD and high proportion of clay and 

silt, may have longer runout distances due to the slower rate at which excess 

pore pressures dissipate (Iverson et al., 2010). The proportion of clay in a 

debris flow can also result in very viscous flows, as shown in small-scale flume 

experiments in de Haas et al. (2015). In their experiments once the clay 

content reached 22% by volume the flow became extremely viscous and the 

runout length sharply decreased. Debris flows with a clay fraction of 38% were 

unable to reach the end of the flume channel. The gravel fraction was also an 

important control on debris flow runout in these experiments, with increasing 



21 
 

coarse grains also initially increasing runout length. The long runout with 

increasing gravel content was attributed to the fact that the debris flow 

produced levees which channelised the flow. Beyond a gravel fraction of 60%, 

they found a decrease in runout length. They attribute this to the higher 

frictional resistance exerted by the coarse grained snout and the fact that 

high pore pressures may not be sustained due to the higher diffusivity in a 

coarsely-grained mixture (de Haas et al., 2015; Kaitna et al., 2016). At low 

gravel contents, flow velocities were lower due to the fact few collisions were 

occurring within viscous flows. These small-scale experiments demonstrate 

how obtaining GSDs for debris flows in the field may help to predict debris 

flow runout length.     

The heterogenous deposition of different sized grains can provide insight into 

the different processes controlling debris flow mobility and deposition (Hungr 

et al., 1984; Johnson and Rodine, 1984; Kim and Lowe, 2004; Major and 

Pierson, 1992; Pierson, 1981; Takahashi, 1981; Vallance and Scott, 1997). 

Field analyses that consider grain size with depth have found evidence of 

inverse grading, where larger grains are found on the surface of deposits and 

grain size decreases with depth (Genevois et al., 2000; Sosio et al., 2007; 

Zhang et al., 2011). The processes segregating different grains within the 

flow, which can lead to inverse grading, levees and coarse fronts, are most 

commonly thought to be driven by kinetic sieving and squeeze expulsion. 

Kinetic sieving refers to the percolation of smaller grains through gaps 

between the larger grains (Golick and Daniels, 2009; Johnson et al., 2012; 

Naylor, 1980; Vallance and Savage, 2000). Squeeze expulsion describes how 

larger grains are propelled to the surface layers (Gray, 2018; Savage and Lun, 

1988; Vallance and Savage, 2000). An exact explanation for how segregation 

within debris flows occurs remains at the forefront of many modelling studies 

(Johnson et al. 2012; Hill and Tan 2014; Sanvitale and Bowman 2017; Gray 

2018). Interestingly, debris flow deposits in the field commonly have a 

massive texture, with little or no evidence of segregation (Phillips and Davies, 

1991; Vallance and Scott, 1997; Whipple, 1992). The absence of inverse 

grading may relate to progressive incremental deposition by multiple flows 

(Major, 1997). Incremental deposition from surges during the Osceola 

mudflow encouraged the development of normally graded deposits as the tail 
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of the flow was typically composed of finer sediments (Figure 2.3, Vallance 

and Scott 1997). The composition and strength of the interstitial fluid, for 

example higher clay contents and more cohesive fluid, can also hinder settling 

and segregation within the flow (de Haas et al., 2015; Vallance and Scott, 

1997). The spatial pattern of deposited grain sizes can therefore provide an 

indication of mechanisms driving transport and deposition in debris flows.   

 

Figure 2.3 

Simplified diagram for how debris flows may deposit grains by incremental 

deposition. This method of deposition can lead to normally graded deposits. Figure 

taken from Vallance and Scott (1997). 

Segregation by grain size in debris flows is one of the main explanations put 

forward to explain the coarse snout observed in experiment and natural debris 

flows (Iverson, 1997; Iverson et al., 2010; Major and Iverson, 1999; McArdell 

et al., 2007; Schürch et al., 2011). Coarser, surface grains are preferentially 

transported to the front of the flow due to the depth-dependent velocity 

gradient, with the lower shear rates at the surface resulting in higher flow 

velocities (Iverson, 1997; Johnson et al., 2012; Kaitna et al., 2014; Savage and 

Hutter, 1989). Coarse debris flow fronts have been associated with high 
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collisional and shear stresses within the flow (Berger et al., 2011a; McArdell 

et al., 2007). The high stresses at the front of the debris flow are one of many 

factors thought to control the ability of the flow to entrain more material 

(Berger et al., 2011a; McCoy et al., 2013; Schürch et al., 2011). Larger grain 

sizes can also increase erosion by the debris flow (as explored in Section 2.3.3 

and 2.5; Hsu et al. 2014; Roelofs et al. 2022). Seismic signals of debris flows 

complement these observations, with the strongest seismic signals, and 

subsequently basal force fluctuations, found to correspond with the 

concentration of and interactions between coarse particles (Allstadt et al., 

2020; Kean et al., 2015; Lai et al., 2018; Zhang et al., 2021a). The amplitude 

and frequency of these signals have also been used to predict the size of 

boulders transported by debris flows downstream (Lai et al., 2018; Zhang et 

al., 2021a). 

Topography can also affect debris flow momentum and therefore control 

runout length and deposition in debris flows (Benda and Cundy, 1990; Berti et 

al., 1999; Fannin and Wise, 2001). Slope and channel confinement were 

important controls on deposition in an empirical-statistical model for debris 

flows in British Columbia by Fannin and Wise (2001). In unconfined sections of 

the channel, increases in flow width and decreases in slope, decrease the 

momentum of the flow and encourage deposition. Though, as is the concern 

with many empirical models, these models require large datasets for a single 

region and are not necessarily applicable to other locations (Benda and 

Cundy, 1990; Fannin and Wise, 2001). The study also found that over a certain 

range of slopes, such as between 19° and 24° for an unconfined slope, the 

debris flow may deposit or may entrain material (Fannin and Wise, 2001). 

Therefore, other controls, such as debris flow rheology and composition, 

should also be considered. Channel-junction angle can also control the runout 

length of debris flows, as seen in British Columbia (Guthrie et al., 2010) and 

in the Oregon Coast Range (Benda and Cundy, 1990). However, a study by May 

and Gresswell (2004) found that the spatial pattern of deposition may vary 

temporally based on other parameters, such as water and sediment 

concentrations (Whipple, 1992) and the presence of woody debris. This 

suggests that controls on debris flow runout and deposition should not be 

considered only deterministically.  
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2.3.3 Entrainment by debris flows 

The volume of a debris flow can change during transit due to processes of 

bulking (when the debris flow entrains material to grow in size) and debulking 

(where the debris flow decreases in volume) (Iverson, 1997). Debulking can 

occur when a debris flow becomes progressively more diluted and therefore 

cannot transport the coarsest grains (Iverson, 1997; Makris et al., 2020). The 

process of debulking is poorly understood, however as this is not the focus of 

this research, I will focus on entrainment in this literature review. Debris flow 

entrainment occurs through the exchange of water and sediment along the 

base of the flow, where drag forces can remove sediment from the channel 

bed, and the banks of the channel, through processes such as undercutting 

(Hungr et al., 2005a; Iverson, 1997; Pierson et al., 1990). The process of 

bulking in debris flows is nonlinear, with some debris flows increasing in 

volume by up to 50 times their initial volume, while others barely change in 

size (de Haas et al., 2022; Hungr et al., 2005b; Santi et al., 2008). The 

process of bulking and why some debris flows reach such large volumes is 

poorly understood. The lack of knowledge about debris flow entrainment 

stems from the unpredictable nature of debris flows, the inaccessible field 

locations and the complexities associated with surveying the channel bed 

(Iverson and Ouyang, 2015; Kean et al., 2015). Much research on debris flow 

entrainment has therefore been conducted using flume experiments (de Haas 

and Woerkom, 2016; Iverson et al., 2011; Reid et al., 2011; Roelofs et al., 

2022), in well-monitored individual catchments (de Haas et al., 2020, 2022; 

Schürch et al., 2011) and using numerical modelling (Frank et al., 2015; 

Horton et al., 2019; Iverson and Ouyang, 2015).  

The process of debris flow entrainment is complex and current advances in 

the field have revolved around using experimental observations to improve 

our understanding of the physics behind the process (Breien et al., 2008; 

Iverson et al., 2011). Iverson et al. (2011) used large-scale flume experiments 

to assess how debris flows entrain bed material. From a momentum 

conservation perspective, when a debris flow entrains material from a static 

bed, it is expected that the flow would decrease in velocity and momentum 

due to the increased sediment content of the flow. However, Iverson et al. 

(2011) found that the ability of a debris flow to entrain sediment was largely 
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related to the how saturated the bed material was (Figure 2.4). For example, 

when the debris flow entrained material from a wet bed, positive pore 

pressures in the flow were enhanced, which reduced basal friction at the base 

of the flow and increased flow momentum (Figure 2.5). The positive pore 

pressures also facilitate further scour of the channel bed, causing the flow 

velocity, mass, and momentum to all increase. They termed this process, the 

positive momentum feedback effect (Iverson et al., 2011).  

 

Figure 2.4 

A photo taken of two large scale debris flow flume experiments taken from the 

videos by Logan et al. (2018). Both photos were taken at the same point in the 

experiment. A) shows a debris flow travelling over a dry erodible bed and B) shows a 

debris flow travelling over a wet erodible bed.  

Evidence in support of the positive momentum feedback effect has been 

found through field datasets (de Haas et al., 2022; McCoy et al., 2012), 

experiments (de Haas and Woerkom, 2016; Kaitna et al., 2016; Reid et al., 

2011), and numerical models (Horton et al., 2019). McCoy et al. (2012) used a 

sensor network to measure flow and bed properties for debris flows in the 

Chalk Cliffs catchment, US. They found that whilst the same thickness of 

sediment was entrained by each flow, that entrainment rates were quicker for 

debris flows travelling over saturated bed sediment. When travelling over wet 

sediment beds, the sensors detected high frequency pore pressure 

fluctuations. Their findings suggest that debris flows travelling over wet beds 

will be larger in volume than debris flows travelling over dry beds, as also 

shown by the positive momentum feedback effect (Iverson et al., 2011). A 
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recent modelling study of a catchment in Wenchuan, China, also found that 

once a threshold bed saturation had been reached, debris flow volume rapidly 

increased (Horton et al., 2019). 

 

Figure 2.5 

Relationship between channel bed saturation (ϴ) and debris flow runout length for 

large-scale flume experiments. The debris flows travelling over the beds with the 

highest saturation travelled further, more quickly. Figure taken from Iverson et al. 

(2011).  

Additional controls on the ability of a debris flow to erode material include 

topography, such as slope (Berti et al., 1999; Guthrie et al., 2010) and 

drainage area (Benda, 1990), impact forces within the flow (de Haas et al., 

2022; Hsu et al., 2008; Stock and Dietrich, 2006), sediment supply (Edwards et 

al., 2021; Horton et al., 2019) and debris flow volume (Breien et al., 2008). 

Though I note that debris flow erosion is not interchangeable with 

entrainment. Here, erosion refers to the process of mobilising sediment, 

whereas entrainment refers to the debris flow’s ability to transport the 

eroded sediment downstream, which typically involves an increase in volume. 

The role of coarse grains in eroding material from bedrock and in-channel 
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deposits is discussed in more detail in Section 2.5. The impact force and 

frequencies exerted by grain collisions on the bed and how they may facilitate 

grain bulking were demonstrated at Illgraben in de Haas et al. (2022). The 

importance of gravel content, as opposed to simply solid volume fraction, was 

demonstrated in small scale flume experiments in Roelofs et al. (2022), where 

increasing gravel content led to increased erosion along the erodible bed. The 

experiments also found that larger debris flows in terms of volumes also 

eroded more material from the bed (Roelofs et al., 2022). The same 

relationship was observed for a debris flow in western Norway. This debris 

flow increased in volume from 25 000 m3 to 240 000 m3, through a self-

sustaining mechanism, whereby, as the debris flow increased in volume, there 

was greater potential for erosion (Breien et al., 2008).  

The role of erodible channel bed material in controlling the length of debris 

flows has been shown in small-scale experiments of dry granular flows. For 

example, Edwards et al. (2021) found that, where sufficient sediment was 

available, granular flows could continue to entrain sediment at steady states 

to reach much larger volumes. They used different coloured particles to 

represent the flow and bed sediment. In most scenarios they demonstrated 

that the end of the flow was comprised predominantly of bed sediment. The 

exchange highlights the importance of further understanding how debris flow 

channel sediment can facilitate the development of extremely large 

hazardous flows.  

2.4 Modelling debris flows 

Debris flow mobility can be described using three modelling styles: continuum 

constituent models, discrete particle models, and empirical models 

(Takahashi, 2007). Continuum constituent models use mass and momentum 

conservation equations to describe the debris flow mixture (Iverson, 1997; 

Iverson and Denlinger, 2001; Pudasaini and Mergili, 2019; Takahashi, 2007). 

These models can provide insight into the macrobehaviour of motion for 

debris flows and be used to predict properties such as flow velocity, depth, 

and pore fluid pressure. To describe the flow using a continuum model, 

assumptions must be made about the rheology of the fluid and solid 

components. Discrete particle models alternatively are more mathematically 

complex and therefore have high processing times but can account for 
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discrete characteristics of grain motion (Takahashi, 2007). Recently discrete 

particle models have been used to better understand controls on the 

movement of different sized grains within a flow during segregation  (Gray 

and Ancey, 2015; Hill and Tan, 2014). Debris flow behaviour, such as velocity 

and runout length, can also be determined empirically using parameters such 

as debris flow volume and slope (Fannin and Wise, 2001; Frank et al., 2015; 

Rickenmann, 1999). In the following sections, I will expand on the use of 

continuum constituent models to model debris flow behaviour. Continuum 

constituent models consider the importance of debris flow rheology through a 

less computationally complex approach in comparison to discrete particle 

models. In Chapter 6, I will use a debris flow runout model, Massflow, which is 

based on the mass and momentum conservation equations.  

The mass and momentum conservation equations are the foundation for many 

models of debris flow mobility (Iverson, 1997; Iverson and Denlinger, 2001; 

Pudasaini et al., 2005; Pudasaini and Hutter, 2003). The models describe 

debris flows as single or two-phase mixtures. Single phase mixtures only 

consider the mass and momentum equation for the fluid phase of the mixture 

and dominate early models of debris flow behaviour (Coussot et al., 1998; 

Iverson, 1997; Takahashi, 2007). In single phase models, debris flows are 

described using rheological formulas, with the mixture of solid and fluid grains 

often described to behave as a non-Newtonian fluid (Takahashi, 2007). These 

simple mechanical models suggest that the mobilisation of a mixture is 

dependent on its yield strength, which can be described as a constant or as a 

function of the solid concentration of the flow (Von Boetticher et al., 2016). 

For example Johnson (1970; 1984) described debris flows using a Bingham 

model or viscoplastic rheology, meaning that the mixture remained rigid until 

the yield strength of the mixture was exceeded, at which point the mixture 

would then flow like a viscous fluid. In addition to the Bingham model, debris 

flows have been described using the Herschel-Bulkley model (Coussot et al., 

1998; Schippa, 2020) and a dilatant plastic rheology (Phillips and Davies, 

1991). These rheological models were validated using small-scale experiments 

with an abundance of fine grains (Coussot et al., 1998; Johnson, 1970; O’Brien 

and Julien, 1985, 1988; Phillips and Davies, 1991). In fact, it was observed 

that by increasing the fine content of the material, the yield strength of the 
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mixture increased (Major and Pierson, 1992; Parsons et al., 2001). 

Alternatively Takahashi (1981) focused on grain collisions as the main 

component of debris flow mobility using Bagnold’s dilatant fluid model, which 

accounts for dispersive pressures generated through grain collisions (Chen, 

1988; Takahashi, 1981). However, large-scale flume experiments by Iverson 

(1997) and Major and Iverson (1999) demonstrated that interactions between 

both grain collisions and pore fluid pressures determined debris flow mobility. 

These interactions cannot be captured using a single-phase rheological model. 

Two-phase, or even multi-phase, models can account for the changes in solid 

and fluid properties within the flow independently (Iverson, 1997; Pudasaini 

and Mergili, 2019). These are referred to as mixture theory models (Iverson, 

2003). The fluid (water + suspended sediment) and solid phases are 

represented by separate mass and momentum conservation equations, which 

are coupled. Iverson and Denlinger (2001) used these equations to develop a 

depth-averaged, two-dimensional grain-fluid mixture model (Iverson, 1997; 

Iverson et al., 1997; Savage and Hutter, 1989). The solid granular phase in the 

model was governed by Coulomb friction law and the fluid phase behaved as a 

Newtonian viscous fluid (Iverson, 2003). The coupling between the two phases 

obeyed Terzaghi’s effective-stress principal and Darcy’s law for drag. The 

model required a pore fluid pressure component for the fluid phase of the 

model, without which the mixture was simply a Coulomb solid (Iverson, 2003; 

Iverson and Denlinger, 2001). The main benefits of a mixture theory-based 

model are the fact that they can model behaviour from initiation to 

deposition and also account for variation in the fluid (pore fluid pressures) 

and solid (granular temperature) constituents. Most recently, Pudasaini and 

Mergili (2019) developed a three-phase model, which has a fluid phase (water 

+ clay and silt), a fine-solid phase (sand particles) and a solid phase (gravels, 

cobbles and boulders). The three phases are modelled as a viscoplastic fluid, 

a Coulomb viscoplastic material (or Herschel-Bulkley or Bingham plastic) and a 

Coulomb material, respectively. The fact that progress within the field of 

debris flow mobility models has focused on understanding the roles of the 

individual constituents in the flow, highlights the importance of these 

constituents in understanding debris flow dynamics.  
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2.5 Debris flows as geomorphic agents 

Debris flows, and the size of debris flows, are an important control on 

landscape evolution in steep hillslopes due to their ability to erode, transport 

and deposit large volumes of sediment (Benda and Dunne, 1997b; Stock and 

Dietrich, 2003, 2006). In steep, low order catchments, debris flows are one of 

the main processes eroding sediment from hollows and channels as well as 

incising into bedrock. Incision by debris flows can lead to distinct topographic 

features in comparison to fluvial incision, which can be identified from 

channel slope drainage area plots (Stock and Dietrich, 2003). An early incision 

law developed by Stock and Dietrich (2006) demonstrated that inertial normal 

stresses at the base of the channel may govern the rate of channel incision 

using catchments in the western US. Inertial stresses at the base were related 

to the impact frequency and impact forces exerted by grains. Stock and 

Dietrich (2006) crudely used the D50 value from the debris flow GSDs for 

gravels and coarser sediments when determining inertial normal stresses in an 

early example of how grain size influences debris flow erosion. They 

emphasised the need to better constrain the model inputs using detailed 

accounts of debris flow properties. Since then, the relationship between grain 

size and impact force and bedrock incision has also been found in 

experimental (Hsu et al., 2008, 2014) and field studies (Kean et al., 2015; 

McArdell et al., 2007; Zhang et al., 2021a). Additional controls such as how 

much sediment is in the channel, which can buffer interactions between 

grains and bedrock (Kean et al., 2015), as well as the water content and flow 

mechanisms (Hsu et al., 2008) should also be considered alongside grain 

impacts. The complexities and challenges associated with understanding what 

controls debris flow erosion and deposition on a spatial and temporal scale 

has made it hard to consider the wider impact of debris flow incision on 

landscape evolution (McGuire et al., 2022; Perron, 2017; Tucker and Hancock, 

2010). Recently, Mcguire et al. (2022) developed a landscape evolution model 

which considered the role of debris flows. They compared debris flow incision 

laws with field observations to determine that debris flow incision scaled with 

slope and flow depth. Both parameters have been found to scale with impact 

frequency and force (McCoy, 2012; McGuire et al., 2022). The incision law 

however does not account for entrainment and a change in volume along the 
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flow, which can also affect the ability of debris flows to entrain sediment 

(Section 2.3.3; Iverson et al. 2011; Mcguire et al. 2022) and the changes in 

debris flow initiation location which may affect debris flow magnitude and 

frequency (Horton et al., 2019; McGuire et al., 2022; Stock and Dietrich, 

2006). Therefore, improvements are needed in our ability to relate debris 

flow magnitude and frequency with entrainment mechanisms to truly 

understand how debris flows can impact landscapes.           

Episodic, high magnitude debris flow events can have lasting impacts on 

sediment yields and the onward fate of material (Anderson et al., 2015; 

Benda and Dunne, 1997a, 1997b; Eaton et al., 2003; Kober et al., 2012; 

Pearce and Watson, 1986). For example, debris flows triggered by a 1 in ~300 

years storm in the Front Range of Colorado, USA, mobilised the equivalent of 

hundreds to thousands of years of weathering products (Anderson et al., 

2015). Long-term sediment yields that do not account for these high 

magnitude, low frequency events may therefore underestimate potential 

sediment yields in catchments (Kirchner et al., 2001). These episodic influxes 

of sediment by catastrophic debris flows can also influence sediment 

dynamics, leading to secondary hazards such as landslide dams (Casagli et al., 

2003; Cui et al., 2009) and altering ecosystems (Foster et al., 2020). The 

coarse sediment delivered to higher order channels by debris flows can also 

control the rate of fluvial sediment export, as has been demonstrated for 

landslide deposits (Attal et al., 2015; Attal and Lavé, 2006; Dingle et al., 

2017; Roda-Boluda et al., 2018; Sklar et al., 2017). Episodic pulses of coarse 

grains by mass movement deposits can affect rates of fluvial bedrock incision 

(Cowie et al., 2008; Sklar and Dietrich, 2004) and offset the fining in grain 

size observed due to other fluvial processes such as abrasion (Attal and Lavé, 

2006; Sklar et al., 2006). The size of the grains delivered to channels and 

what controls this is still not well understood for debris flows, and other 

landslide deposits due to the fact that there are few detailed accounts of 

mass movement deposit GSDs (Attal et al., 2015; Attal and Lavé, 2006; Casagli 

et al., 2003). Despite the abundance of sediment delivered to channels 

following an earthquake (See Section 2.6), little research has attempted to 

directly link the GSDs of landslide and debris flow deposits to their onward 
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fate in a seismic setting (Howarth et al., 2012; Xie et al., 2022; Zhang et al., 

2019).  

Debris flow magnitude-frequency relationships can provide insight into how 

debris flows have shaped landscapes as well as be used to predict future 

hazards (Bennett et al., 2014; Innes, 1985; Riley et al., 2013; Stoffel, 2010). 

Previous magnitude-frequency distributions for debris flows have been 

described by non-normal distributions with a heavy tail, such as double Pareto 

and powerlaw distributions (Bennett et al., 2014; de Haas et al., 2018; Riley 

et al., 2013). Heavy-tailed distributions have been used to describe landslide 

magnitudes for decades to account for the high proportion of small and 

intermediate mass movements relative to the infrequent, catastrophic mass 

movements (Guzzetti et al., 2002; Hovius et al., 1997; Malamud et al., 2004). 

Though, many magnitude-frequency distributions for debris flows are limited 

by the time frame of observations and therefore do not include extremely 

large events (Marchi and D’Agostino, 2004). For a study covering 150 years in 

the Swiss Alps, only three events >50 000 m3 occurred (Stoffel, 2010). The 

inventory was therefore dominated by smaller flows, which are thought to be 

less erosive (Bardou and Jaboyedoff, 2008; Stoffel, 2010). For larger datasets, 

we can compare magnitude-frequency distributions to develop further insight 

into the process governing the size of flows. For example, a global study of 

~900 fire and non-fire debris flows, found that post-fire debris flows had a 

steeper distribution, suggesting that wildfires led to more frequent small 

debris flows (Riley et al., 2013). It is currently challenging to determine 

whether the factors governing the magnitude and frequency of catastrophic 

debris flows are consistent with those for smaller flows due to the lack of 

data available. The large increase in landslide and debris flow frequency 

following an earthquake presents rare opportunities to develop high resolution 

modern-day magnitude-frequency distributions, and thus explore controls on 

the size and frequency of mass movements (Fan et al., 2018a; Jones et al., 

2021; Marc et al., 2016b; Valagussa et al., 2019). 

2.6 Debris flows and the post-earthquake sediment cascade 

Earthquakes can trigger widespread landsliding (Densmore and Hovius, 2000; 

Hovius et al., 2000; Keefer, 1984). Co-seismic landslides that occur during an 

earthquake are primarily triggered when the sudden release of energy in the 
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form of elastic strain waves leads to ground shaking and short-term episodic 

changes in the hillslope normal and shear stresses (Meunier et al., 2008). The 

widespread shaking associated with earthquakes also fractures rocks and 

reduces cohesion within soils and rocks (Hovius and Meunier, 2012; Meunier et 

al., 2008). This decreases substrate strength and can also trigger a landslide. 

Keefer (1984) was one of the first to demonstrate the relationship between 

landslide occurrence and earthquake magnitude, finding that landslides 

commonly occur in response to any earthquake Mw >4.0. More recent studies 

(e.g. Havenith et al., 2016; Hovius and Meunier, 2012; Meunier et al., 2008, 

2007) have sought to demonstrate the importance of other factors in 

controlling the occurrence of landslides, in addition to earthquake magnitude, 

such as peak ground acceleration, earthquake depth and earthquake focal 

mechanisms. Climate, topography and lithology are also thought to play an 

important role in determining the spatial distribution of co-seismic landslides 

(Havenith et al., 2016; Meunier et al., 2008). 

Co-seismic landslides are renowned for mobilising large volumes of sediment 

on hillslopes in minutes (Dadson et al., 2004; Densmore and Hovius, 2000; 

Hovius et al., 2000, 2011; Keefer, 1984). The abundance of sediment 

generated by landslides following an earthquake can lead to secondary 

hazards from unstable deposits, such as debris flows (Dadson et al., 2004; 

Francis et al., 2022; Zhang et al., 2014b), and the deposition of sediment in 

channels, such as lake outburst floods and landslide dams (Cui et al., 2009; 

Fan et al., 2012) as well as limit rates of surface uplift generated during the 

earthquake (Li et al., 2014; Marc et al., 2016a; Parker et al., 2011). Yet, the 

amount of sediment mobilised, and the onward fate of this material is poorly 

constrained. Poor constraints stem from the lack of understanding of the 

processes which remobilised co-seismic sediment and the rates at which the 

sediment is remobilised (Figure 2.6; Fan et al. 2019a; Francis et al. 2022). 

Fine sediment in fluvial channels has been shown to return to pre-earthquake 

levels in a matter of years to decades (Hovius et al., 2011; Huang and 

Montgomery, 2012; Wang et al., 2015). However, coarser fractions of co-

seismic sediment are expected to take between hundreds to thousands of 

years to fully export (Francis et al., 2020; Pearce and Watson, 1986; Yanites 

et al., 2010). Thus, to determine how, and the rate at which, sediment is 
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evacuated from a catchment following an earthquake, we need to understand 

the processes transporting coarse sediment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 

The hazards associated with the post-earthquake sediment cascade through time. 

Figure taken from Fan et al. (2019a). 

Hillslope-channel connectivity provides insight into which processes deliver 

sediment to channels as part of the post-earthquake sediment cascade and 

how much co-seismic sediment enters the fluvial network (Fan et al., 2019a). 

Most studies of recent earthquakes found between 5% and 20% of co-seismic 

landslides were connected to fluvial channels (Dadson et al., 2004; Fan et al., 

2019a; Li et al., 2016; Roback et al., 2018; Xie et al., 2022). However, several 

challenges limit the accuracy of these estimates, such as changes to the 

location of channel-heads and the course of rivers by co-seismic landslides as 
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well as resolution errors (~10 % in Li et al. 2016). In addition, landslide-

channel connectivity does not reveal how much, and the rate at which, 

sediment is deposited into channels (Fan et al., 2019a; Roback et al., 2018). 

Therefore, the metric can only estimate the maximum amount of sediment 

which may have been delivered to channels. Estimates of hillslope-channel 

connectivity are also sensitive to the metric used to describe landslide size. 

For example, larger landslides were more likely to connect to fluvial channels 

in Wenchuan and therefore the volume of co-seismic landslides connected to 

channels was larger than when considering the number of landslides (Li et al., 

2016). There were no clear relationships between mapped hillslope-channel 

connectivity and post-earthquake sediment fluxes for co-seismic landslide 

number, area and volume (Li et al., 2016). The bimodal GSD of landslide 

deposits may explain the lack of relationship between connectivity and 

suspended sediment flux. Fine grains within the deposits can be transported 

downstream fluvially by overland flow and therefore do not rely on landslides 

or debris flows to be transported. The winnowing of fine grains downstream 

may explain the poor correlation between the fine sediment flux and 

hillslope-channel connectivity in Wenchuan (Li et al., 2016; Wang et al., 

2015). Fluidised, high velocity flows, such as debris flows, may be more 

crucial for transporting the coarsest sediment downstream and into channels. 

How much sediment is delivered to channels and the size of the grains 

transported are important in governing the rate at which sediment will be 

exported (Attal and Lavé, 2006; Roda-Boluda et al., 2018). However, accurate 

constraints on the proportion of coarse sediment in deposits remain a 

challenge (Section 2.7).  

Post-earthquake debris flows are the main process transporting the coarse 

sediment remaining on hillslopes into fluvial channels (Dadson et al., 2004; 

Dahlquist and West, 2019; Domènech et al., 2019; Francis et al., 2022). The 

frequency of debris flows rapidly increases following an earthquake due to the 

masses of poorly sorted material deposited on hillslopes (Lin et al., 2004; 

Zhang and Zhang, 2017a). For example, in Wenchuan the number of debris 

flows increased by at least three-fold when comparing the number of debris 

flows between 2003 and 2007 (758) with the number following the earthquake 

in 2008 until 2012 (2333) (Huang and Fan, 2013; Tang et al., 2011b). An 
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elevated number of debris flows at unprecedented scales are still occurring 

over a decade after the earthquake (Yang et al., 2021). Post-earthquake 

debris flows initiate due to different mechanisms, including from co-seismic 

landslide deposits which saturate and liquefy (Dahlquist and West, 2019; 

Iverson et al., 1997; Lin et al., 2004; Takahashi, 1981) as well as by Hortonian 

overland flow, which can remobilise channel deposits (Dahlquist and West, 

2019; Yang et al., 2021; Zhang et al., 2013). The significance of post-

earthquake debris flows in sediment transfers following the 2008 Wenchuan 

earthquake is shown in Francis et al. (2022). By 2018, the sediment budget 

shows that of the co-seismic sediment which had been mobilised (only 13%), 

67% of the sediment was mobilised by debris flows. Of the sediment mobilised 

by debris flows, a large proportion of this sediment was transported by 

catchment-clearing debris flows. These debris flows are extremely large and 

transit catchments to deposit masses of sediment in higher order channels, 

such as the Min Jiang River (Figure 2.7). Therefore, they fit with my definition 

of catastrophic debris flows. In the ten years following the Wenchuan 

earthquake, catastrophic debris flows accounted for 61% of the sediment 

deposited in the Min Jiang river (Francis et al., 2022). To my knowledge, the 

conditions and processes which led to the development of catastrophic debris 

flows in Wenchuan have not been assessed. Despite the dominance of post-

earthquake debris flows in the post-earthquake sediment cascade, controls on 

the frequency and magnitude of the debris flows remain poorly understood. I 

provide an overview of potential controls on debris flow frequency and 

magnitude in Wenchuan in Chapter 3. 

The frequency of post-earthquake debris flows has been found to change 

temporally across recent earthquakes in Chi-Chi, Wenchuan and Gorkha 

(Dahlquist and West, 2019; Lin et al., 2004; Tang et al., 2011b; Zhang and 

Zhang, 2017a). The immediate increase in post-earthquake debris flow 

frequency is reflected in the lower intensity-duration thresholds used to 

describe the initiation conditions for debris flows (Caine, 1980; Cannon and 

Ellen, 1985; Dai et al., 1999; Marchi et al., 2002). Thresholds were found to 

decrease rapidly following an earthquake as a result of the abundance of 

loose regolith, which fails more easily (Lin et al., 2008; Zhang and Zhang, 

2017b). Following the Chi-Chi earthquake, the rainfall required to initiate a 
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debris flow decreased to as low as one third of pre-earthquake levels (Lin et 

al., 2004). Similarly, in Wenchuan triggering thresholds were ~75% of pre-

earthquake levels (Tang et al., 2009). In the years that follow an earthquake, 

debris flow initiation thresholds have been found to recover and the 

frequency of debris flows decrease (Figure 2.8) (Guo et al., 2016a; Marino et 

al., 2022; Zhang and Zhang, 2017a). The intensity of monsoons in Wenchuan 

has not changed in the years since the earthquake, suggesting that the change 

in debris flow frequency observed may relate to changes in the properties of 

hillslope sediment (Francis et al., 2022). 

 

Figure 2.7 

A sediment budget for the 2008 Wenchuan earthquake between 2008 and 2018. The 

arrows are scaled based on the amount of sediment transported. Stores of sediment 

are represented by coloured boxes. Figure taken from Francis et al. (2022). 
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Figure 2.8 

The amount of rainfall required to initiate a debris flow plotted against years 

following an earthquake. The rainfall required to trigger a debris flow increases 

with time in the years after an earthquake. Data plotted is from the 1999 Chi-Chi 

and 2008 Wenchuan earthquakes. Figure taken from Fan et al. (2019a). 

2.7 Measuring debris flow GSDs 

Debris flows transport grains over eight orders of magnitude in size, from 

clays to boulders (>10 m) (Iverson, 1997). As such, studies of debris flow GSDs 

often only analyse a fraction of the true GSD (Figure 2.9; de Scally and Owens 

2005; Kean et al. 2011; Chen et al. 2014). To obtain GSDs which fit across the 

full range of sizes, a variety of different methods are required, such as sieving 

(e.g. Major and Voight 1986; Nishiguchi et al. 2012; Zhang et al. 2015), 

Wolman pebble counts (e.g. Whipple and Dunne 1992; Kim and Lowe 2004; de 

Scally and Owens 2005) and photo-based analyses (e.g. Ibbeken et al. 1998; 

Tecca et al. 2003). The array of methods used to measure debris flow GSDs 

and the various protocols used, for example sometimes the sieved fraction is 

<10 mm or <75 mm (Nishiguchi et al., 2012; Tiranti et al., 2008; Whipple and 

Dunne, 1992), make it challenging to produce comparable GSDs. The weight 

of material sieved also varies across studies, with most sieving <30 kg 

(Boniello et al., 2010; Major and Voight, 1986; Sosio et al., 2007; Whipple and 

Dunne, 1992). These small samples sizes are likely to be far below the weight 

limit set out in Church et al. (1987) where the largest grain must not exceed 

5% of the total weight. In some studies, the methods used to estimate deposit 

GSDs are not provided at all (Yong et al., 2013). Where studies have used 
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different approaches, the GSDs may not be comparable (Bunte and Abt, 

2001b). To overcome challenges associated with only measuring part of the 

distribution, studies may provide an estimate of the proportion of the 

distribution missing (Roda-Boluda et al., 2018). Though, this is rare and 

therefore where studies do not acknowledge how much of the distribution is 

missing, the conclusions made may provide inaccurate insight into the 

mechanisms controlling debris. Subsequently clear, detailed methods are 

crucial to produce comparable debris flow GSDs. 

 

Figure 2.9 

Grain-size distributions collected for two debris flow deposits which were triggered 

following the 2008 Wenchuan earthquake. The deposits appear to coarsen through 

time. The GSD suggests a maximum grain size of ~200 mm. Figure taken from Chen 

et al. (2014). 

The complexities associated with measuring debris flow GSDs are exacerbated 

by the infrequent, unpredictable nature of debris flows as well as the 

processes which can alter GSDs during transit. The unpredictable and 
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inaccessible nature of debris flows mean that studies of GSDs temporally in 

debris flows are limited to flume experiments (de Haas et al., 2015; Iverson et 

al., 2010; Kaitna et al., 2016) and numerical models (Johnson et al., 2012; 

Kokelaar et al., 2014; Sanvitale and Bowman, 2017). In some rare instances, 

studies have obtained grab samples from flowing debris flows (Pierson, 1981). 

However, these samples can obscure the behaviour of the flow and are 

unlikely to include the largest grains (Iverson, 1997). Therefore, most field 

GSDs are sampled from debris flow deposits (e.g. Whipple and Dunne 1992; 

Vallance and Scott 1997; Kim and Lowe 2004). However, debris flow deposit 

GSDs also introduce challenges. For example, as outlined above, debris flows 

are heterogenous in planform-view and with depth due to processes that 

segregate by grain size (Johnson et al., 2012; Tiranti et al., 2008). As such, 

different methods may be required to sample both the surface and subsurface 

of deposits. Most approaches which sample debris flow deposit GSDs with 

depth rely on vertical exposures (Major and Voight, 1986; Whipple and Dunne, 

1992; Zhang et al., 2015) or pits dug into the deposit (Chen et al., 2001; 

Hubert and Filipov, 1989). Both of which can only be sampled over a small 

proportion of the entire deposit. The presence of a coarse snout and coarse 

levees in some debris flow deposits can also present challenges with respect 

to finding a method that can accurately constrain all grain sizes but also be 

readily applied to the entire deposit. For example, sieving is required to 

obtain the fraction of clay, silt and sand, but is extremely time consuming and 

therefore must be complemented with other techniques to cover wide areas 

(Attal and Lavé, 2006; Dunning, 2006; Zhang et al., 2015). Despite the 

challenges faced when measuring mass movement deposit GSDs, to my best 

knowledge, no studies have explicitly compared traditional methods to 

measure GSDs in the context of mass movement deposits.  

2.8 Conclusions and research gaps to be addressed 

Catastrophic debris flows shape landscapes, deliver large volumes of sediment 

to channels, and pose major hazards to local communities. To fully 

understand the role debris flows play in each of these scenarios, it is crucial 

to determine what controls mechanisms of initiation, transport and 

deposition. In this literature review, I demonstrated the importance of debris 

flow grain size in accelerating erosion, through impact forces in the coarse 
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snout (Hsu et al., 2008; Stock and Dietrich, 2006), and facilitating deposition 

via the dissipation of excess pore pressures (de Haas et al., 2015; Iverson et 

al., 2010; Major and Iverson, 1999). Not only does debris flow grain size 

control debris flow dynamics, but the deposit GSDs can also influence the 

fluvial export of material (Attal and Lavé, 2006; Benda and Dunne, 1997b; 

Pearce and Watson, 1986). Catastrophic debris flows are the main conduit by 

which coarse sediment is transported following earthquakes (Dai et al., 2021; 

Francis et al., 2022). However, the amount of sediment they transport and 

controls on their magnitude and frequency are not well constrained (Fan et 

al., 2019a). Despite clear interest in how debris flows perturb systems, and 

the role of catastrophic debris flows in sediment cascades, our understanding 

of these debris flows in the post-earthquake sediment cascade is limited.  

The 2008 Wenchuan earthquake offers a unique opportunity to explore how 

debris flows contribute to post-earthquake sediment cascades. In particular, 

the abundance of debris flows triggered following the earthquake (>2000) 

provide strong foundations from which I will (1) better constrain the GSD of 

debris flow deposits; (2) use these GSDs to identify mechanisms controlling 

the runout length of debris flows; (3) infer controls on the magnitude-

frequency distribution of debris flows in Wenchuan, and (4) determine what 

controls the development of catastrophic debris flows in Wenchuan. By 

analysing this large dataset of post-earthquake debris flows in a single 

geological location, we can improve current understanding of debris flow 

mechanisms, such as controls on size and entrainment, which are currently 

poorly understood, particularly in a field context. To achieve the aims listed 

above, I will first compare previous methods used to measure debris flow 

GSDs and infer how using different methods to measure grain size will affect 

my geomorphic interpretation of GSDs.   
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Chapter 3 
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Co-seismic landslides triggered by the 2008 Wenchuan earthquake mobilised 

almost 3 km3 of sediment (Li et al., 2014). The abundance of sediment 

deposited on steep hillslopes in combination with annual monsoons has 

resulted in a high frequency of post-earthquake debris flows (Tang et al., 

2011a). Detailed inventories of these post-earthquake debris flows, including 

several catastrophic events, mean that the 2008 Wenchuan earthquake is an 

excellent setting to explore controls on the runout of catastrophic debris 

flows. In this section I provide a brief background of the 2008 Wenchuan 

earthquake and introduce the two post-earthquake debris flows analysed in 

this thesis.  

3.1 The Longmen Shan Mountain Range 

The Longmen Shan is a mountain range dividing the western edge of the 

Sichuan Basin and the eastern rim of the Tibetan Plateau (Liu-Zeng et al., 

2009). The mountain range is renowned for its steep relief and deeply incised 

valleys, with increases in elevation in excess of 5000 m over 50 km in length 

(Figure 3.1, Densmore et al. 2007). Uplift rates for the mountain range can 

reach 6 mm yr-1 (Kirby et al., 2003). The geology of the region is complex due 

to its multiphase tectonic history and extensive faulting (Godard et al., 2009). 

The catchments in this study, as shown in Figure 3.2, are underlain by 

predominantly Mesoproterozoic granite and granodiorite basement rock, 

typically known as the Pengguan Massif. The Pengguan Massif denotes the 

highest part of the Longmen Shan mountain range (Chen and Wilson, 1996; 

Cook et al., 2013; Godard et al., 2010). Sedimentary rocks from the 

Palaeozoic (greywacke and shale) and Triassic (mudstone, sandstone and 

conglomerates) surround the Pengguan Massif (Godard et al., 2009, 2010; Ma, 

2002).   

Climate in the Longmen Shan is controlled by the East Asian and Indian 

monsoons, which are characterised by warm, wet summers (Liu-Zeng et al., 

2011; Wang et al., 2015). The Longmen Shan has an average annual 

precipitation of ~1200 mm, with 70% to 80% of all rainfall occurring between 

May and September (Liu-Zeng et al., 2011). The high precipitation rates in 

summer months, comprised of predominantly rainfall, correspond to high 

suspended sediment concentrations between June and August. In fact, 97% of 

all suspended sediment is transported by monsoonal rainfall between May and 



44 
 

October (Wang et al., 2015). This figure is true for both pre- and post-

earthquake scenarios. The high precipitation intensity during summer has 

considerable effects on the post-earthquake sediment cascade, with 

catastrophic debris flows typically triggered by heavy rainfall events in July 

and August (Ge et al., 2015; Tang et al., 2012a; Yang et al., 2021). Warm, 

wet summers in the Longmen Shan also encourage high rates of biodiversity in 

the region (Di et al., 2010). As such, inactive co-seismic landslide deposits are 

predicted to revegetate in as little as 18 years after the 2008 Wenchuan 

earthquake (Yunus et al., 2020).   

 

Figure 3.1 

Topography of the Longmen Shan mountain range and the Tibetan Plateau taken 

from Kirby et al. (2003). Major faults are shown by red lines. The letters in white 

represent main cities (B, Beichuan; C, Chengdu; L, Lushan; M, Maowen; P, Pingwu; 

T, Tianquan; W, Wenchuan; Y, Yingxiuwan; Z, Zicheng). The shaded grey box shows 

the extent for Figure 3.2. 
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Figure 3.2 

The geology of the Longmen Shan mountain range with stars representing locations 

referred to in this thesis. The Liusha and Luoquan debris flows were sampled to 

achieve the aims set out in Chapters 4 and 5. The 2010 Hongchun debris flow was 

used by Horton et al. (2019) to calibrate the model also used in Chapter 6. The 

faultlines that ruptured in the 2008 Wenchuan earthquake and are visible at this 

scale are shown in red. The faultlines are taken from Densmore et al. (2007). The 

geology base layer is based upon Ma (2002). The locations shown in Figure 3.2 is 

shown by the grey box in Figure 3.1. 
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3.2 The 2008 Wenchuan earthquake 

On 12th May 2008, a Mw 7.9 earthquake occurred along the Longmen Shan 

thrust zone, rupturing both the Beichuan and Pengguan faults (Xu et al., 

2009). The main component of rupture was through dextral thrust and oblique 

slip faults (Densmore et al., 2007). The earthquake occurred at a depth of 12 

km and caused over 8 m of surface displacements in places (Densmore et al., 

2010; Liu-Zeng et al., 2009). The earthquake resulted in almost 70 000 

fatalities, with a further 375 000 people injured, 6.5 million homes damaged 

and 5 million people left homeless (Tang et al., 2010).  

The earthquake triggered over 60 000 co-seismic landslides and was therefore 

considered one of the most erosive earthquakes in the last 100 years and 

displaced almost 3 km3 of sediment (Fan et al., 2018b; Li et al., 2014; Marc et 

al., 2016b). The frequency of co-seismic landslides was higher in comparison 

to other events which occurred at a similar magnitude (e.g. 2015 Gorkha 

earthquake, ~4300 co-seismic landslides, Mw ~7.8) due to the type of fault 

rupture and its orientation (Fan et al., 2019a; Kargel et al., 2016). The co-

seismic landslides triggered in Wenchuan had significant hazard implications, 

accounting for ~20 000 fatalities alone, almost one third of the total fatalities 

associated with the earthquake (Tang et al., 2010). Landslides also destroyed 

homes and blocked highways and bridges, isolating the city of Wenchuan and 

many other towns and villages (Tang et al., 2010). Thirty four large barrier 

lakes were also formed from landslide dams in the area, which led to 

secondary hazards such as flash flooding and debris flows (Tang et al., 2010).  

In the years following the 2008 earthquake, the Wenchuan region has been 

inundated by post-earthquake hazards including landslides, debris flows and 

landslide dams (Figure 3.3; Tang et al. 2012; Fan et al. 2018; Yang et al. 

2021). The high frequency of slope failures can be attributed to the large 

volumes of available sediment remaining on steep hillslopes and frequent 

monsoons in the region (Francis et al., 2020, 2022; Wang et al., 2015). An 

abundance of sediment also reached the fluvial channels in the region, with 

channels deposits several meters deep. These channels deposits have resulted 

in significant landslide dam and outburst flood risk (Fan et al., 2012). This 

post-seismic chain of geohazards has continued to shape the landscape in 

Wenchuan, with sediment gradually being delivered to channels through large 
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landslides, debris flows and fluvial erosion (Francis et al., 2022; Wang et al., 

2015; Zhang et al., 2019, 2016).  

 

Figure 3.3 

Photos of the post-earthquake hazards generated following the 2008 Wenchuan 

earthquake. E) is a catchment-clearing debris flow in the Wenjia catchment, which I 

refer to as a catastrophic debris flow in this thesis. Figure has been taken from 

Francis et al. (2022). 

Through time debris flow frequency in Wenchuan has decreased as intensity-

duration thresholds for debris flows return to normal (Figure 2.8). The change 

in debris flow frequency has been attributed to decreases in sediment supply 

(Zhang et al., 2013), increased vegetation cover (Yunus et al., 2020) and a 

change in the GSD of debris flow deposits (Chen et al., 2014; Domènech et 

al., 2019). Decreased debris flow frequency is unlikely to relate to the 

exhaustion of sediment on hillslopes as a large proportion of coarse sediment 

remains on hillslopes. Therefore, processes responsible for stabilising hillslope 

deposits are more likely (Fan et al., 2019a). In Wenchuan, debris flow deposit 

GSDs have been found to coarsen through time, with a particular decrease in 

the proportion of clay, silt and fine sand found in deposits (Figure 2.9; Chen 

et al. 2014; Yang et al. 2021). The coarsening of landslide deposits is thought 

to occur due to the winnowing of fine grains as they are easier to transport 

through overland flow and runoff. The removal of fine grains from deposits 

can increase the hydraulic conductivity of the deposits and reduce the 

probability of failure (Domènech et al., 2019; Sassa and Wang, 2005; Wang 

and Sassa, 2003). A high proportion of fine grains is essential to sustain the 

high pore pressures required for a debris flow to occur (Hu et al., 2017). 

However, observations of deposit coarsening have been based on a limited 
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number of samples from debris flow deposits over a restricted range of grain 

sizes. For example, most studies sample up to ~10 cm in diameter, when from 

field observations boulders >1 m can be found in most deposits in Wenchuan. 

In some cases only two samples were collected from 50 cm x 50 cm pits for 

debris flows up to 1 000 000 m3 in volume (Chen et al., 2014). Furthermore, 

the material deposited in sections of a debris flow may not accurately 

represent source samples, with processes such as comminution also possible 

within the flows which can reduce the grain size during transit and bulking 

which can facilitate the entrainment of different sized grains (Davies and 

McSaveney, 2009; Makris et al., 2020). An alternative explanation for 

increased stability is the revegetation of hillslope and channel deposits 

(Domènech et al., 2019; Yunus et al., 2020). Vegetation cover can reduce the 

occurrence of debris flows by intercepting rainfall and decreasing the 

saturation state of deposits (McGuire et al., 2016; Wilkinson et al., 2002) as 

well as root reinforcement by new vegetation increasing the shear strength of 

the deposits (Hales, 2018; Wilkinson et al., 2002). The main colonising plants 

on deposits were grasses and shrubs, which are thought to have weak root 

structures, suggesting they are unlikely mechanisms for the decreased 

frequency of debris flows (Francis et al., 2022; Hales, 2018; Shen et al., 

2020). In contrast, dense grasslands can decrease the potential for large 

volumes of runoff to form (Shen et al., 2020), which can be an important 

driver of debris flow initiation as seen in post-wildfire settings (Cannon et al., 

2001a). Current estimates suggest post-earthquake debris flows will remain 

prominent for 10 to 20 years following an earthquake (Fan et al., 2019b, 

2019a). However, these estimates are based on limited observations, which 

currently only extend a few decades (Fan et al., 2019a).     

Post-earthquake debris flow magnitude is also thought to vary in response to 

the changing amounts of sediment available and debris flow properties (Chen 

et al., 2014). A study of two catchments between 2008 and 2011, found that 

the debris flow deposit grain size coarsened through time (Figure 2.9; Chen et 

al. 2014). From these values, they proposed estimates for each of the seven 

dimensionless values derived by Iverson (1997). The values generated 

suggested that as debris flows coarsen, inertial forces in the flow dominate 

over viscous forces. The study attributes the lower runout distances observed 
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for the coarser debris flows to the higher flow resistance experienced in less 

viscous flows. However, the relationships between fines (namely clay) 

content, the gravel content and runout are complex. For example large grain 

collisions dominated by inertial forces can enhance erosion rates (Hsu et al., 

2008) and, depending on other gains in the GSD, can facilitate longer runouts 

(de Haas et al., 2015). The coarser deposits observed for extremely large 

debris flows in 2019 in Yang et al. (2021) also provide contrasting evidence. 

Regional scale studies of post-earthquake debris flow magnitude have found 

relationships between sediment supply (Guo et al., 2016b; Tang et al., 2012b) 

and topography (Dahlquist and West, 2019; Tang et al., 2012c). A regional 

study of >1000 post-earthquake debris flows from the Gorkha earthquake 

found that debris flow size related to catchment topography, such as the 

angle of the tributary junction (Dahlquist and West, 2019). Whilst this 

relationship highlights the importance of considering topography as a control 

on post-earthquake debris flow runout, which is particularly beneficial for 

large-scale regional hazard models, the study does not consider additional 

factors such as debris flow composition and rheology which have also been 

found to relate to debris flow deposition (Section 2.3.3). The rapidly evolving 

landscape, including the changing location of sediment within catchments and 

mass movement activity, make developing static, regional models to describe 

debris flow hazard and magnitude challenging and potentially inappropriate 

(Fan et al., 2021; Xie et al., 2022). 

In 2019 a series of catastrophic debris flows inundated at least 13 catchments 

in the Wenchuan area, after a decrease in the frequency of debris flows over 

a period of years (Yang et al., 2021). These debris flows mobilised up to 1.9 × 

10−2 (±3 × 10−2) km3 of sediment (Yang et al., 2021) and are thought to have 

delivered the same amount of sediment to the Min Jiang River as in the three 

years previously (Francis et al., 2022). The debris flows also had a high 

hillslope-channel connectivity (Figure 3.4; Dai et al. 2021) and fulfilled 

previous definitions of catchment-clearing debris flows (Francis et al., 2022). 

The debris flows differed from previous post-earthquake debris flows in 

Wenchuan by initiating within channel deposits as opposed to co-seismic and 

post-seismic landslide deposits on hillslopes (Yang et al., 2021). Despite the 

change in initiation location, the debris flows were triggered with intensity-
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duration thresholds 1/2 to 4/5 lower than pre-earthquake levels (Yang et al., 

2021). The 2019 debris flows provide evidence for the nonlinear response of 

landscapes to an earthquake (Fan et al., 2021). The 2019 events also highlight 

how debris flows remain an essential component in the post-earthquake 

sediment cascade. Therefore, understanding controls on debris flow 

magnitude and frequency is crucial to better predict future hazards. 

  

 

Figure 3.4 

The percent hillslope-channel connectivity for landslide and debris flow events in 

the years following the Wenchuan earthquake taken from Dai et al., (2021). Note 

the 2019 debris flow events with a high connectivity (99.8%).  

3.3 Inventory for Wenchuan earthquake 

The 2008 Wenchuan earthquake is one of the most well-studied earthquakes, 

which is in part due to the advances in remote sensing and aerial imagery in 

recent decades (Fan et al., 2018b). There are at least six inventories 

documenting co-seismic landslides from the 2008 Wenchuan earthquake, with 

the number of landslides mapped ranging from 11 000 to almost 200 000 (Fan 

et al., 2019a). In the years following the 2008 Wenchuan earthquake, multi-

temporal inventories were developed to capture changes in the location of 

sediment and the type of mass movement through time (Fan et al., 2018a).  

In this thesis I use a multi-temporal inventory developed by Domènech et al. 

(2018) and Fan et al. (2019b) (Figure 3.5). The inventory mapped the number 

and area of mass movements which occurred immediately after the 

earthquake (2008) and at five later intervals (2011, 2013, 2015, 2017, and 

2018). Mass movements were determined based on the absence of vegetation 

and given an activity level to determine whether the failure was still active 

(Domènech et al., 2018). The inventory maps the entire failure and therefore 

the total area includes the scar and deposit. Mapping was conducted by 

trained mappers as opposed to using automated algorithms, which can require 
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more data cleaning (Li et al., 2014). An uncertainty calculation, which 

considered the uncertainty introduced by using six mappers to map the area, 

as opposed to one, suggested there was a 19% uncertainty in mapped areas. 

The mass movements were separated by type; landslides, debris flows and 

channel deposits. Deposits were defined as debris flows if they were long and 

thin mass movements with clear flow patterns (Fan et al., 2019b).  

 

Figure 3.5 

The co-seismic and post-seismic landslide inventory developed by Domènech et al. 

(2018) and Fan et al. (2019b). A1, A2 and A3 show the activity level for the mapped 

deposit which has previously been used to determine controls on deposit stability 

through time. Deposits which revegetated were classed as dormant and are shown in 

white. This figure has been taken from Fan et al. (2018a). These figures show the 

same catchments as shown in Figure 3.2. 
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In this thesis, I analyse the debris flow inventory for 31 of the mapped 

catchments between the years 2008 and 2018 (see Figure 3.6 and Chapter 6 

Methods). Twenty of these catchments drain into the Min Jiang River (Figure 

3.6). The Min Jiang is a major drainage system for the Longmen Shan 

mountain range. Therefore, transport along the Min Jiang River is a key 

process in the export of co-seismic sediment from the Longmen Shan 

mountains (Francis et al., 2022; Zhang et al., 2019). I supplement the debris 

flow inventory with a further 14 debris flows which occurred in 2019 and are 

mapped in Yang et al. (2021). 

  

Figure 3.6 

The debris flow inventory used in this thesis (2008 – 2019). Debris flows are mapped 

in blue, unless they fit the definition for catastrophic debris flows, in which case 

they are represented by red polygons.  

3.4 Luoquan debris flow 

The Luoquanwan catchment has an area of 28.6 km2 and minimum and 

maximum elevations of 1040 m and 3525 m. Luoquanwan lies north of the 

town of Yingxiu and south of Wenchuan. The catchment drains 

Mesoproterozoic granitoids of the Pengguan massif into the Min Jiang River 

(Figures 3.6 and 3.7).  
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Figure 3.7 

Maps showing the Longmen Shan mountain range. A) An elevation map for the 

Longmen Shan with the two debris flow catchments identified. The Liusha 

catchment is in blue and the Luoquan catchment is in purple. The active fault lines 

from the Wenchuan earthquake have also been included in red, mapped by 

Densmore et al. (2007). B) The Liusha catchment, with pit locations identified by 

blue markers and the extent of the debris flow shown. The main geology in the 

region is also shown. C) The Luoquan debris flow catchment, with the debris flow 

extent shown in white and the pit locations using markers and numbers. The main 

geology in the catchment is granitoids as shown by the pink basemap (Ma, 2002). 

Throughout this thesis, I use the terms the Luoquan debris flow and Luoquan 

debris flow deposit to refer to the catastrophic debris flow which occurred in 

the Luoquanwan catchment following intense rainfall on the 20th August 2019 
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(Figures 3.8B and 3.8D). Using the Integrated Multi-satellitE Retrievals for 

GPM (IMERG) algorithm, it can be estimated that approximately 97 mm of 

rainfall fell on the Luoquan catchment on the 20th August, with an additional 

87 mm in the 24 hours before (Huffman et al., 2014). I calculated the amount 

of daily rainfall by averaging the two 10 km x 10 km pixels which covered the 

Luoquanwan catchment. The 2019 debris flow had an area >420 000 m2 and 

travelled up to 8 km in length over a change in elevation of 956 m. Based on 

the eight locations sampled in Chapter 5, the lower 4 km of the channel had 

an average channel width of 42 m and a slope of 9° (Figure 3.7). The 2019 

debris flow mapped by Yang Fan (pers. Communication) travelled down a 4th 

order stream before depositing at the tributary junction to the Min Jiang 

River, defined topographically by a large increase in channel width (Figure 

3.9). Three additional smaller debris flows also occurred within the 

catchment in 2019 with areas of 12 000 m2, 19 000 m2, 27 000 m2 (Figure 3.9). 

These flows occurred in lower order channels and may have been part of the 

larger debris flow, but this section of the field was inaccessible so I could not 

investigate them.  
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Figure 3.8 

Field photographs of the Liusha and Luoquan deposits. The photos depict the change 

in flow composition between the most proximal and distal locations sampled. The 

contrast is particularly clear in Liusha where the channel above Pit 1 (700 m from 

source) was predominantly bedrock covered in snow.  

 

Figure 3.9 

A map showing all 2019 debris flows in the Luoquan catchment. The three smaller 

debris flows which were mapped separately are circled. The central channel of the 

catchment is a fourth order channel. The location of the Luoquan debris flow with 

respect to nearby towns and other catchment analysed in this thesis can be found in 

Figures 3.6 and 3.7.  

In 2008, 299 co-seismic landslides were triggered within the Luoquanwan 

catchment. The large volumes of available sediment within the catchment 

have subsequently led to a considerable number of post-earthquake landslides 

and debris flows. At least 100 debris flows have occurred within the 

Luoquanwan catchment in the 11 years following the earthquake (2008 to 

2019) (Domènech et al., 2018; Fan et al., 2019b). Three of which have 

transported material from within the channel to the Min Jiang River. These 

catastrophic debris flows occurred in 2010, 2013 and 2019 and correspond 

with three of the five largest rainfall events in the previous 12 years. The 

2010 and 2013 debris flows had smaller areas in comparison to the 2019 
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event, measuring 150 000 m2 and 230 000 m2. Unlike the 2010 and 2013 debris 

flows, the 2019 debris was triggered in the main channel of the catchment by 

runoff as opposed to reactivated landslide deposits (Fan et al., 2021; Yang et 

al., 2021). The deposits of the 2010 and 2013 debris flows could be identified 

in the field based on the surface vegetation. Evidence of debris flows within 

the catchment could also be found on the steep slopes surrounding the main 

channel, where an abundance of co-seismic landslide sediment is stored, or 

within steep tributary channels, which were also filled with seismically 

sourced sediment (Figure 3.10). These debris flows typically deposit upon 

reaching the main channel within the catchment, where channel width 

increases and slope sharply decreases.   

 

Figure 3.10 

Photos of smaller debris flows which occurred since 2008 in the Luoquan catchment. 

A) Shows an older debris flow deposit at the edge of the channel, ~4000 m 

downstream from the source of the 2019 event. B) Shows a steep hillslope debris 

flow. C) Shows the deposit of a debris flow which was triggered in a tributary 

channel in Luoquan.  
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3.5 Liusha debris flow 

The Liusha debris flow also occurred following intense rainfall on the 20th 

August 2019. Based on the IMERG algorithm, approximately 99 mm of rainfall 

fell in close proximity (10 km x 10 km pixel) to the Liusha channel on the 19th 

August, followed by a further 76 mm on the 20th August. The debris flow 

occurred along a second order channel, which is a tributary for the Wachang 

catchment. The Wachang catchment is located north of the township Genda 

and has a catchment area of 33.9 km2. The 2019 Liusha debris flow travelled 

1.5 km downstream, blocking a local road, before stopping at the outlet of 

the Liusha gully into the Yuzi River (Figure 3.11). The debris flow had an area 

of 33 000 m2 and was therefore more comparable to the smaller debris flows 

in Luoquan as opposed to the catastrophic debris flow observed in 2019 

(Figure 3.7). The Liusha debris flow was steeper with an elevation change of 

767 m in just 1.6 km. Based on the lower 800 m of the debris flow, which was 

sampled for Chapter 5, the average width of the flow was 8 m and the 

average slope was 23° (Figure 3.7B). I did not sample the upper 700 m of the 

flow as this appeared to be predominantly bedrock, suggesting the samples 

taken 700 m downstream were near the transition between an eroding debris 

flow and depositing debris flow (Figures 3.8A and 3.8C). In terms of geology, 

the source of the debris flow was defined by Mesoproterozoic granitoid 

material which persisted until ~900 m downstream, where the deposit was 

underlain by Palaeozoic greywacke and shale (Figures 3.7; Ma, 2002). The 

Liusha debris flow and Wachang catchment were not mapped as part of the 

inventory devised by Domènech et al. (2018). Therefore, I mapped the Liusha 

debris flow using a combination of aerial images taken during sampling in 

November and December 2019 and images available from Google Earth.  

The lack of inventory data for the Liusha channel limits our understanding of 

how the catchment and channel were affected by the 2008 Wenchuan 

earthquake. From personal communication with Yang Fan, a PhD student at 

Chengdu University of Technology, I learnt that a debris flow also occurred in 

the gully in 2013. A well-preserved, vegetated deposit to the right of the 2019 

deposit provided field evidence of this event. It is likely that this event 

corresponded with a large event in the Yuzi River, where the Liusha debris 
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flow stopped, which can be identified based on a significant increase in 

channel width between the 2010 and 2014 image available on Google Earth.  

 

Figure 3.11 

A map of the 2019 Liusha debris flow. The base map is the aerial image taken in 

November 2019. The Yuzi River, where the debris flow stopped is labelled. The 

location of the Liusha debris flow relative to the Luoquan debris flow is shown in 

Figure 3.7. 
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Chapter 4 

Measuring the grain-size distributions 
of mass movement deposits 

 

 

Image by Megan Harvey 
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The research presented in this chapter is based on a published manuscript by 

myself, TC Hales, DEJ Hobley, J Liu and X Fan:  

Harvey E. L., Hales, T. C., Hobley, D. E. J., Liu, J., Fan, X. (2022). Measuring 

mass movement deposit grain-size distributions. Earth Surface Processes and 

Landforms. https://doi.org/10.1002/esp.5337.  

While all the authors contributed to discussions and the writing of the 

manuscript, I am solely responsible for analysing all collected samples in the 

laboratory, analysing the GSDs and interpreting the results. The manuscript 

also benefited from three anonymous reviews. Whilst the wording of the 

manuscript has not been changed as it is the most concise and effective way 

to deliver the scientific points to the reader, sections of the paper have been 

rewritten to conform with the standard thesis narrative accepted by Cardiff 

University. 

4.1 Abstract 

Mass movement deposit grain-size distributions (GSDs) record initiation, 

transport, and deposition mechanisms, and contribute to the rate at which 

sediment is exported from hillslopes to channels. Defining the GSD of a mass 

movement deposit is a significant challenge because they are often difficult 

to access, are heterogeneous in planform and with depth, contain grain sizes 

from clay (<63 µm) to boulders (> 1 m), and require considerable time to 

calculate accurately. There are numerous methods used to measure mass 

movement GSDs, but no single method alone can measure the entire range of 

grain sizes. This chapter compares five common methods for determining 

mass movement deposit GSDs to assess how their accuracy may affect their 

applicability to different research areas. I applied an automated wavelet 

analysis (pyDGS), Wolman pebble counts, survey tape counts, manual photo 

counts and sieving to three different mass movement deposits (two debris 

flows, one rockslide) in Tredegar, Wales and the Longmen Shan, China. I 

found that pyDGS and survey tape counts produced comparable GSDs to 

sieving over a single order of magnitude. PyDGS required calibration to 

achieve accurate results, limiting its use for many applications. In Tredegar, 

Wolman pebble counts overestimated grain sizes in the lower 80% of the 

https://doi.org/10.1002/esp.5337
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distribution relative to the other four methods used. I demonstrate that 

method choice can introduce significant uncertainties, particularly at the 

edges of the distributions such that D16 values differ by up to a factor of five. 

These methodological uncertainties limit GSD comparisons across studies 

particularly where these are used to infer processes within deposits. To 

minimise these challenges, the methods chosen should both be carefully 

reported and consistent with the research question. 

4.2 Introduction 

Mass movement deposit GSDs can help constrain the source of the material 

eroded (Dunning, 2006; Marc et al., 2021), the transport and emplacement 

mechanisms of the deposit (de Haas et al., 2015; Makris et al., 2020) and 

moderate sediment transport rates in fluvial systems (Neely and DiBiase, 

2020; Sklar et al., 2017, 2020). However, as outlined in Chapter 2, measuring 

the GSD of debris flow deposits is extremely challenging because grain sizes 

can range in up to eight orders of magnitude (from <1 µm to >10 m) and vary 

spatially and with depth due to processes such as segregation and winnowing 

(Crosta et al., 2007; Dufresne and Dunning, 2017; Johnson et al., 2012; Locat 

et al., 2006). There remains no single method that can record GSDs over the 

range and scale of most mass movement deposits (Table 4.1). Hence different 

approaches or combinations of approaches have been used to measure mass 

movement deposit GSDs across spatial and vertical changes and a range of 

grain sizes (e.g. Casagli et al., 2003; Attal and Lavé, 2006; Dunning, 2006; 

Crosta et al., 2007; Attal et al., 2015; Zhang et al., 2015). These approaches 

typically involve measuring the b-axis of grains using two methods, one which 

can capture the finest grains, such as sieving, and another for the coarsest 

grains, such as Wolman pebble counts or photo-based techniques, and 

combining these to produce a new distribution (Attal and Lavé, 2006; Casagli 

et al., 2003; Fripp and Diplas, 1993). 

 

Table 4.1 

A summary of the key advantages, limitations, and resolutions of the methods used 

to measure mass movement deposit GSDs in this chapter. I provide key references 

for the use of these methods. 
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Method Advantages Limitations Sampling Range and Size Key references 

Volumetric 

Sieving 

 

Frequency-

Volume 

• Can collect 

subsurface GSDs by 

digging pits or using 

vertical exposures. 

• Can constrain the 

proportion of grains 

<1 mm. 

 

• Limit to the maximum 

grain size obtained 

using sieving directly 

(typically 80 mm). 

• Time consuming, that 

limits its application to 

detailed, small sections 

of the deposit.  

• Difficult to apply to 

questions of spatial 

variability in deposits. 

• May require some larger 

grains to be measured 

by hand to obtain a full 

GSD for each pit.  

 

<0.063 mm to 80 mm. I use a maximum limit of 80 

mm and record grains >80 mm by hand in the 

field. 

 

I found a 1 m x 1 m x 0.5 m pit took ~ 6 – 8 hours 

to dig and sieve. As such, only a small proportion 

of the deposit can be sampled. Here, I sieved 1000 

kg per pit. 

 

Church et al., (1987) recommend that the largest 

particles should represent no more than 5% of the 

total sample mass. However, this approach is 

often unachievable in mass movement deposits, 

where extremely large boulders are present. For 

example, if grains >50 kg are present, >950 kg of 

sediment must be sieved. As a result, mass 

movement GSDs are often generated from smaller 

than ideal sample sizes, without the rigorous 

reporting of sampling that is common in fluvial 

geomorphology. 

e.g.  Attal and 

Lavé, 2006; 

Bunte and Abt, 

2001; Casagli et 

al., 2003; Chen 

et al., 2001; 

Dunning, 2006; 

Genevois et al., 

2001; Hubert and 

Filipov, 1989; 

Ibbeken et al., 

1998; Major and 

Voight, 1986; 

Sosio et al., 

2007; Whipple 

and Dunne, 1992; 

Zhang et al., 

2011, Zhang et 

al., 2015  
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Pebble 

Count and 

Survey Tape 

 

Frequency-

Number 

• Can record all three 

axes of a grain, 

which is useful when 

working with non-

spherical grains. 

• Sampling typically 

involves >100 grains. 

This is quick relative 

to other methods (~ 

1 hour) 

• Only used to collect 

surface GSDs. 

• Field intensive. 

• Bias towards sampling 

only visible grains.  

The smallest detectable grain size is typically 

gravel as this is easily visible. Studies typically 

give a minimum grain size of 4 to 5 mm (Casagli et 

al., 2003; Sklar et al., 2020). However, when 

survey tapes are used the minimum detectable 

grain size is thought to be lower (~2 mm) (Bunte 

and Abt, 2001a). 

 

The number of grains measured can be as low as 

100, however this value increases with more 

heterogenous deposits. I used a sample size of 300 

for a small, heterogeneous landslide deposit.  

e.g. Attal and 

Lavé, 2006; 

Casagli et al., 

2003; Hubert and 

Filipov, 1989; 

Kim and Lowe, 

2004; Major and 

Voight, 1986; 

Vallance and 

Scott, 1997; 

Zhang et al., 

2011  

Manual 

Photo 

Analysis 

 

Frequency-

Number 

• Requires 

considerably less 

time in the field in 

comparison to other 

methods. 

• Does not disturb the 

surface of the 

deposit. This allows 

the method to be 

• Only used to collect 

surface GSDs. 

• Bias towards sampling 

coarser grains. 

• Can only measure 

visible axes and some 

grains may overlap and 

therefore the b-axis 

The minimum grain size depends on the resolution 

of the image and the maximum grain size depends 

on the extent of the photo. 

 

This technique can be used across large surface 

areas, for example by using UAVs. In this study 

photos were taken with a 50 cm x 50 cm frame for 

reference with a resolution >0.12 mm pi-1. 

e.g. Attal and 

Lavé, 2006; 

Casagli et al., 

2003; Crosta et 

al., 2007; 

Genevois et al., 

2001; Ibbeken et 

al., 1998; 

Kellerhals and 
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compared directly to 

sieving for the same 

area. 

• UAV imagery can be 

used in less 

accessible locations. 

• The results can be 

reproduced. 

will be measured 

incorrectly. 

 

Bray, 1971; 

Zhang et al., 

2015 

pyDGS  

PyDGS is a 

texture-

based 

approach 

which uses 

the spatial 

and spectral 

properties of 

an image to 

generate a 

GSD.  

 

• Does not require 

calibration, though 

our results suggest 

some calibration is 

necessary when 

choosing the shape 

parameter. 

• Requires 

considerably less 

time in the field in 

comparison to other 

methods. 

• Only used to collect 

surface GSDs. 

• Similar to manual photo 

counts, can only detect 

visible grains. 

• Coarsest grain size is 

determined by photo 

window size. 

• Errors may be 

generated if grains are 

wet, imbricated or are 

similar in colour. 

Minimum grain size is determined by photo 

resolution and number of pixels required to 

clearly identify a grain. Based on version 4.0, 

pyDGS detects grains ~6 pixels in length. 

 

Maximum grain size is dependent on maxscale 

parameter. Whilst UAVs can be used to survey 

large surface areas, to measure grains 10 mm in 

size, photo resolution would need to be 1.66 mm 

pi-1. Here, I use photos with at least 0.12 mm pi-1 

resolution. 

Buscombe (2013) 

 

Beach GSDs e.g. 

Prodger et al., 

2017 

 

Dryland Basin 

GSDs e.g. 

Michaelides et 

al., 2018  
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Frequency-

Number 

• UAV imagery can be 

used in less 

accessible locations. 

• Does not disturb the 

surface of the 

deposit. 
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Table 4.2 

The two main types of automated and semi-automated methods for measuring GSDs from photos. Key references refer to the use of these 

methods in mass movement deposits as well as other deposits. 

Method Advantages Limitations Sampling Range and Size Key Examples and 

References 

Image 

Segmentation 

 

These techniques 

aim to isolate 

and measure the 

visible axes of 

the individual 

grains in an 

image. 

 

• Requires considerably less 

time in the field in 

comparison to other 

methods. 

• Does not disturb the 

surface of the deposit. 

• Methods may require 

extensive calibration and 

time to understand, 

however once running 

they can readily be 

applied to large areas. 

• UAV imagery can be used 

in less accessible 

locations. 

• Only used to collect 

surface GSDs. 

• Most methods need 

calibrated detection 

algorithms to isolate 

individual grains or large 

calibration datasets. 

Therefore, not universally 

applicable. 

• Coarsest grain size is 

determined by photo 

window size, camera 

height and resolution. 

• Can only measure clearly 

visible grains.  

The minimum grain size 

depends on the resolution 

of the image and the 

maximum grain size 

depends on the extent of 

the photo.  

The PebbleCounts 

algorithm can detect grains 

≥20 pixels (Purinton and 

Bookhagen, 2019). Purinton 

and Bookhagen (2021) use 

automated PebbleCounts 

with minimum grain size of 

2.5 cm. 

 

Automated image 

segmentation methods can 

e.g. Graham et al., 2005, 

2010; Storz-Peretz and 

Laronne, 2013 

 

Two examples of semi- and 

automated image 

segmentation techniques. 

Both were developed using 

fluvial GSDs. 

Basegrain  

(Detert and Weitbrecht, 

2012) 

 

PebbleCounts 

(Purinton and Bookhagen, 

2019, 2021) 
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• Do not require user 

intervention, which 

reduces operator bias. 

• Obtain measurements for 

each individual grain, 

from which interpolation 

is not required to obtain 

percentiles.  

• Limited by image 

complexity, such as 

vegetation, variations in 

colour and texture (e.g. 

veins) and imbrication. 

 

use cameras on tripods or 

UAVs to survey large areas. 

For example, Purinton and 

Bookhagen (2021) surveyed 

areas between 944 m2 and 

3470 m2 for sand- and 

gravel-bed rivers in the 

South-Central Andes.   

 

Texture-based 

Approaches 

 

These techniques 

generate grain-

size distributions 

and grain-size 

percentiles using 

statistics based 

on the texture of 

a 2D or 3D 

image. 

• UAV imagery can be used 

in less accessible 

locations. 

• Does not necessarily 

require fieldwork, though 

often needs to be 

calibrated. 

• UAVs have been used 

successfully in 

homogenous fluvial 

environments to obtain 

GSDs. 

• Only used to collect 

surface GSDs. 

• Requires very high 

resolution DEMs or images 

to measure the finest 

grains. 

• UAVs to generate 3D point 

clouds have not worked 

well in poorly sorted 

environments (Westoby et 

al., 2015) 

The minimum grain size 

depends on the resolution 

of the image and the 

maximum grain size 

depends on the extent of 

the photo.  

 

Can be used to survey 

larger areas than sieving 

and Wolman pebble counts, 

based on the reduced field 

time required. Though 

Semi variance 

(e.g. Carbonneau et al. 

2004; Carbonneau et al. 

2005) 

 

Autocorrelation 

(e.g. Rubin 2004) 

 

Wavelet transforms  

(e.g. Buscombe 2013) 
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• Does not disturb the 

surface of the deposit. 

• Once the photos are 

taken and the model is 

running, larger areas can 

be sampled quicker. 

• Typically requires high 

computer processing 

power. 

• Bias towards coarse grains.  

• Coarsest grain size is 

determined by photo 

window size. 

• Requires site-specific 

calibration to establish 

relationships between 

texture and grain size in 

each location.  

• May require extensive 

measurements of GSDs in 

the field to compare to or 

train the algorithm.  

high-resolution imagery is 

required to detect the 

finest grains.  

 

Convolutional neural 

networks 

(e.g. Buscombe 2020; Lang 

et al. 2021) 

3D based roughness 

(Brasington et al. 2012; 

Westoby et al. 2015; 

Neverman et al. 2019; 

Vázquez-Tarrío et al. 2017) 

 

Structure from Motion and 

TLS to produce DEMs of 

mass movement deposits: 

Bitelli et al. (2004); 

Cucchiaro et al. (2018); 

Dunning et al. (2009); Gupta 

and Shukla (2018); Saunders 

(2014) 
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Wide and multimodal GSDs also limit the applicability of single grain-size 

metrics like D50 to characterise a mass movement deposit (Casagli et al., 

2003). A full GSD is useful for inferring processes that involve multiple 

different grain sizes, such as comminution and kinetic sieving (Dufresne and 

Dunning, 2017; Makris et al., 2020), and also provides insight into the textural 

properties of deposits (Casagli et al., 2003). It is therefore more useful to use 

several quartiles, such as D5, D16, D50, D84 and D95, as opposed to a single 

metric to characterise the entire GSD for mass movement deposits (Folk and 

Ward, 1957; Purinton and Bookhagen, 2021). The higher percentiles, such as 

D95 and D99, are prone to larger uncertainty, which arises because of the 

difficulties associated with sampling the coarsest grains and the often heavy-

tailed nature of the distributions. This uncertainty can be mitigated by 

increasing the sample size, to include as much of the coarser grains as 

possible (Eaton et al., 2019; Guerit et al., 2018; Purinton and Bookhagen, 

2021). However, increasing sample size subsequently results in increased 

sampling time per site.   

Automated and semi-automated techniques that obtain GSDs from static 

photos may mitigate the large sample sizes required for wide, multimodal 

GSDs (Table 4.2). Photo-based methods are also less invasive, typically 

require less field work, and can measure surface GSDs across larger areas over 

a shorter time period (Table 4.2; Purinton and Bookhagen, 2021). These 

methods include both image segmentation and texture-based approaches 

(Table 4.2). Image segmentation techniques isolate and measure the visible 

axes of individual grains (e.g Graham et al., 2005; Purinton and Bookhagen, 

2019). Whereas, texture-based techniques are statistical approaches which 

produce GSDs using information about how intensity and colour vary within 2D 

and 3D images (Buscombe, 2013; Lang et al., 2021), for example a high 

resolution DEM.  

Traditional methods used to measure GSDs are often limited by sampling size, 

inaccessibility, and time constraints, as described in Table 4.1. The 

disadvantages associated with using each method are likely to introduce 

uncertainty into the measured GSDs, for example by excluding fine grain sizes 

or using small sample sizes (Casagli et al., 2003). Uncertainty in measured 

GSDs may affect our ability to compare across different studies. Whilst the 
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uncertainty associated with comparing different methods has been widely 

discussed for fluvial GSDs (e.g. Bunte and Abt, 2001b, 2001a; Wohl et al., 

1996), the effect of method choice on comparisons of mass movement deposit 

GSDs has been less well explored. The uncertainties associated with different 

methods may be more pronounced in mass movement deposits, which have 

wider GSDs, greater angularity, and grains in excess of 1 m. GSDs may differ 

in terms of methodological uncertainty, sample size and sample type, which 

can affect our ability to accurately develop process-based conclusions 

regarding transport and depositional mechanisms in mass movement deposits. 

Methodological uncertainties refer to how much the GSD varies depending on 

the method chosen, sample size refers to the number of grains measured, and 

sample type refers to the region of the deposit considered by each method, 

(e.g., surface or subsurface). In this chapter, I compare and combine GSDs 

generated for three different deposits using five different methods. I then 

compare the methods using D16, D50 and D84 percentiles as well as statistically 

using chi square tests.  

4.3 Research objectives 

1. To generate GSDs for three mass movement deposits using five 

different techniques. 

2. To compare the GSDs measured using different techniques.  

3. To infer how using different methods to measure grain size can affect 

the geomorphic interpretation of GSDs.   

4.4 Methods 

A flow diagram depicting the methods used to measure deposit GSDs is shown 

in Figure 4.1.  
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Figure 4.1 

A flow diagram detailing the key steps taken for the methods used in this study. Sieving required field, laboratory and desk work. The second 

method, Wolman pebble counts, was split into two approaches, survey tape measurements and more randomised Wolman pebble counts. The 

final methods required photos taken in the field. These photos were then analysed using two different methods, automatic grain-size analysis 

using pyDGS and manual photo counts. 
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4.4.1 Study site 

I compare GSDs collected from the Liusha and Luoquan debris flow deposits 

(Chapter 3) with a smaller rockslide deposit in Tredegar, South Wales to test 

the applicability of the five techniques to different mass movement deposits. 

The Tredegar rockslide was triggered within the Carboniferous Deri 

Formation, a sedimentary unit of interbedded sandstone, mudstone, and 

siltstone (Barclay et al., 1989; George, 2015). The rockslide was triggered in a 

former quarry face during a winter storm on a 26° slope and measured 26.5 m 

long and 15 m at the widest point. The deposits and their locations relative to 

one another are shown in Figure 4.2.  

 

Figure 4.2 

Map showing the three locations studied. Inset (a) shows the Tredegar landslide in 

South Wales. Insets (b) and (c) show the Liusha and Luoquan debris flows in the 

Longmen Shan, respectively. Inset (d) provides a closer location map for the debris 

flows in the Longmen Shan with the geology for the region also shown. 
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4.4.2 Volumetric sieving 

I sieved each deposit using a protocol previously used for fluvial sediments, 

landslide deposits and debris flow deposits (Attal et al., 2015; Attal and Lavé, 

2006; Bunte and Abt, 2001a; Zhang et al., 2014a). I measured a 1 m x 1 m pit 

in the centre of the deposit and excavated material at 10 cm increments to a 

depth of 30 cm in Tredegar and 50 cm in Longmen Shan (Figure 4.3). The 

shallower depth in Tredegar was due to the steeper slope and smaller 

apparent grain size and failure. The pits in Liusha and Luoquan analysed in 

this chapter were Pits 4 and 8 respectively (located 1500 m and 7500 m from 

the triggering locations) (Figure 3.7). I used square sieves to separate the 

remaining sediment into the following size fractions, >4 cm, 2 – 4 cm, 1 – 2 cm 

and <1 cm. I weighed all fractions in the field using fishing scales and 

separated 1 kg of sediment from the fraction of sediment <1 cm to analyse in 

the laboratory (Attal and Lavé, 2006; Hubert and Filipov, 1989). I sieved 

approximately 1000 kg of sediment per pit to fulfil the 5% of total weight limit 

for the largest grain set out in Church et al. (1987). The coarser sediment was 

not air dried in the field as the difference in weight for large gravels is 

negligible (Bunte and Abt, 2001b). I weighed and measured all three axes for 

grains >8 cm in diameter, which accounted for up to 35% of grains by weight. 

By measuring multiple axes for these grains, grain shape could also be 

quantified. Where large grains covered multiple layers (e.g., >10 cm on at 

least one axis), the grain was consistently sampled from the lowest layer to 

avoid disturbing layers unnecessarily. Sieving GSDs were adjusted to account 

for this by averaging the weight of grains with a b-axis >10 cm across the 

appropriate number of layers. More detail on this approach is given in Chapter 

5, where I analyse the GSDs with depth.  

In the lab, I wet sieved the 8 mm, 4 mm, 2 mm, 1 mm, 0.5 mm, 0.25 mm, 

0.125 mm and 0.063 mm fractions. For samples containing a large proportion 

of gravels (>2 mm), a sieve shaker was used to separate the first four 

fractions. Manual end-point tests were carried out to ensure all grains had 

passed through each sieve (Dufresne and Dunning, 2017). The tests involved 

briefly shaking the sieve into a clean, dry sieve pan to see if any grains still 

passed through. I noticed that there were still grains passing through the five 

smallest sieves, the fraction <1 mm was also wet sieved.  
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Figure 4.3 

A) A 1 m x 1 m x 0.5 m pit in the Liusha debris flow deposit with a 0.5 m x 0.5 m 

frame for scale. B) The edge of an excavated sieving pit. C) The three sieves used in 

the field with 4 cm, 2 cm and 1 cm apertures.  

A square sieve correction from Attal and Lavé (2006) of the form  

𝑏 =  
2𝑘𝑚

√1+ 𝑘2
=  

𝑘√2

√1+ 𝑘2
𝑆, 

Equation 4.1 

where S is the sieve mesh size, and k is the ellipse eccentricity (k) or the ratio 

between the b-axis and the c-axis of grains, was applied to our data. This 

equation calculates the maximum b-axis of an elliptical grain that would fit 

through each sieve based on the shape of grains in each pit. There were a 

large range of values obtained for k within both pits, with the sieves 

potentially overestimating the b-axis of each grain by a maximum of 41% in 

Liusha and 35% in Luoquan. The mean b-axis overestimate in Liusha and 
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Luoquan was 21% and 17% respectively. This equated to an approximately 0.7 

cm difference between the adjusted size of a 4 cm sieve.   

4.4.3 Wolman pebble counts and survey tape counts 

I conducted a Wolman (1954) pebble count and survey tape pebble count 

across the surface of the deposit in Tredegar. Typically, at least 100 grains 

are required for a Wolman pebble count (Wolman, 1954). Due to the 

heterogeneity of landslide deposits, it was decided that rather than choose a 

particular number of samples, grains would be measured until the mean value 

converged (i.e., any additional grain measured did not change the mean 

beyond 0.1 mm). I found the mean, D50 and D84 converged when measuring 

300 grains, while D90 did not. 

The survey tape method involved placing three 50 m tapes horizontally across 

the deposit and one tape from the scar of the failure to the toe. I measured 

the b-axis of the grain directly below the tape at every 0.25 m interval. This 

spacing was decided based on the size of grains in the deposit, to ensure no 

grain covered two points on the tape (Kellerhals and Bray, 1971). If grains 

were too small to be measured, the nearest grain was chosen instead (Hubert 

and Filipov, 1989; de Scally and Owens, 2005). If grains were too large the 

same protocol would apply, however this was not encountered in Tredegar. 

For this method, I sampled 174 grains in total and obtained a mean of 17.1 

mm, which was 0.7 mm larger than the mean obtained using random Wolman 

pebble counts. Grains as small as 1 mm (survey tape) and 3 mm (Wolman 

count) were included as they were visible in the field.  

4.4.4 Manual photo counts 

Manual photo counts involved measuring the apparent b-axis of grains using 

photos taken parallel to the surface (Attal and Lavé, 2006; Casagli et al., 

2003; Crosta et al., 2007; Genevois et al., 2001; Ibbeken et al., 1998; 

Kellerhals and Bray, 1971; Zhang et al., 2011, 2015). I conducted manual 

photo counts in all three locations by taking photos using a smartphone 

camera (Figure 4.4, image resolutions ranged from 0.12 mm pi-1 in Tredegar 

to 0.39 mm pi-1 and 0.46 mm pi-1 in Liusha and Luoquan). I used a tape 

measure in Tredegar and a 50 cm x 50 cm frame in the Longmen Shan to 

determine the resolution of the image. The tape measure and frame also 
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helped to identify when photos were not taken parallel to the slope. These 

images were discarded alongside photos with inconsistent resolutions and 

photos of the same surface to ensure no grains were counted multiple times. I 

conducted manual photo counts on six images in Tredegar, measuring a total 

of 300 grains. In Longmen Shan, I took photos of the surface of the pit and 

used these photographs to conduct a grid-by-number analysis. The width and 

height of the grid was determined by the largest grain in the photo to ensure 

no grain was counted twice (Bunte and Abt, 2001b).  

 

Figure 4.4  

Two images taken of the Tredegar deposit. They have been masked to remove the 

survey tape and vegetation which was required for a previous version of pyDGS. 

They have a resolution of (A) 0.088 mm pi-1 and (B) 0.084 mm pi-1. 

4.4.5 Automated photo analysis (pyDGS) 

I applied a texture-based approach, pyDGS (v4.0), as it allows for the rapid 

identification of GSDs from photos and is beneficial for obtaining a GSD for a 

large surface area. PyDGS has been successfully applied to dryland basins 

(Michaelides et al., 2018), beaches (Prodger et al., 2017) and bioclastic 

sediments (Cuttler et al., 2017) as well as a range of sorted and poorly sorted 

sediments (Buscombe, 2013). The algorithm requires minimal calibration and 

can detect grains ~6 pixels in length (~fine gravel) from photos taken using a 

smartphone camera. The algorithm works best for the coarse, well-sorted 
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grains where the brightness of the grains are not positively correlated with 

size and there are >100 grains in each image (Buscombe, 2013).  

There are three key parameters in pyDGS (July 2020 version); x, maxscale, 

and resolution. x varies from 1 to -1 and is an exponent that converts the 

area-based pyDGS output to a volume-based GSD (Buscombe, 2013; Cuttler et 

al., 2017). The x exponent (hereafter referred to as the shape parameter) 

relates to the size of the grains, their porosity and sorting (Bunte and Abt, 

2001b; Cuttler et al., 2017; Diplas and Fripp, 1992; Diplas and Sutherland, 

1988). For example, a negative value of x (-1) can represent poorly sorted 

coarse gravels with low porosity and a high sand content, whereas a value of 0 

is indicative of well-sorted gravel (Bunte and Abt, 2001b). I tune the shape 

parameter in this chapter based on the sieving data. In Tredegar, a single 

shape parameter consistently represented the GSD obtained using sieving 

(Figure 4.5). However, in the Longmen Shan, a single pyDGS shape parameter 

did not fit the GSD obtained using sieving or manual photo counts. Therefore, 

for Liusha and Luoquan I combined two pyDGS runs with different shape 

parameters (Section 4.4.6) to obtain a GSD that captured both the finest and 

coarsest grains measured using sieving. The maxscale parameter defines the 

maximum grain size that the algorithm searches for in the image as a fraction 

of the greatest dimension (Buscombe, 2013).  

I ran a sensitivity analysis to test how the choices of these three parameters 

affect the output. In this chapter, in Tredegar I use the average GSD obtained 

by running 60 photos in pyDGS and using an average resolution of 0.12 mm pi-

1. I vary the shape parameter and maxscale throughout.  

4.4.6 Combining GSDs 

The distributions were combined to obtain the full GSD for each deposit, 

following the method of Fripp and Diplas (1993). Each GSD was split into 13 

size fractions (0 – 0.063 mm, 0.063 – 0.125 mm, 0.125 – 0.25 mm, 0.25 – 0.5 

mm, 0.5 – 1 mm, 1 – 2 mm, 2 – 4 mm, 4 – 8 mm, 8 – 20 mm, 20 – 40 mm, 40 – 

80 mm, 80 – 100 mm, 100 – 200 mm). The two GSDs were compared and the 

grain-size fraction with the most similar proportion was chosen to be the 

match point. The remaining proportions are then rescaled based on the 

magnitude of the match point. In Tredegar, sieve and survey tape generated 
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GSDs were combined as these methods covered the largest range of GSD 

values. In Liusha and Luoquan, pyDGS GSDs with different shape parameters 

were required to create full GSDs compared to sieving. A shape parameter of 

-1 in Liusha best represent the coarsest percentiles and a shape parameter of 

0 best fit the finest percentiles. In Luoquan I combine runs with a shape 

parameter of 1 and -1. I tested the sensitivity of the choice of match point, 

by comparing four possible combined GSDs from our Tredegar data and found 

that there was less than a 10% difference in D50 values across the combined 

GSDs.  

4.4.7 Comparing the different methods 

I compared the grain size for the 5th, 10th, 16th, 25th, 50th, 75th, 84th, 90th, and 

95th percentiles (for all individual methods and combined GSDs) using the 

normalised root mean square error (NRMSE) (Buscombe, 2013). NRMSE 

provides a measure of how different two values are, that is more robust at 

higher percentiles than standard RMSE. Sieving captures the widest range of 

grain sizes so we consider it as the measured value. I calculated NRMSE as 

outlined in Buscombe (2013) (Equation 4.2) 

𝑁𝑅𝑀𝑆𝐸 (%) =  

√(𝑞𝑚𝑒𝑎𝑠
𝑖 − 𝑞𝑒𝑠𝑡

𝑖 )
2

 

𝑛

𝑞𝑚𝑒𝑎𝑠
𝑖  × 100, 

Equation 4.2 

where n is the number of observations, qi
meas is the percentile grain size from 

sieving, and qi
est is the percentile grain size for the method that is being 

compared.  

For continuous datasets (manual photo counts, Wolman pebble counts and 

survey tape counts), I also calculated the percentile uncertainty using the 

QuantBD function (Eaton et al., 2019; Purinton and Bookhagen, 2021). The 

output from QuantBD is a minimum and maximum grain-size range for each 

percentile based on a 95% confidence interval, which I refer to as percentile 

uncertainty. Finally, two-sample goodness-of-fit chi squared (2) tests allowed 

pairwise comparison of different distributions. The results of the NRMSE 

comparisons and the chi squared tests can be found in tables in the Appendix. 
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4.5 Results 

For all deposits, grain size range varies with measurement method (Figures 

4.5, 4.6 and 4.7). In Tredegar, sieving measured the widest grain size range 

(from <0.063 mm to 40 mm). Survey tape and pyDGS derived GSDs spanned 

two orders of magnitude, from 1 mm to 170 mm and 0.5 mm to 45 mm 

respectively. Wolman pebble count and manual photo count GSDs recorded an 

order of magnitude, 3 mm and 90 mm and 1 mm and 77 mm respectively.  

 

Figure 4.5 

The surface GSDs of the Tredegar rockslide based on five sampling methods. The 

sieving GSD is based on a sample taken within the first 10 cm of the surface near the 

centre of the deposit. The survey tape count is based on a total of 181 grains across 

the entire deposit. Both the Wolman pebble count and manual photo count consisted 

of measuring 300 grains. The manual photo count was based on 6 photos taken in 

different parts of the deposit. The pyDGS curve is the average of the 60 GSDs 

generated using individual photos of the deposit. The adjusted GSD (blue) is 

calculated by combining the surface sieving GSD (black) and the survey tape GSD 

(grey) using the method outlined in Fripp and Diplas (1993) and briefly in Section 

4.4.6. I used sieving and survey tape GSDs as these provided the minimum and 

maximum grain sizes respectively.  



80 
 

 

Figure 4.6 

Sieving, manual and automated photo analysis-based surface GSDs for the Luoquan 

(Figure 4.2C) debris flow deposit. The solid gold line shows the GSD derived by 

combining two pyDGS runs. The inset photo shows the pit image used to estimate 

surface GSDs from manual photo counts and pyDGS. In total 76 grains were measured 

using a manual photo grid sampling technique. 

 

Figure 4.7 

Sieving, manual and automated photo analysis-based surface GSDs for the Liusha 

(Figure 4.2B) debris flow deposit. The solid red line shows the GSD derived using two 

pyDGS runs. The inset photo shows the pit image used to estimate surface GSDs from 
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manual photo counts and pyDGS. In total, 84 grains were measured using a manual 

photo grid sampling technique. 

Common percentiles used to describe GSDs, D16, D50 and D84, all varied by at 

least an order of magnitude across the different methods (Tables 4.3 and 

4.4). In Tredegar, the D16 values obtained varied by the most compared to D50 

and D84 as demonstrated by higher NRMSEs for lower percentiles (>50% error 

for percentiles smaller than D50) (Table 4.3). The D16 value for Wolman pebble 

counts (7 mm) was five times larger than the D16 value obtained using pyDGS 

(1.4 mm) and sieving (2.2 mm) and exceeded all other D16 values and upper 

limits based on percentile uncertainty (Table 4.3). D16 values for the debris 

flow deposits also varied by over a factor of two across the different methods 

(5 mm – 13 mm in Liusha and 5.9 mm – 56 mm in Luoquan) (Table 4.4). D50 

values differed by over a factor of two in Tredegar (4.5 mm – 13 mm) and over 

a factor of three in the Longmen Shan (Liusha: 19 mm – 83 mm, Luoquan: 23 

mm – 150 mm) (Tables 4.3 and 4.4). In Tredegar, pyDGS and sieving also 

obtained the lowest D50 values and D16 values. Survey tape counts and manual 

photo counts produced similar measurements for both D16 (4 mm and 4.1 mm) 

and D50 (10 mm and 8.8 mm). Wolman pebble counts obtained the largest D50 

value. In the Longmen Shan, when only considering the combined pyDGS GSDs, 

D50 values were largest for sieving GSDs (77 mm and 100 mm). The variation in 

D50 values coincides with the minimum resolutions for each of the respective 

methods. Larger percentiles, such as D84, and the maximum grain size 

obtained also differed across methods (Figures 4.5, 4.6, 4.7; Tables 4.3 and 

Appendix). Photo-based grain-size techniques (both manual and pyDGS) D84 

values were consistently smaller than the other methods in all locations. In 

Liusha and Luoquan, manual photo count and pyDGS GSDs underestimated the 

upper 20% of the distribution relative to sieving (Figures 4.6 and 4.7, Table 

4.4). In some instances, visually calibrated pyDGS runs could be used to 

produce coarser distributions, however this was at the expense of lower 

percentile values (Figure 4.8, Appendix). 
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Table 4.3 (below) 

The D16, D50 and D84 grain sizes for the five different methods used in Tredegar. The 

first half of the table gives the percentiles for each method across their entire GSD. 

The second half of the table shows the percentiles for the single order grain size 

covered by all five methods. Values in brackets give the range of grain sizes for each 

percentile calculated using three different methods denoted by the symbol.  

† Each sieving percentile was calculated using an assumed linear relationship 

between the minimum and maximum values of each grain-size bin. Therefore, we 

have also given the minimum and maximum grain-size bin for each percentile in 

brackets.  

‡ These percentiles were generated using the QuantBD function developed by Eaton 

et al. (2019) and translated into Python by Purinton and Bookhagen (2021). The 

percentile uncertainty is quantified using binomial theory for each percentile based 

on the number of measurements. We provide the minimum and maximum grain-size 

range for each percentile generated using this technique in brackets for a 95% 

confidence interval.   

§ These percentiles were generated using pyDGS. The range given in brackets is 

based on a conservative 25% error estimate based on the errors quantified in 

Buscombe (2013) for GSDs measured manually and pyDGS GSDs for individual images.   

 
Tredegar Entire GSD (mm) 

  

P
e
rc

e
n
ti

le
 

Sieving † 

Wolman 

Pebble 

Count ‡ 

Survey 

Tape ‡ 

Manual 

Photo 

Counts ‡ 

pyDGS  

x = -0.5 § 
  

16 

2.2  

(2 – 4) 

7  

(6 – 8) 

4  

(3 – 5) 

4.1  

(3.6 – 4.6) 

1.4  

(1 – 1.8) 
  

50 

6.6  

(4 – 8) 

13  

(12 – 14) 

10  

(8.4 – 12) 

8.8  

(7.8 – 9.5) 

4.5  

(3.4 – 5.6) 
  

84 

21  

(20 – 40) 

25  

(22 – 28) 

26  

(20 – 33) 

17  

(15 – 20) 

16  

(12 – 20) 
  

 
Tredegar Truncated (3 mm to 34.3 mm) (mm) 
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Sieving † 

Wolman 

Pebble 

Count ‡ 

Survey 

Tape ‡ 

Manual 

Photo 

Counts ‡ 

pyDGS  

x = -0.5 § 

pyDGS  

x = 0 § 

16 

4.2  

(4 – 8) 

7  

(6 – 7.3) 

5  

(4 – 5) 

4.9  

(4.5 – 5.4) 

4.0  

(3 – 5) 

4.8  

(3.6 – 6) 

50 

7.8  

(4 – 8) 

12  

(11 – 13) 

10  

(8.3 – 11) 

9.1  

(8.2 – 9.9) 

8.0  

(6 – 10) 

11  

(8.3 – 14) 

84 

19  

(10 – 20) 

21  

(20 – 23)  

19  

(16 – 23) 

16  

(15 – 18)  

20  

(15 – 25) 

24  

(18 – 30) 
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Table 4.4 (below) 

Common statistical metrics used to describe GSDs. The Liusha pyDGS percentiles are 

based on a maxscale of 6. The Luoquan pyDGS percentiles are based on a maxscale 

of 4.  

† Each sieving percentile was calculated using an assumed linear relationship 

between the minimum and maximum values of each grain-size bin. Therefore, we 

have also given the minimum and maximum grain-size bin for each percentile in 

brackets.  

‡ These percentiles were generated using the QuantBD function developed by Eaton 

et al. (2019) and translated into Python by Purinton and Bookhagen (2021). The 

percentile uncertainty is quantified using binomial theory for each percentile based 

on the number of measurements. We provide the minimum and maximum grain-size 

range for each percentile generated using this technique in brackets for a 95% 

confidence interval.  

§ These percentiles were generated using pyDGS. The range given in brackets is 

based on a conservative 25% error estimate based on the errors quantified in 

Buscombe (2013) for manually observed GSDs for individual images and pyDGS 

generated GSDs. The pyDGS combined percentiles in Liusha are based on a full GSD 

generated in pyDGS with a shape parameter of 0 and maxscale of 8 combined with 

the GSD for grains >80 mm with a shape parameter of -1 and maxscale of 6. In 

Luoquan the GSD are based on a full GSD with a shape parameter of 1 and maxscale 

of 8 combined with the GSD for grains >80 mm with a shape parameter of -1 and 

maxscale of 4.  

¶ No range is given for this percentile as the surrounding grains also have the same 

b-axis.  

  Liusha (mm) 

P
e
rc

e
n
ti

le
 

Sieving † 

Manual 

Photo 

Counts ‡ 

pyDGS   

x = -0.5 § 

pyDGS  

x = 1 § 

pyDGS 

Combined § 

16 

13  

(12 – 24) 

7.4  

(5.1 – 

10.4) 

5.0  

(3.8 – 6.3) 

36  

(27 – 45) 

15 

(11 – 19) 

50 

77  

(49 – 80) 

45  

(25 – 61) 

19  

(14 – 24) 

83 

 (62 – 104) 

72 

(54 – 90) 

84 130 ¶ 104  65  130  122 
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(82 – 130) (49 – 81)  (98 – 163) (92 – 153)  

 
Luoquan (mm) 

P
e
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e
n
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le
 

Sieving † 

Manual 

Photo 

Counts ‡ 

pyDGS  

x = -0.5 § 

pyDGS  

x = 1 § 

pyDGS 

Combined § 

16 

56  

(47 – 80) 

33  

(28 – 49) 

5.9  

(4.4 – 7.4) 

57  

(43 – 71) 

49 

(37 – 61) 

50 100 ¶ 

79  

(69 – 89) 

23  

(17 – 29) 

150  

(113 – 188) 

98 

(74 – 123) 

84 

248  

(210 – 250) 

119  

(100 – 190) 

89  

(67 – 111) 

248  

(186 – 310)  

178 

(134 – 223) 
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Figure 4.8 

GSDs obtained using pyDGS with different maxscale values plotted alongside sieving 

GSDs for the same grain size range. A) Luoquan deposit with a maxscale of 8 and 

GSD limit of 3.1 mm to 142 mm.  B) Liusha deposit with a maxscale of 8 and GSD 

limit of 2.6 mm to 121 mm C) Luoquan deposit with a maxscale of 4 and a GSD limit 

of 3.1 mm to 285 mm. D) Liusha deposit with a maxscale of 6 and GSD limit of 6.5 

mm to 161 mm. E) Luoquan deposit, maxscale of 4 and GSD limit 80 mm to 285 mm. 

F) Liusha deposit, maxscale of 6 and GSD limit of 80 mm to 161 mm. 

The GSDs measured were significantly different from the sieved distributions 

in Tredegar; Wolman pebble counts (2= 64.14, d.f. = 3, p-value < 0.05), 

survey tape counts (2= 13.03, d.f. = 5, p-value < 0.05), manual photo counts 

(2= 28.95, d.f. = 3, p-value < 0.05) and pyDGS (2= 25.95, d.f. = 5, p-value < 

0.05) (Appendix Table 6). To infer the magnitude of methodological 



87 
 

uncertainty in these values I truncated the individual distributions in Tredegar 

to the grain size range covered by all methods (3 mm to 34.4 mm, Figure 4.9; 

Church et al., 1987). Within this range, survey tape counts, pyDGS and sieving 

GSDs were similar (sieving and survey tape: 2= 6.44, d.f. = 3, p-value > 0.05; 

sieving and pyDGS: 2= 1.01, d.f. = 3, p-value > 0.05; survey tape and pyDGS: 

2= 5.45, d.f. = 3, p-value > 0.05) (Figure 4.9, Appendix Table 6). Manual 

photo counts and Wolman pebble counts were significantly different with 95% 

confidence to sieving GSDs (2= 12.64, d.f. = 3, p-value < 0.05; 2= 29.91, d.f. 

= 3, p-value < 0.05) and survey tape GSDs (2= 8.02, d.f. = 3, p-value < 0.05; 

χ²= 21.07, d.f. = 3, p-value < 0.05). Wolman pebble count GSDs overpredicted 

grain sizes in the lower 50% of the distribution when compared with all other 

methods. 

 

Figure 4.9 

Comparison of truncated field-derived GSDs and pyDGS derived GSDs for the 

Tredegar rockslide. I found that the range 3 mm to 34.4 mm was covered by all five 

methods and therefore adjusted all curves to fit this range. The sieving GSD is based 

on a sample taken within the first 10 cm of the surface near the centre of the 

deposit. Approximately two thirds of the sample is within the truncated grain size 

range. The survey tape count is based on a total of 181 grains across the entire 

deposit. 144 of these grains were within the truncated range. Both the Wolman 

pebble count and manual photo count consisted of measuring 300 grains. In the 

Wolman pebble count 279 grains were within the truncated range. 259 grains from 
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the manual photo count were within the truncated range. The pyDGS curve is the 

average of the 60 GSDs generated using individual photos of the deposit. 

Approximately 60% of the full GSD for pyDGS shown in Figure 4.5 was within the 

truncated range. The adjusted GSD (blue) is calculated by combining the surface 

sieving GSD (black) and the survey tape GSD (grey) using the method outlined in 

Fripp and Diplas (1993) and briefly in Section 4.4.6. I used sieving and survey tape 

GSDs as these provided the minimum and maximum grain sizes for the location 

based on their generated GSDs. 

4.6 Discussion 

4.6.1 Sampling method uncertainty 

There are several uncertainties inherent in each sampling method that can 

lead to systematic bias in the reported results (Table 4.1). Bias in the sieving 

GSDs may be introduced as each sample integrates the subsurface and surface 

grains into a single GSD (Bunte and Abt, 2001b; Dufresne and Dunning, 2017; 

Johnson et al., 2012). Where deposits are vertically stratified, this will lead to 

underestimation of coarse (or fine) surface fractions. These issues were 

mitigated by choosing sampling locations that showed no evidence of vertical 

stratification. No systematic change was observed in these three pits with 

depth, suggesting that differences in GSD are more likely to reflect primary 

variability in the deposits rather than vertical stratification (Figure 4.10). For 

example, while D16, D50 and D84 values for the upmost three layers in Luoquan 

ranged from 30 – 56 mm, 100 – 137 mm and 248 – 306 mm respectively, there 

was no evidence of stratification with depth. Additionally, the D16 and D50 

values obtained for sieving were consistently lower than the values obtained 

using Wolman pebble counts, survey tape counts and manual photo counts, 

demonstrating that the changes observed with depth should not result in 

simply a coarser or finer surface. The D84 values in Luoquan and Liusha were 

also larger than all other surface D84 values. Further bias could be introduced 

if the pit is not constructed correctly, which I avoided by consistently 

measuring the width and depth of the pit when digging. Whilst, sieving 

presents challenges in terms of the efficiency and accessibility, it is the only 

method able to successfully measure sand grains and finer. Where time or 

equipment is limited, an alternative method may be chosen, but no other 

method will be able to sample this fine fraction which represents up to 20% of 

the GSD by weight (Casagli et al., 2003). For the statistical comparisons in this 

chapter, I use sieving as the test statistic due to its larger sample sizes and 
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widest GSDs making it most likely to be representative of the true distribution 

across its sampling range.  

 

 

Figure 4.10 

GSDs measured using sieving at 10 cm depth increments for the Luoquan (A) and 

Liusha (B) debris flows. Variations in depth are shown by the different line styles. 

Photo-based techniques can be limited by photo extent, imbrication, overlap 

and mistakenly measuring the c-axis as opposed to the b-axis (Attal and Lavé, 

2006; Casagli et al., 2003; Kellerhals and Bray, 1971). These limitations can 

result in GSDs that underestimate the coarse end of the distribution 

(Appendix). Furthermore, small sample sizes can also lead to underestimating 
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the D84 values. Despite using the same photos, we found significant 

differences when comparing manual photo count and pyDGS GSDs in Tredegar 

(Appendix; Full GSD: 2= 62.04, d.f. = 3, p-value < 0.05; Truncated GSD: 2= 

22.21, d.f. = 3, p-value < 0.05). PyDGS with a shape parameter of 1 also 

underestimated the proportion of grains between 5 mm to 40 mm relative to 

manual photo counts in Liusha (Figure 4.7). The differences in the GSDs 

obtained using each method may be attributed to the lack of contrast 

between the fine grains in the image. The lack of contrast results in smaller 

changes in the texture of the image and therefore reduces the ability of the 

pyDGS algorithm to register these as grains. Images where the fine grains are 

all of similar colour are difficult to differentiate, resulting in the individual 

grains being considered as single larger grains (Buscombe, 2013, Figures 4.4, 

4.7 and 4.11). This effect may be enhanced by wet grains in Figures 4.4A and 

4.7 (Buscombe, 2013).  
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Figure 4.11 

The GSDs obtained using pyDGS and manual photo counts for two individual photos 

taken in Tredegar (Figure 4.4A and 4.4B) A) Manual photo count of Images 1 (grey) 

and 2 (black) using a 1 000 mm2 grid in ImageJ compared with pyDGS GSDs. pyDGS 

was run with the following parameters: maxscale: 8, x: 0, resolution: 0.088 mm pi-1 

(Image 1) and 0.084 mm pi-1 (Image 2). B) Comparison of manual photo counts and 

pyDGS GSDs for the same grain size range. For Image 1 this is between 0.6 mm and 

34.5 mm and Image 2 this is between 0.6 mm and 28.4 mm. 

PyDGS was not well suited to the application of mass movement deposits as it 

requires calibration and multiple shape factors to capture complex GSDs 

(Figures 4.6 and 4.7, Appendix). Even when calibrated the GSD obtained using 

pyDGS was statistically different from the full GSDs obtained using sieving in 

all three locations (Tredegar: 2= 25.95, d.f. = 5, p-value < 0.05; Liusha: 2= 

14.85, d.f. = 4, p-value < 0.05; Luoquan: 2= 22.01, d.f. = 5, p-value < 0.05). 

Whilst, pyDGS has the major benefit of automatically generating GSDs from 

photos, which can enhance our ability to record GSDs over high spatial and 

temporal resolutions, for complex, large mass movement deposits, pyDGS 

generated GSDs rely too heavily on the use of another method for calibration 

that it does not increase efficiency.  

Wolman pebbles counts and survey tape counts cannot measure the finest 

grains and have minimum grain sizes of 3 mm and 1 mm for each method 

respectively (Figures 4.4 and 4.9; Table 4.3). The statistically different, 

coarser, GSD for random Wolman pebble counts when compared to survey 

tape counts (2= 21.07, d.f. = 3, p-value < 0.05) is possibly to be due to fine 

pebbles being overlooked by the technique as a result of operator bias (Fripp 

and Diplas, 1993; Strom et al., 2010). Operator bias may be even more 

pronounced in heterogenous, multimodal mass movement deposits towards 

the extreme small or large grains (Daniels and McCusker, 2010; Strom et al., 

2010). A limitation of the approach used here is the fact that I sampled grains 

<2 mm using the survey tape method and <4 mm using the Wolman count 

method (Bunte and Abt, 2001a). Whilst these are below the expected 

minimum grain sizes in Table 1, I wanted to provide the full GSD of grains 

visible in the field. The minimum GSDs often used, 4 mm – 8 mm, are dictated 

by work on fluvial GSDs, which are likely to be inundated by shallow water 

(e.g. Kellerhals and Bray 1971; Bunte and Abt 2001a). In a mass movement 

deposit, the smaller grains on the surface are more likely to be visible, which 
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may allow for the sampling of smaller grains. The exclusion of fine grains 

when conducting pebble counts, particularly randomly through a Wolman 

pebble count, will result in a mass movement GSDs, where fine grains are 

underestimated. 

4.6.2 Methodological uncertainty, sample size and sample type 

No single method accurately measured the full GSD in any of the mass 

movement deposits studied (Figures 4.5, 4.6 and 4.7). In Tredegar, I combined 

two GSDs collected using different methods to obtain a full GSD. When 

selecting which methods to combine it is important to consider the 

differences in the distribution produced based on methodological uncertainty, 

sample size, and sampling method. To identify differences in the GSDs 

associated with methodological uncertainties, I compared the GSDs measured 

using different methods across a restricted set of grain sizes, where issues of 

resolution are likely to be minimal. Wolman pebble counts and manual photo 

counts had significantly different distributions across this restricted grain size 

range suggesting that these methods are the least comparable to sieving and 

survey tape counts, and therefore least reliable. Survey tape counts and 

pyDGS GSDs were consistent with sieving GSDs over a restricted grain-size 

range (Appendix), implying that they are strong candidates for combining to 

create a full GSD. The statistically similar relationship between survey tape 

counts and sieving over a single order of magnitude, suggests that a more 

systematic approach to pebble counts can be used to represent the fraction of 

grains larger than fine gravel in a mass movement deposit better than a 

random pebble count (Kellerhals and Bray, 1971). Consequently, any 

statistical differences across the full GSD measured by these three methods 

are likely to be a result of the sample size and sample range of each method. 

The importance of method choice, and grain-size range, was further reflected 

in the percentile values for each method. For full GSDs, survey tape counts, 

manual photo counts and Wolman pebble counts all overestimated D16 relative 

to the sieving D16 value, due to their inability to sample grains smaller than 

gravel (Table 4.1; Wolman 1954; Casagli et al. 2003). Thus, the use of Wolman 

pebble counts or manual photo counts introduces methodological 

uncertainties to the sampling of mass movement deposits and results in 

statistically different, unreliable, GSDs.  
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Methodological differences in sample size may also affect the measured GSDs 

and explain the differences in manual photo count and Wolman pebble count 

GSDs (Church et al. 1987; Storz-Peretz and Laronne 2013; Purinton and 

Bookhagen 2021). Primarily, the issue of sample size relates to the ability to 

accurately capture the coarse end of the distribution (Church et al., 1987). 

Previous studies have suggested recommended sample sizes for different 

methods based on coarse fluvial deposits (e.g. Kellerhals and Bray 1971; Fripp 

and Diplas 1993; Graham et al. 2010; Eaton et al. 2019; Purinton and 

Bookhagen 2021). When we applied these methods to large, complex mass 

movement deposits, such as Liusha and Luoquan where the coarse grains were 

much larger than is typical in fluvial settings, it was challenging to strictly 

apply these sample sizes. Recommended sample sizes vary for survey tape and 

Wolman pebble count methods based on the range of grain sizes found in the 

deposit. Measuring enough grains for at least the 84th percentile to converge 

provides a helpful criterion (Purinton and Bookhagen, 2021). For the finer 

mass movement deposit in Tredegar, the 84th percentile converged after 300 

measurements, which took approximately 1 – 2 hours of sample time. This 

timescale is not significantly different from that required to construct and 

sieve a pit in a fine deposit. 

Photos counts have a recommended areal coverage of 100 to 200 times the 

DMax to obtain <10% errors (Eaton et al., 2019; Graham et al., 2010; Purinton 

and Bookhagen, 2021; Storz-Peretz and Laronne, 2013). In the Longmen Shan, 

where the DMax from the images used were 189 mm and 552 mm respectively, 

this would require a photo with a width of 11 m (an area of >100 m2). Such 

photo could only be taken with UAV and would subsequently compromise the 

resolution of the finest grains (unless combined with a higher resolution 

photo) (Graham et al., 2010; Storz-Peretz and Laronne, 2013). This example 

highlights the primary challenges of sample size, as it is common to find 

grains > 500 mm in mass movement deposits that may be smaller than 100 m2 

or where larger areas are not spatially uniform, for example due to 

segregation.  

In fluvial environments, there is a volumetric sieving target where a maximum 

of 5% of the total weight limit can be made up of the largest grain (Church et 

al. (1987). Occasionally, boulders >50 kg were still recorded in the debris flow 
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deposit pits that meant this criterion was not always achievable. Where 

deposits are small or only a fraction of the deposit needs to be sampled, 

sieving may be a more appropriate technique for obtaining a GSD. Though it is 

difficult to achieve the recommended sample sizes in mass movement 

deposits for any individual sampling method. As such, accurate GSDs, which 

meet the recommended sample sizes, are more likely to be achieved by 

combining multiple methods that are optimised to sample certain grain-size 

ranges (Attal and Lavé, 2006; Casagli et al., 2003; Fripp and Diplas, 1993).  

Whilst spatially uniform sections of the deposit were chosen, it is important to 

note that each method has slightly different sampling frequencies and depths. 

I refer to uncertainty associated with differences in the location of sample as 

sample type. These field sites were chosen to minimise differences in sample 

type. Within the three pits sampled, there was no vertical stratification by 

grain size across the top 50 cm (which I sampled at 10 cm intervals) (Figure 

4.10). Thus, there is no evidence that a surface sample would be significantly 

different to a sieved sample (Attal and Lavé, 2006). I combined the sieving 

and survey tape GSDs to produce a full distribution. In doing this, I assumed 

that sieving and survey tape GSDs could be merged due to the fact they do 

not produce statistically different distributions over a truncated range of 

grain sizes (Figure 4.5). Whilst the combined GSD will produce the widest 

GSD, I note that the uncertainties associated with combined methods are 

likely to be propagated in the adjusted distribution, for example the effect of 

sample size. In Luoquan and Liusha it was not necessary to combine multiple 

GSDs because sieving recorded the minimum and maximum grain size. Thus, 

combining complimentary methods that sample different grain size ranges, 

but without significant methodological uncertainty (e.g., sieving and survey 

tape), may provide the best opportunity to accurately report the full GSD of 

mass movement deposits. 

4.6.3 Applying these methods to different types of mass movement 

A solution to the challenges associated with developing accurate GSDs across 

the wide range of mass movement grain sizes is to vary the method based on 

the research question being asked. In many cases, only a portion of the entire 

GSD is required to identify the transport and depositional mechanisms 

occurring within a deposit and subsequently interpret the types of mass 
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movement (Blair, 1999; Cruden and Varnes, 1996; Kaitna et al., 2016; 

McKenna et al., 2012; Wang and Sassa, 2003). For example, flow-like failures 

are commonly associated with processes such as inverse grading and kinetic 

sieving, which result in a coarse surface layer, front and levees (Johnson et 

al., 2012). The GSD of levees may require characterisation of grain size across 

a wider spatial scale, using survey tape counts or manual point counts. In 

contrast sieving may be better suited when deposits have a high proportion of 

fine material, such as for viscous flows (Kaitna et al., 2016; Wang and Sassa, 

2003).  

Measurements of deposit GSDs have been used to infer the source of the 

material mobilised from the relationship between bedrock strength and the 

GSD of rock avalanche, rockfall and landslide deposits (Dunning, 2006; Marc et 

al., 2021). GSDs can also help to identify the source of the mobilised material. 

For example in California, finer, sandier debris flows were hillslope triggered, 

whereas the coarser debris flow mobilised material from within the channel 

(Kean et al., 2011). These findings may also be supported in the Longmen 

Shan, where rock type variability may explain the higher proportion of grains 

<10 mm in Liusha in comparison to Luoquan (Figures 4.6 and 4.7). As the 

fracture spacing of metasediments is smaller than the granitoids found in 

Luoquan (Figure 4.2D). This difference may have been overlooked by using a 

method that is biased towards coarser grain sizes.  

Mass movement GSDs are more commonly obtained for rock avalanches, 

debris flows and landslides where grain size plays a role in controlling mobility 

through processes such as comminution, fragmentation and segregation 

(Crosta et al., 2007; Dufresne and Dunning, 2017; Dunning, 2006; Locat et al., 

2006). These processes produce GSDs with potentially large spatial variability, 

a wide range of grain sizes and bimodal or multimodal distributions (Crosta et 

al., 2007; Dufresne and Dunning, 2017; Makris et al., 2020). An understanding 

of the entire GSD of rock avalanche deposits can also help to understand what 

controls the rate of different transport and depositional processes. All grain 

sizes were found to control segregation in an experimental setting for dry 

granular flows, which includes rock avalanches (Gray and Ancey, 2011). Here, 

a higher proportion of fine grains resulted in a longer distance being required 

for medium and large particles to segregate (Gray and Ancey, 2011). The 



96 
 

efficiency of fragmentation in deposits is also thought to relate to GSDs. For 

example, there is a decrease in the efficiency of fragmentation when the 

number of fines increases as the fines act to buffer interactions between 

larger grains (Locat et al., 2006). Whilst Locat et al., (2006) obtained this 

conclusion using photographs of grains, they did note that their proportions of 

fines were likely to be an underestimate. Hence, whilst broad patterns can be 

well captured using more accessible, common methods (Marc et al., 2021), it 

is important to capture full GSDs for deposits, using multiple methods, when 

identifying depositional and transport processes.  

Examples of where a restricted sampling of the GSD of mass movement 

deposits might be useful is when considering their contribution to rockfall 

hazard and fluvial bedload transport. In rockfalls, deposited grain volume can 

predict runout hazards better than the initial volume which tends to 

overestimate the kinetic energy and runout (Ruiz-Carulla et al., 2015). 

Subsequently, only the coarse fraction (rocks >0.01 m3) is required as this can 

provide an indication of the furthest point the runout will travel, which is 

most important for hazard models. Depending on the nature of the hazard, 

using a single method to rapidly constrain the GSD of coarser boulders may 

therefore outweigh the importance of spending considerable time extracting 

the entire GSD of the deposit using sieving. In terms of fluvial bedload, the 

GSD >1 mm of landslides has been successfully compared directly to the GSD 

of weathering products to understand the importance of landslides in hillslope 

and fluvial sediment budgets (Roda-Boluda et al., 2018). This was achievable 

because the study only focused on the surface material, where most fines 

have been washed away. However, the appropriate method will vary based on 

the mass movement deposit sampled and the GSD of the other processes 

acting within the catchment. The importance of the entire GSD has been 

shown for the Marsyandi River, where the pebble and suspended/bedload 

ratio were both affected by hillslope processes, including landslides (Attal and 

Lavé, 2006).  

The methodological uncertainties associated with comparing GSDs and 

percentiles obtained using different methods can have consequences for 

accurate process interpretation. For example, the factor of two difference in 

grain-size percentile estimates from survey tape counts relative to sieving for 
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a fine deposit could shift the D50 value from suspended load to bedload, which 

would have implications for estimates of sediment export rates and onward 

transport (Croissant et al., 2021; Marc et al., 2021). Similarly, by excluding up 

to 20% by weight of the finest grains, all non-sieving methods are unable to 

find evidence for processes where the proportion of sand and silt is influential 

(de Haas et al., 2015; Kaitna et al., 2016; Makris et al., 2020). The rates and 

calibre of hillslope sediment supply to channels have also been increasingly 

used to drive landscape evolution and fluvial modelling (Attal et al., 2015; 

Croissant et al., 2021; Egholm et al., 2013; Roda-Boluda et al., 2018). Given 

mass movement derived sediment is an essential component in these 

problems (Sklar and Dietrich, 2006), improvements are needed in our ability 

to characterise this material to provide robust conclusions about the 

timescales and rates of bedrock incision and sediment transport. 

4.7 Conclusion 

Measurements of mass movement GSDs present concerns of accuracy, 

precision, and pragmatism. Each study is required to make choices about 

methodology, sampling locations and size that suit both the research question 

being asked and the practical challenges of field sites. Here I show that these 

choices about methodology can introduce up to a factor of five difference in 

simple metrics like D16 and D50. This results in GSDs and grain-size percentiles 

that are not directly comparable to GSDs measured using different methods, 

especially when the same grain-size range is not considered. I demonstrate 

that for smaller, finer mass movement deposits, survey tape counts and 

pyDGS are a suitable alternative to sieving for measuring the GSD over a single 

order of magnitude. Whilst pyDGS could be used to obtain a representative 

GSD over a single order of magnitude for the smaller landslide deposit, once 

trained, I was unable to obtain a representative GSD using a single curve for 

the larger debris flow deposits. In the larger, coarser debris flow deposits in 

the Longmen Shan, manual photo counts were unable to obtain the maximum 

resolution measured using sieving. I was also unable to reach the desired 

sample size for manual photo counts for coarse deposits. In all cases clear, 

detailed descriptions of the protocol are essential so that uncertainties 

introduced by different methods can be quantified and the implications for 

process interpretation can be better understood.  
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This chapter highlights the challenges associated with measuring the GSD of 

debris flow deposits as well as how method choice can have significant 

implications on the measured GSDs and grain size percentiles. In the next 

chapter, I will apply three of the methods analysed in this chapter (sieving, 

manual photo counts and pyDGS) on a wider scale to obtain high resolution 

GSDs for two debris flow deposits in Wenchuan. The GSDs will be measured 

following the clear protocol set out in Chapter 4 (Section 4.4) in order to be 

as accurate, and comparable to future studies, as possible. The limitations 

identified when comparing pyDGS GSDs to sieving GSDs in Chapter 4 will be 

mitigated in Chapter 5 by using pyDGS only to provide a measure of 

coarseness for an image. The coarseness of the image will be described using 

the GSD integral, which is explained in Section 5.4.1. Chapter 4 has 

highlighted a need to continue developing automated approaches to measure 

surface grain size from images over a wide range of grain sizes.  
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Chapter 5 

Comparing GSDs for two post-
earthquake debris flows with 

different runout lengths 
 

 

Image by Megan Harvey 
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5.1 Abstract 

Debris flow grain-size distributions (GSDs) are challenging to obtain but are 

crucial in controlling how debris flows transport and deposit sediment. Studies 

which use debris flow GSDs to better understand flow processes, such as pore 

pressure dissipation, are typically performed under controlled physical or 

numerical conditions that do not correlate well to the field. In this chapter, I 

have collected high-resolution GSDs for modern-day debris flows by sampling 

two debris flows across three dimensions (vertically, laterally, and 

longitudinally). The two post-earthquake debris flows both occurred during 

the same intense rainfall event in 2019 in catchments located ~20 km apart 

and remobilised co-seismic sediment. Despite these similarities, the two flows 

have vastly different runout lengths and channel geometries, suggesting that 

controls on transport and deposition may contrast between the two flows. I 

analysed the deposit GSDs to infer what controlled transport and deposition in 

each flow. I found that both debris flow deposits had relatively consistent 

GSDs in terms of width and the maximum grain sizes transported. This 

indicates that grain size was not the main driver of the different runout 

lengths. However, the spatial pattern of deposited grains did differ in some 

locations of the flow. These differences suggest that the processes which 

control grain size segregation in debris flows, such as kinetic sieving, may 

behave differently in the two flows. The grain size of the smaller Liusha 

debris flow was vertically segregated in parts, whereas the larger Luoquan 

debris flow was uniform throughout. This lack of inverse grading may be 

driven by the higher water content in the larger, Luoquan debris flow, which 

buffers grain collisions within the flow and inhibits segregation. The GSDs 

deposited by the Luoquan debris flow appeared to correspond to changes in 

slope curvature and channel width, suggesting that topography may also 

affect processes of deposition in highly fluidised debris flows. From these 

findings, it appears that whilst debris flow GSDs are complex, they can 

provide insight into how debris flows characteristics and channel topography 

influence patterns of deposition within individual flows. This high resolution, 

local-scale approach will be beneficial when validating future debris flow 

hazard models.   
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5.2 Introduction 

Debris flow GSDs can affect the runout length of debris flows by controlling 

the flow viscosity, the rate of excess pore pressure dissipation, and the 

frictional grain interactions  (de Haas et al., 2015; Iverson et al., 2010; 

Pierson, 1981). The spatial pattern of debris flow GSDs can also provide 

insight into the mechanisms driving transport and deposition within the flow, 

such as size segregation and particle collisions (see Chapter 2; Pierson 1981; 

Whipple and Dunne 1992; Blair and McPherson 1998; Kim and Lowe 2004; de 

Haas et al. 2015). For example, debris flows have been found to form 

inversely graded deposits due to kinetic sieving (Sohn et al. 1999; Vallance 

and Savage 2000). These deposits can be identified in the field by a coarse 

surface layer and a finer base layer and are most commonly found in debris 

flows dominated by frictional forces and high solid contents (e.g. Sosio et al. 

2007). Therefore, not only do debris flow GSDs control debris flow runout 

length but they can also be used to infer previous debris flow properties and 

characteristics which cannot be readily measured in the field, such as velocity 

and the flow water content. Few detailed field studies of debris flow grain 

size exist due to the challenges outlined in Chapter 4 (Chen et al., 2001; 

Genevois et al., 2000; Kim and Lowe, 2004; Sosio et al., 2007; Vallance and 

Scott, 1997; Yong et al., 2013). Most of our current understanding regarding 

debris flow GSDs and their relation to debris flow mobility stems from small-

scale and large-scale flume experiments and numerical modelling (see 

Bagnold 1954; Major and Pierson 1992; Takahashi et al. 1992; Major and 

Iverson 1999; Iverson et al. 2011; de Haas et al. 2015; Sanvitale and Bowman 

2017; Gray 2018; Pudasaini and Mergili 2019; Barker et al. 2021). An increase 

in the availability of debris flow GSDs from the field would be invaluable in 

validating these experiments and models.     

In this chapter, I utilise the methods from Chapter 4 to measure the GSDs of 

two post-earthquake debris flows formed under similar initiation conditions 

(e.g., rainfall, abundance of post-earthquake sediment, geology) but with 

different catchment and channel geometries. The Liusha and Luoquan debris 

flows, which are discussed in more detail in Chapter 3, are post-earthquake 

debris flows that initiated in August 2019 (Figure 5.1). The Liusha debris flow 

travelled ~1.5 km before stopping, whilst the Luoquan debris flow travelled 
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up to ~8 km (Figure 3.7). I measure the GSDs for both debris flow deposits 

across three dimensions (vertically, laterally across cross sections of the 

deposit, and longitudinally with distance downstream) to collect the highest 

resolution spatial distribution of debris flow GSDs to date. I first compare the 

GSDs deposited by the two debris flows to assess whether grain size controlled 

the differences in runout length. I then investigate how GSDs can help to 

interpret transport and deposition mechanisms occurring within the two 

flows. I utilise three different methods to capture the wide range of grain 

sizes as well as both surface and subsurface distributions consistent with the 

conclusions of Chapter 4.    

 

Figure 5.1 

Map showing the Liusha and Luoquan debris flows in their respective catchments. 

The location of the catchments in China and relative to the 2008 fault lines (red) as 

well as local towns (W – Wenchuan and Y – Yingxiu) and cities (C – Chengdu) are 

shown in inset maps 5.1B and 5.1C. The underlying geology in the region is also 

mapped using data from Ma (2002). 
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5.3 Research objectives 

1. To measure high-resolution GSDs for two post-earthquake debris flow 

deposits across three dimensions (vertical, lateral, and longitudinal). 

2. To compare the GSDs deposited by the two debris flows in terms of 

composition and spatial patterns of deposition. 

3. To use these GSD comparisons, to compare and infer mechanisms of 

transport and deposition for the two debris flows.  

5.4 Methods 

5.4.1 Grain-size distributions 

The methods used to measure the GSDs for the two post-earthquake debris 

flow are based on our findings from Chapter 4. In this chapter, I extended the 

sampling area to cover the lower half of each debris flow (from source to toe) 

(Figure 5.2). This equated to 4 km in Luoquan and 0.8 km in Liusha. The 

debris flow deposits were sampled in November and December 2019, 

approximately three months after the debris flows occurred. Reworking of the 

deposits prior to this analysis is therefore unlikely.  

Sieving 

I sampled both debris flow deposits at equidistant intervals from the debris 

flow toe to the upmost accessible location. In Luoquan, I sampled eight pits 

from 4000 m to 7500 m downstream of the triggering location at 500 m 

intervals (Figure 5.3). In Liusha, I sampled four pits in total, at 200 - 300 m 

intervals. The pits in Liusha were located 700 m to 1500 m downstream of the 

triggering location (Figure 3.7). Pits are numbered based on their distance 

from the triggering location, for example Pit 1 in Luoquan was 4000 m from 

the triggering location and Pit 8 was 7500 m from the triggering location 

(Figure 5.2). I excavated pits measuring 1 m x 1 m x 0.5 m at 10 cm 

increments, and followed the process detailed in Section 4.4.2 to sieve 

sediment >1 cm in the field and <1 cm in the laboratory. For all sieving GSDs, 

I applied a volumetric correction to redistribute the effect of the largest 

grains which covered multiple layers. To correct for this, I assumed that 

grains with a b-axis >10 cm covered multiple layers and reallocated the 

weight of each grain based on the proportion of the grain assumed to be in 

the layer above. The correction was crucial because grains which covered 
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multiple layers were initially only sampled in the lowest layer, and hence 

biased vertical GSDs affecting interpretations of inverse grading. In total, 

each pit weighed ~1000 kg, which ensured that most pits met, or were close 

to, the minimum weight limit set out in Church et al. (1987).  

All three axes of grains >8 cm were measured in the field to obtain an 

estimate of grain shape. Grain shape can provide an indication of processes 

occurring within the flow. 
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Figure 5.2 

The location of the sieved pits, photo cross sections, and drone grain size 

measurements for the Liusha (5.2A) and Luoquan (5.2C) debris flow deposits. The 

geomorphological context for each deposit (elevation, slope, curvature and channel 

width) are shown in Figures 5.2B and 5.2D. The DEM used to produce the hillshade 

for both figures is 30 m resolution. Note that in Figures 2.B and 2.D the distance 

from source is increasing from right to left to be consistent with the maps shown in 

2A and 2C.  

 

Figure 5.3 

Overview of the methods used to measure the grain size of debris flow deposits. The 

insets show the approaches taken for vertical GSDs from sieved pits (5.3B), 

longitudinal GSDs from surface photos and drone imagery (5.3C) and lateral GSDs 

from surface photos taken at channel cross sections (5.3D). Figure 5.3E shows which 

approaches were used to produce each figure in this chapter. * Indicates that the 

figure uses separate GSDs to represent each 10 cm layer in the pit. ** indicates that 

the sieved GSDs for each pit have been averaged to produce a single GSD for each pit 

location. This involved creating a new GSD for each pit based on the weight of grains 

in each size fraction. Average GSD integrals were calculated using the five GSD 

integrals for each pit.  

Photo analysis 

I followed the protocol outlined in Sections 4.4.4 and 4.4.5 to obtain surface 

GSDs across both deposits using manual photo counts and pyDGS. Photos were 

taken at approximately equal distance apart along the sieving transects, 

which were perpendicular to the direction of flow (Figure 5.3). The transects 
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ran from the right and left edges of the deposit. Areas of the deposit that 

were older and vegetated were not photographed. I ensured the photos were 

parallel by using a 0.5 m x 0.5 m frame. This frame was also used to calculate 

the resolution of the photo in mm pi-1. 

Where the largest grains had a b-axis less than one third of the image width, I 

used the automated, texture-based grain size analysis tool pyDGS to measure 

the GSD of the photos (Buscombe, 2013). I ran pyDGS to obtain GSDs for >200 

photos with a shape parameter of 0, inferred using sieving GSDs, and varied 

the maxscale (the maximum grain size the algorithm searches for) and 

resolution depending on each photo. The running time for pyDGS was 

approximately eight minutes per photo. In Chapter 4, I concluded that pyDGS 

needed to be tuned to measure the GSDs for complex mass movement 

deposits and that multiple shape parameter were required to achieve this. On 

balance, I decided to run pyDGS with a single shape parameter as this enabled 

the rapid identification of a general GSD for each image. I compared the 200 

images with the pyDGS generated GSD and determined that pyDGS could 

sufficiently provide an indication of coarseness for each surface photo. I 

minimised the effect of using a single shape parameter by calculating the GSD 

integral for each distribution to provide a measure of coarseness as opposed 

to using the individual grain sizes determined, as detailed below. The 

individual grain sizes determined may be inaccurate whereas the relative 

coarseness between photos is accurate and will be sufficient to fulfil my 

research objectives. The GSD integral uses the area under the curve to 

represent the GSD at each location by a single value (Figure 5.4).  

Manual photo counts were conducted on photos where a single grain occupied 

at least one third of the image width. I applied a grid to each image and 

measured the b-axis of grains where the gridlines intersected. I considered 

grains which intersected multiple gridlines as repeats and excluded these 

from counts. This is likely to result in underestimates of the GSDs collected, 

which may influence any single percentile values used to represent the 

distribution. I minimised the effect of this by considering the GSDs as GSD 

integrals as opposed to percentiles. I also manually measured the number and 

b-axis of grains >1 m in diameter between 5000 m and 6750 m downstream in 

Luoquan using drone images taken in November 2019 (Figures 5.2 and 5.3). 
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Photos were only at a high enough resolution and quality to conduct the 

analysis over this section of the channel. I normalised the number of boulders 

(>1 m) counted in each drone image by the length of channel in that image to 

ensure that the length of the channel in each image did not affect the results. 

GSD integral 

 

Figure 5.4 

An example of the curves used to calculate the GSD integral. This figure uses the 

surface and deepest (40 – 50 cm) layers from 7500 m downstream of the Luoquan 

deposit as reference curves. All grain sizes were normalised by the maximum grain 

size measured for each method, therefore not all GSD curves extended to 1, as 

shown by the dark grey curve.  

I quantified the shape of the GSDs by integrating underneath the normalised 

percent coarser than curve, similar to the hypsometric integral used to 

determine asymmetry in topography (Brocklehurst and Whipple, 2004; 

Strahler, 1952). I normalised grain size by the maximum grain size obtained 

using each method. As such, the integrals could not be compared across 

methods. A larger GSD integral is caused by a larger proportion by weight, and 

thus curve area, in the upper end of the distribution (Figure 5.4). The use of a 

GSD integral to determine the coarseness of the distributions was supported 

by the strong correlations between D50 and D84 with the GSD integral (Figure 

5.5). The positive relationships, which were found for all percentiles above 

D50, suggest that the GSD integral provides a single metric which can be 
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deemed appropriate to represent at least the coarsest 50% of the GSDs 

measured. 

 

Figure 5.5  

Relationship between D50, D84 and the GSD integral for the GSDs generated from 

sieving individual pit layers in Liusha (circles) and Luoquan (crosses). This 

demonstrates how the GSD integral is effective in constraining the coarseness of 

each GSD.  

5.4.2 Topography 

I measured channel cross sections at each pit location using a laser range 

finder. Longitudinal channel bed topography was collected using the JAXA 30 

m resolution digital elevation model (DEM). I calculated the slope and 

curvature between sampling locations for an elevation profile along the 

centreline of each debris flow deposit using the DEM. To account for the low 

resolution of the DEM, I smoothed the profile using locally weighted 

scatterplot smoothing (LOWESS) and a span of 0.3 (Cleveland, 1979). 

5.5 Results 

The GSDs in Liusha and Luoquan ranged over four orders of magnitude, from 

clay to boulders (Figures 5.6 and 5.7). The maximum sieved grain sizes were 

similar in both debris flows; 57 cm in Liusha and 42 cm in Luoquan. In 

Luoquan, I also measured grains with b-axes up to 400 cm using drone images. 

The proportions of sand and fine gravel (0.01 to 0.4 cm) by weight recorded in 

each pit were consistent across the two deposits (Figure 5.8). However, the 

Liusha deposit had a clay and silt content at least double the relative content 

by weight in Luoquan. 
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Figure 5.6 

GSDs collected from pits dug along the centreline of the Liusha debris flow, with 

increasing distance downstream from top to bottom. The different pit layers (10 cm 

increments) are shown by the colour and style of the line. A bar can be found at the 

bottom of the figure showing the type of grain that corresponds to each size 

fraction. A) Pit 1, furthest upstream, located 700 m from the source. B) Pit 2 

located 1000 m from the source, 300 m downstream of Pit 1. C) Pit 3 located 1300 m 

downstream of the source, 300 m from Pit 2. D) Pit 4 located the furthest 

downstream, approximately 30 m upstream from the road and 1500 m from the 

source. The GSD integral shown is the average of the individual GSD integrals 

calculated for each of the five layers.  
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Figure 5.7 

GSDs collected from pits dug along the centreline of the Luoquan debris flow, with 

increasing distance downstream from 7A to 7H. The distance from the estimated 

source location is given in brackets after each figure ID. The GSDs collected from the 

different pit layers are represented by the colour and style of the line. A bar can be 

found at the bottom of the figure showing the type of grain that corresponds to 

each size fraction. The GSD integral shown is the average of the individual GSD 

integrals calculated for each of the five layers. 
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Figure 5.8 

Proportion of grains by weight for each sieving size fraction relative to the total 

proportion of grains <4 mm by weight for the Luoquan (solid grey line) and Liusha 

(dotted black line) debris flows. 

5.5.1 Geomorphic background 

The Liusha debris flow occurred within a second-order channel (Figure 3.11). 

The Liusha catchment was characterised by a steep bedrock channel until 

~700 m downstream of the triggering location, where the channel was covered 

by debris flow deposited sediment (Figure 3.8). The deposit was sampled on a 

range of slopes between 17 and 29 (Figure 5.2). Channel slope decreased 

with increasing distance from the source location. Channel width increased 

alongside this decrease in slope from 4 m (Pit 1) to 15.8 m (Pit 4). The 

channel had a negative curvature, however, increases in curvature were 

recorded at Pits 2 and 3, which were 1000 m and 1300 m from the triggering 

location respectively (Figure 5.2).  

The Luoquan debris flow was triggered in a larger, shallower, fourth order 

catchment (Figures 3.8 and 3.9). At least, the lower 5500 m of the 8000 m 

debris flow channel was inundated with sediment (Figure 3.8). Generally, 

channel slope decreased with distance downstream from the triggering 

location from 9.6 (Pit 1) to 5.5 (Pit 7) (Figure 5.2). Channel width and 

curvature were more variable and did not appear to relate to the distance 

from the source location. The widest section of the channel sampled was 

found 5500 m downstream from the triggering locations (61.2 m, Pit 4) and 

the average channel width based on the eight sampling locations was 42 m 
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(Figure 5.2). All sampling locations apart from Pit 8 had a negative value for 

curvature. 

5.5.2 Vertical GSDs 

Vertical segregation by normal and inverse grading was evident in 75% of the 

pits sampled along the Liusha debris flow (Figures 5.6 and 5.9). The GSDs 

deposited were normally graded in the first sampling location, 700 m 

downstream from the triggering location (Figure 5.6A and 5.9A). The deposit 

was then inversely graded in the two middle pits, which were located 1000 m 

and 1300 m downstream from the triggering location (Pits 2 and 3) (Figures 

5.6B, 5.6C, 5.9B and 5.9C). The pit located furthest downstream (Pit 4) 

displayed no evidence of normal or inverse grading (Figure 5.6D and 5.9D).  

Normal and inverse grading can be observed using the GSDs for each layer as 

well as their GSD integrals (Figure 5.6 and 5.9). Pit 1 was normally graded due 

to the higher proportion of coarse pebbles, cobbles, and boulders in the 

lowest 30 cm of the pit. For example, grains >10 cm in size accounted for 

approximately 20% more by weight in the lowest 20 cm of the pit relative to 

the surface (Figure 5.6A). In contrast the upper 20 cm of the deposit was 

enriched in fine gravels and pebbles. In Pit 2, the inversely graded pit located 

1000 m from the triggering location, grains >10 cm accounted for 40% less by 

weight in the lowest layer (50 cm deep) relative to the surface layer (Figure 

5.6B). Pit 3, 300 m downstream from the Pit 2, was also inversely graded as 

shown by the decreasing GSD integral with depth (Figure 5.9C). The absence 

of grading in Pit 4, located the furthest downstream, is demonstrated by the 

fact that both the surface and deepest layer (40 cm – 50 cm) were the 

coarsest part of the deposit. The finest section of the deposit was found 

between 10 cm and 20 cm (Figure 5.6D). The lack of grading can be supported 

by the variation in the GSD integral with depth in Figure 5.9D 
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Figure 5.9 

The change in GSD integral with depth for the Liusha debris flow. Average GSD 

integral is the average integral based on the GSD integrals calculated for each layer 

in the pit. 

There was no evidence for size segregation in the Luoquan debris flow (Figure 

5.7). The variation in GSD integrals with depth in Figure 5.8 supports the lack 

of systematic deposition by size within the deposit. The GSDs deposited by the 

debris flow remained consistent in the pits located furthest upstream (4000 m 



114 
 

to 6500 m downstream from the triggering location), with the proportion of 

sand, gravel and finer grains varying by up to 10% between layers (Figure 5.8 

and 5.10). Across this 2500 m section of the deposit, the layer with the 

coarsest and finest GSD differed in each location. In sections of the deposit 

where a large grain covered all five layers, the GSD integrals varied the least 

(e.g., Figures 5.10A, 5.10B and 5.10E). The largest variation in the GSDs 

deposited vertically was found in the two pits located furthest downstream 

(7000 m and 7500 m from the triggering location). At 7000 m downstream (Pit 

7), the surface layer was enriched in finer grains (coarse sand and fine 

pebbles) relative to the lower layers. This enrichment can be identified by the 

steep increase in percent coarseness between 0.6 mm and 10 mm (Figure 

5.7G). A further 500 m downstream (Pit 8, 7500 m from the triggering 

location, 500 m from the toe of the deposit), the opposite was found, with 

the base layer much finer (enriched in sand) than the layers deposited above 

(Figure 5.7H).  
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Figure 5.10 

The change in GSD integral with depth for the Luoquan debris flow. Average GSD 

integral is the average integral based on the GSD integrals calculated for each layer 

in the pit. 
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5.5.3 Lateral (surface) GSDs 

In both deposits peaks in surface coarseness occur both at the edges and in 

the centre of the deposit. From the 12 cross sections sampled, no section had 

coarser GSD integrals on both edges of the deposit, suggesting paired levees 

were not a feature of either debris flow (Figures 5.11 and 5.12). However, in 

the middle section of the Liusha debris flow deposit (1000 m to 1300 m 

downstream from the triggering location), the highest GSD integrals were 

found on one edge of the deposit. The side of the deposit with coarser grains 

also changed from the left side at 1000 m to the right side at 1200 m 

downstream (Figures 5.11C and 5.11E). These locations, particularly Pit 2, 

correspond with a slight bend in the debris flow channel (Figure 5.2). The 

coarser GSDs appear to have been deposited on the inside bend of the channel 

(Figure 5.11). The pits which correspond to these locations, in the middle of 

the Liusha debris flow deposit, were also inversely graded (Figure 5.6). The 

location of the higher GSD integral did not appear to relate to a change in the 

bed cross section profile, which only varied by 1 m at most in this section of 

the channel (Figures 5.11D and 5.11F). Further upstream (Pit 1), the surface 

GSD integral varied across the width of the channel, with finer surface GSDs 

dispersed in between a coarse deposit, with GSD integrals up to 0.19 (Figure 

5.11A). These sharp transitions in grain size may be attributed to the fact this 

section of the deposit is located directly downstream of a predominantly 

bedrock channel. This section was also more deeply channelised than other 

sections of the deposit, however the channel was too narrow to accurately 

measure any change in deposit morphology (Figures 5.2 and 5.11B). At the 

furthest point downstream, where I found no evidence of vertical segregation, 

there is also no clear evidence of lateral segregation. Coarse surface GSDs can 

be found in both the centre and on the right side of the deposit (Figure 

5.11G). 
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Figure 5.11 

Lateral changes in the surface GSD deposited. The GSDs are based on surface photos 

and pyDGS or manual photo counts for the Liusha debris flow. The GSD is 

represented by a GSD integral calculated using a Dmax of 399 mm. The GSD integral 

ranged from 0.06 to 0.19. A, C, E and G) show changes in GSD integral across the 

channel width. Each coloured segment (integral) represents a photo taken of the 

deposit surface. The left and right banks of the deposit when facing downstream are 

indicated. The black line shows the extent of the 2019 deposit. B, D, F and H) show 

the cross-sectional area, measured using a laser range finder, and the average GSD 

integral for each geomorphic section. Each plot corresponds to the same location 

along the channel as shown by the photo and bar on the left. The average GSD 

integral is calculated by averaging the GSD integrals for each section where there is 

a change in slope across the width of the channel. The distance of the pit 

downstream is shown in brackets next to the figure ID. 

In Luoquan, the distribution of surface coarseness laterally across the deposit 

was also not clearly linked to downstream location, lateral position in the 

flow and channel cross section morphology (Figure 5.12). In fact, channel 

width appeared to be the main control on deposit coarseness (Figure 5.12). 

For example, as channel width increased between Pits 1 and 3 (4000 m to 

5000 m downstream of the triggering location), there was also an increase in 

the relative coarseness of the deposit surface, with higher GSD integrals 5000 

m downstream where channel width increased to 43.5 m (Figure 5.12E). A 

further 500 m downstream (Pit 4), the channel width increased by almost 20 

m to reach its widest point (Figure 5.12G). At this location, 5500 m 

downstream from the triggering location, the GSD integrals for the surface of 
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the deposit decreased. Channel slope decreased more sharply at the location 

as well (Figure 5.2). The largest range of GSD integrals, and therefore 

variations in the surface grain size of the deposit, were found in Pits 3 (5000 

m downstream) and 4 (5500 m downstream), alongside this large change in 

channel width (Figures 5.2 and 5.12). An increase in the GSD integrals with 

increasing channel width was also observed in the lower section of the flow, 

such as between Pit 6 and Pit 7 as well as Pit 7 and Pit 8. No relationships 

were observed between the morphology of the cross section and the 

associated average GSD integral. The changes in channel morphology and 

width were much larger in the Luoquan deposit, with changes in bed elevation 

of up to 6 m across the width of the channel in the upper sections of the 

deposit (Figures 5.12D and 5.12H). 
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Figure 5.12 

Lateral changes in the surface GSD deposited. The GSDs are based on surface photos 

and pyDGS or manual photo counts for the Luoquan debris flow. The GSD is 

represented by a GSD integral calculated using a Dmax of 801 mm. The GSD integral 

ranged from 0.02 to 0.15. A, C, E, G, I, K, M and O) show changes in GSD integral 

across the channel width. Each coloured segment (integral) represents a photo taken 

of the deposit surface. The left and right banks of the deposit when facing 

downstream are indicated. The black line shows the extent of the 2019 deposit. B, 

D, F, H, J, L, N and P) show the cross-sectional area, measured using a laser range 

finder, and the average GSD integral for each geomorphic section. Each plot 

corresponds to the same location along the channel as shown by the photo and bar 

on the left. The average GSD integral is calculated by averaging the GSD integrals 

for each section where there is a change in slope across the width of the channel. 

The distance of the pit downstream is shown in brackets next to the figure ID.  

5.5.4 Longitudinal (surface and subsurface) GSDs 

In Liusha, there was a general increase in the D50/D84 ratio and a decrease in 

the GSD integral with distance downstream for subsurface GSDs (average 

subsurface GSDs are calculated using the full pit GSD by weight, average pit 

GSD integrals are calculated by averaging the five layer GSD integrals) and 

surface GSDs (from individual photo GSDs) (Figures 5.3, 5.13 and 5.14A). 

These observations can be explained by a decrease in the D84 value with 

distance downstream. The decrease in D84 and the GSD integral is sharp 

between Pit 1 and 2 (700 m to 1000 m downstream of the triggering location). 

The average D84 value per pit decreased from 41 cm to 16 cm and the GSD 

integral decreased from 0.35 to 0.15 (Figure 5.6). The decrease observed in 

surface and subsurface GSDs between the furthest upstream pit and the 

remaining three pits may relate to the high proportion by weight of sand and 

pebbles in the lower three pits (Figure 5.14). The remaining sections of the 

deposit (Pit 2 to 4) had relatively consistent D84 values and GSD integrals 

(Figure 5.6). There was a small increase in the GSD integral between 1000 m 

and 1300 m downstream. This increase corresponded with a slight increase in 

the proportion of silt and clay deposited and a doubling of the proportion by 

weight of pebbles deposited (Figure 5.14B).  

The Increase in sand and pebble content with distance downstream is 

consistent with the decrease in slope (from 29° to 17°) and elevation (Figure 

5.14A). Channel width only increases gradually until 1300 m downstream of 

the triggering location, where there is a doubling in the channel width over a 
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200 m distance from 7.1 m to 15.8 m. In the section of the deposit following 

this sharp change in width, I observed an increase in the proportion of cobbles 

deposited by weight and a relative decrease in grains finer than cobbles 

(Figure 5.14B). This part of the deposit makes up the section immediately 

before the road, after which the debris flow continued for only a further 100 

m and ceased upon meeting the Yuzi River, as shown in the satellite image in 

Figure 3.11. 

 

Figure 5.13 

Violin plots showing the D50/D84 ratio and GSD integral for different locations along 

the Liusha and Luoquan debris flow. The data shown is based on surface photo GSDs. 

The number of surface photos used to produce each violin plot is shown in Figures 

5.13C and 5.13D. A and B) show the D50/D84 ratio for GSDs generated from photos 

taken along a cross section of the Liusha and Luoquan debris flow respectively. C 

and D) compare the GSD integrals for the surface photos taken along the Liusha and 

Luoquan debris flow. It is important to note the Dmax by which the GSD integral was 

calculated from is 399 mm in Liusha and 801 mm in Luoquan based on the maximum 

grain found in the photos. 
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Figure 5.14 

Change in surface and subsurface GSD with distance downstream for the Liusha 

debris flow based on sieved pits (Figure 5.3). A) shows the elevation, slope, 

curvature and channel width at each location as well as the GSD integral calculated 

by averaging across each sieved pit, as shown in Figure 5.6. The grey error bars show 

the maximum and minimum GSD integral for each pit. B) The GSD shown for Pit 1 is 

the original sieved GSD for the full 50 cm profile as a probability density function. 

The following three pits then show normalised GSDs based on the GSD immediately 

upstream. A value >1 suggests there has been an increase in that grain-size fraction 

being deposited and a value <1 suggests there has been a decrease in that size 

fraction.  

Longitudinal GSDs for the Luoquan deposit suggest that channel topography 

can control the size of grains deposited in catastrophic debris flows in 

Wenchuan (Figure 5.15). For example, changes in curvature in the first five 

pits (Pits 1 to 5) corresponded to an increase or decrease in the proportion of 

fine sand, silt and clay deposited (Figure 5.15). An increase in slope curvature 
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between Pits 1 and 2 as well as Pits 2 and 3 (Pit 1: -3 x 10-5 m-1 to Pit 3: -1 x 

10-5 m-1) corresponded to a decrease in the proportions of fine sand, silt, and 

clay (Figures 5.15A and 5.15C). From Pit 3 to Pit 5 (between 5000 m and 6000 

m downstream of triggering location), there is a decrease in slope curvature 

(from -1 x 10-5 m-1 to -4 x 10-5 m-1) and an increase in the proportion of fine 

sand, silt and clay deposited (Figure 5.15C). These observations suggest that 

in the middle of the deposit, an increase in the proportion of fine sediment 

deposited by the debris flow may relate to a decrease in slope curvature. The 

three pits located furthest downstream (Pits 6 to 8, between 6500 m and 7500 

m downstream) did not fit the relationship between slope curvature and the 

proportion of fine grains observed for the five pits immediately upstream 

(Figure 5.15C). Instead Pits 6 and 7 corresponded with the relationship 

observed from Pits 2 to 4 in Liusha, where a decrease in slope corresponded 

to an increase in the proportion of sand and pebbles (Figures 5.2, 5.14 and 

5.15). Pit 8, located the furthest downstream (7500 m from the triggering 

location), differed from all upstream pits. This GSD was devoid of sand and 

pebbles but enriched in fine sand and had almost two times the proportion of 

cobbles and boulders by weight relative to the previous 500 m (Figure 5.15C). 

The increase in cobbles and boulders is reflected by the sharp increase in the 

GSD integral between Pit 7 and Pit 8 (Figure 5.15C).  

Changes in the width of the debris flow deposit with distance downstream 

also appeared to control the size of grains deposited, particularly the size and 

frequency of boulders (Figure 5.15B). In Section 5.5.2, I observed an increase 

in deposit coarseness with increasing channel width for most sections of the 

deposit (Figure 5.12). Interestingly, the widest section of the deposit 

corresponded to a decrease in the coarseness of the surface GSD (Figure 

5.12G). This observation fits with the change in boulder size and frequency 

with increasing channel width (Figure 5.15B). For example, as channel width 

increases from 43.5 m to 61.2 m, between 5000 m and 5500 m downstream 

from the triggering location, the number of boulders (per 10 m of channel 

length) decreased from 6.9 to 2.6, with a minimum number of boulders, 0.5, 

recorded 5350 m from the triggering location. The maximum boulder size 

observed using drone imagery (3.7 m) was also observed following a decrease 

in channel width between Pits 6 and 7, 6750 m from the triggering location 



123 
 

(Figure 5.15). The complex topographic characteristics of the Luoquan 

channel and sharp increases and decreases in channel width may explain the 

absence of a clear relationship between the D50/D84 ratio (Figure 5.13). The 

spatial patterns observed in Luoquan suggest topography may in part control 

the grain sizes deposited by the Luoquan debris flow. 

The shape of the grains >8 cm deposited by the two debris flows varied 

greatly, with no consistent pattern in both Liusha and Luoquan with distance 

downstream (Figure 5.16). All average grain shapes were disc-shaped, with a 

slight shift closer to spherically shaped grains between Pits 2 and Pit 3 in 

Liusha.  

 

Figure 5.15 

Topographic characteristics, drone grain size measurements and normalised GSDs for 

the Luoquan debris flow. The GSD integrals and GSDs are based on surface and 

subsurface sieving profiles (Figure 5.3). A) shows the elevation, slope, curvature and 

channel width at each pit. B) shows the average GSD integral calculated by 

averaging across each pit (see Figure 5.7) and the error bars with the maximum and 

minimum GSD integral for each pit as well as the maximum grain size and number of 
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boulders >1 m measured from drone imagery between 5000 and 6750 m downstream. 

C) shows the original sieved GSD for Pit 1 (pit furthest upstream) across the full 50 

cm profile as a probability density function, followed by normalised GSDs for Pits 2, 

3, 4, 5, 6, 7 and 8 respectively. The normalised GSD is calculated by dividing the GSD 

of each pit by the GSD of the previous pit. 

 

Figure 5.16 

Shape of grains deposited in A) Liusha and B) Luoquan. Shapes are inferred using the 

b-axis/a-axis ratio and c-axis/b-axis ratio. The average of each ratio at each pit 

location is represent by a star, individual grains are shown by circles.  

5.6 Discussion 

The GSDs measured in Liusha and Luoquan had similar ranges and maximum 

grain sizes but differed through their spatial pattern of deposition across all 

three dimensions. Both debris flows consisted of grains from clay to boulders, 

with very similar relative proportions by weight of grains <4 mm (Figure 5.8), 

cobbles and boulders (Figures 5.6 and 5.7). The smaller Liusha deposit 

generated both normal and inverse grading (Figures 5.6 and 5.9), contrasting 

the lack of segregation by grain size with depth in the Luoquan debris flow 

deposit (Figures 5.7 and 5.10). Laterally, neither debris flow deposited 

coarser grains at both edges of the flow (Figures 5.11 and 5.12). Coarsening 

on one-side of the deposit was observed in the middle section of the flow in 

Liusha and in some locations in Luoquan. The longitudinal, downstream 

distribution of grains also differed across the two deposits, with the smaller 

Liusha deposit fining downstream in terms of D84 (Figures 5.6 and 5.13), whilst 

the most downstream 500 m of the larger Luoquan deposit was enriched in 

boulders relative to sand and pebbles (Figures 5.13 and 5.15). The 

relationship between deposited GSDs and distance downstream also related to 
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changes in channel topography, with wider channels and higher downstream 

curvature correlating with deposition of finer grain sizes in Luoquan.  

The similarities observed in terms of composition suggest that the runout 

length of these debris flows is not primarily controlled by differences in grain 

size. The lack of significant difference between the two debris flow GSDs may 

be related to the similar geology in the triggering locations as well as the fact 

that they have both been mobilised from co-seismic sediment (Figure 3.7; 

Yang et al. 2021). Studies of debris flow composition have previously 

highlighted the importance of clay and gravel content in controlling debris 

flow runout. For example, increased clay and gravel contents can lead to 

dominant viscous and frictional forces respectively, which subsequently can 

control runout length (de Haas et al., 2015). The slightly higher proportion of 

clay and silt in the Liusha debris flow could suggest that the debris flow was 

more viscous and therefore had a shorter runout (Figure 5.8). However, both 

debris flow GSDs were dominated by coarser grains and therefore it is unlikely 

that a clay and silt content <10% of the fraction <4 mm can explain the 

differences in runout length. Further support can be found from the Rossiga 

debris flow in the Central Italian Alps, which had a clay content <15% of the 

fraction <20 mm and a high proportion of boulders (>50% by weight) (Sosio et 

al., 2007). Attempts to model the Rossiga debris flow highlighted that the 

rheological behaviour of a coarse debris flow could not be described simply 

from the composition of the fine grains in the interstitial fluid. The inverse 

grading observed in Liusha also highlights that viscous forces were not the 

only force controlling debris flow runout, as explained in further detail in 

Section 5.6.1. Overall, the similar GSDs measured for the two post-earthquake 

debris flows suggest that the mechanisms controlling the different runout 

lengths are not directly related to the material that is being transported.  

The different spatial patterns of grain size found in the two debris flow 

deposits suggests that other properties which influence the distribution of 

grains within the flow may be crucial in controlling runout length. For 

example, changes in topography have been found to control erosion and 

deposition (Benda and Cundy, 1990; Fannin and Wise, 2001; Guthrie et al., 

2010) as well as rate of kinetic sieving and segregation in debris flows 

(Vallance and Savage, 2000). I will consider how the spatial pattern of grain 
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size differs between the two debris flows, and how potential controls on these 

patterns can explain the differences in debris flow runout length.  

5.6.1 Vertical GSD tends 

No systematic grain size segregation with depth was observed in Luoquan or at 

the furthest downstream location in Liusha (Figures 5.6 and 5.7). Vertical 

grain size segregation was limited to the smaller and more constrained of the 

two debris flows. Where there was inverse grading, in the middle reaches of 

the Liusha deposit, it was limited to an ~300 m section of channel with slopes 

between 24.7° and 21°. In the remaining sections of the deposit, processes 

such as kinetic sieving and squeeze expulsion that govern the development of 

reverse grading were overprinted by other mechanisms (Figure 5.6). Kinetic 

sieving is the percolation of smaller grains through gaps separating larger 

grains and squeeze expulsion is the process by which all grains are levered 

upwards resulting in a net flux of smaller grains at the base (Gray et al., 2015; 

Vallance and Savage, 2000). Inverse grading is commonly found in debris flows 

controlled by dominant frictional forces and active particle collisions, which 

enable dilation and thus encourage segregation during the flow (de Haas et 

al., 2015; Kim et al., 1995; Pierson and Costa, 1987; Vallance and Savage, 

2000). The importance of dilation in enabling segregation has also been 

demonstrated in numerical models (Golick and Daniels, 2009; Gray, 2018). 

Observations from the Rossiga debris flow in the Central Italian Alps suggest 

frictional and dispersive forces are more pronounced in debris flows with high 

solid volume fractions (Sosio et al., 2007). Inverse grading in Liusha therefore 

suggests the flow was dominated by more frictional and collisional forces, 

potentially due to a higher solid concentration, in comparison to the Luoquan 

debris flow. This is consistent with field observations that the larger Luoquan 

debris flow was more fluidised.   

In Luoquan the lack of inverse and normal grading within the deposit could be 

indicative of high viscosity (Vallance and Savage, 2000), incremental 

deposition which does not preserve segregation (Sohn et al., 1999; Vallance 

and Scott, 1997), high pore fluid pressures that lubricate clast contacts and 

therefore reduce particle collisions in the flow (Sohn et al., 1999; Vallance 

and Savage, 2000) or high turbulence within the flow which prevents mixing 

and segregation (Shultz, 1984) (Figure 5.7). Previous observations found that 
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highly fluidised, turbulent debris flows inhibit segregation and particle 

collisions within a flow (Major, 1997; Major and Voight, 1986). These 

observations fit with field observations for the catastrophic debris flows 

witnessed in Luoquan and the surrounding catchments (Guo et al., 2016b; 

Yang et al., 2021). It should be noted that the deposit was sampled to a depth 

of 50 cm, which does not include the full deposit cross-section. A full profile 

is important as the deposit may switch from inverse grading at the base to 

normal grading at the surface (Major et al., 2007). However, the homogeneity 

of the top 50 cm is a strong indication that the flow did not segregate by grain 

size. Inverse grading can also be inhibited by more viscous flows with a high 

fine content in the interstitial fluid which buffers particle collisions (Thornton 

et al., 2006; Vallance and Savage, 2000). I found a higher clay content in the 

Liusha debris flow as opposed to the Luoquan debris flow, suggesting that the 

clay content is not critical in governing the mobility or dominant forces (i.e., 

frictional, collision or viscous) of the two debris flows studied here (Figure 

5.8). This may be explained because a silt and clay content of ~7% by weight, 

as found in Liusha, is still lower than found in other natural debris flows (Sosio 

et al., 2007; Vallance and Scott, 1997; Whipple and Dunne, 1992). Segregation 

by grain size can also occur due to a decrease in slope as a result of a 

decrease in flow velocity (Vallance and Savage, 2000). The velocities of both 

the Liusha and Luoquan debris flows are not known and the geometrical 

differences between the flows, namely the larger channel length and width, 

imply that the Luoquan debris flow had a higher velocity irrespective of slope 

(Figure 5.2). As such, I do not anticipate that slope is the factor most likely to 

explain the lack of segregation, but the faster velocity anticipated in Luoquan 

may hold some importance. Modelling studies have also shown that many flow 

characteristics can influence the rate of segregation within a flow, such as 

grain size width, grain-size ratio (in bi-disperse mixtures) and runout length, 

which were not possible to compare here due to the similar GSDs and vastly 

different runout lengths (e.g. Scott and Bridgwater 1975; Gray and Ancey 

2011; Gray 2018). Therefore, the absence of vertical segregation can be 

attributed to the fewer frictional and collisional forces within the Luoquan 

debris flow because of the high pore pressures. The presence of high pore 
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pressures also explain why the Luoquan debris flow entrained enough 

sediment to transit the fourth order catchment (Iverson et al., 2011).  

The upper section of the deposit sampled in Liusha was normally graded with 

pebbles, cobbles and boulders accounting for at least 80% of the deposit by 

weight in the lowest three layers (Figure 5.6A). The normal grading may be 

due to differences in the settling velocity of particles, the immediate 

deposition of large boulders at the start of the flow (which is followed by a 

fine tail) or due to the landslide deposit on the channel bank encroaching on 

the pit (Figures 3.7, 3.8) (Kim et al., 1995; Pierson and Costa, 1987; Shultz, 

1984; Vallance and Scott, 1997). The clear difference in the shape of the GSD 

for the top 20 cm in comparison to the lower 30 cm suggests the normal 

grading may relate to a change in process or deposition at the front of the 

debris flow, as opposed to settling. A normally graded deposit upstream of an 

inversely graded deposit, as found here, was observed by Naylor (1980), who 

suggested large grains were deposited first to preserve the competency of the 

flow. However, this relates particularly to clay-rich flows, and therefore is 

unlikely to apply to these deposits with clay and silt contents <10% and no 

field evidence of winnowing. I believe the normal grading in the upper section 

of the deposit is most likely due to a landslide deposit or the immediate 

deposition of larger grains followed by the deposition of the finer tail later.  

5.6.2 Lateral GSD trends 

The absence of a coarsening at both edges of the channel or any consistently 

raised paired ridges indicates that the shouldering of coarse grains by the 

debris flow front to form levees did not occur (Figures 5.11 and 5.12). Paired 

levees are most commonly found in unconfined debris flows, such as those on 

open hillslopes and when debris flows escape lateral confinement (Cannon et 

al., 2001a; Iverson, 2003; Iverson et al., 2010). Levees in unconfined flows 

channelise the flow and sustain momentum by stopping the debris flows 

spreading laterally (Gray et al., 2015; Johnson et al., 2012; Sosio et al., 2007; 

Turnbull et al., 2015). Liusha and Luoquan were confined by steep hillslopes 

on both sides, which may explain the absence of levees. Additionally, the 

absence of levees in Luoquan is consistent with the lack of vertical 

segregation by grain size (Figure 5.7). When large grains segregate to the 

surface of the flow due to kinetic sieving and squeeze expulsion, these larger 
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grains are propelled to the front by higher velocities at the free surface 

(Johnson et al., 2012; Woodhouse et al., 2012). Once the grains reach the 

debris flow snout they are overridden, recirculated and advected to the flow 

edges to form coarse levees (Johnson et al., 2012). I was unable to compare 

these findings with evidence of downstream segregation due to the fact the 

snout of both deposits had been disturbed in the three months prior to 

sampling. Major (1997) also found that levees were less likely to form in 

saturated flows, consistent with suggestions of high pore fluid pressures in 

Luoquan.  

Despite no evidence for paired levees, unpaired levees (Benda, 1990; 

Cenderelli and Kite, 1998) were found in sections of both debris flows (Figures 

5.11 and 5.12). Coarsening at one edge of the channel may be explained by 

variations in flow velocity laterally (Johnson and Rodine, 1984). In the middle 

reaches of the Liusha deposit, the coarsest edges were found on the inner 

bend of the channel (Figure 5.2). A levee deposit on the inner bend of the 

Luoquan deposit was observed in the field 6500 m from the triggering location 

(see Pit 6 in Figures 5.2 and 5.12). These levees on the inner bend of the 

channel may relate to the anticipated lower flow velocities on the inner bend 

as a result of centrifugal forces (Prochaska et al., 2008a; Scheidl et al., 2015). 

Prochaska et al. (2008a) found more deposition on the inside bend for some 

experimental debris flows. They attributed this to the upstream flow 

momentum interacting with the channel wall or by sediment reflecting off the 

outer bend onto the inner bend in non-uniform bends, which could be possible 

for these debris flows. The second possible explanation for coarser edges is 

unpaired levees, which poses interesting questions for how these levees form 

and why they can only be found in certain regions of the deposit (Benda, 

1990; Cenderelli and Kite, 1998).  

5.6.3 Longitudinal GSD trends 

The GSD deposited in both Liusha and Luoquan varied with downstream 

topography, suggesting an element of topographic control on debris flow 

runout (Figures 5.14 and 5.15). In Luoquan, I found that the proportion of 

fines deposited may relate to changes in curvature with distance downstream 

(Figure 5.15). The importance of slope in controlling flow velocity and the 

deposition of debris flows is widely acknowledged (Cannon and Savage, 1988; 
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Guthrie et al., 2010; Lanzoni et al., 2017; Takahashi, 1981; Theule et al., 

2015). As such, the increased deposition of fines in sections of the deposit 

with negative curvature or steeper decreases in slope may be related to a 

decrease in flow velocity and more rapid debris flow deposition once the 

debris flow stops, so more fine sediment is deposited. If more fine sediment is 

deposited from the flow, there would be a feedback effect, whereby the 

excess pore pressures in the flow may dissipate more readily encouraging 

further deposition in this part of the flow. Though, it is likely that the 

explanation for the enhanced fine content in deposits is more complex in this 

extremely large flow.  

The importance of channel width with distance downstream is also prevalent 

in GSDs in Luoquan, especially with the decreased deposition of boulders with 

increased channel width (Figures 5.15A and 5.15B). The same can be observed 

with increasing boulder frequency and size where the channel has narrowed 

(Figures 5.2 and 5.15B). At the widest reach sampled, we also found an 

increase in pebble content and a decrease in boulders relative to the reach 

immediately upstream, where the flow narrowed (Figure 5.15). The increase 

in pebble content and decrease in boulders imply that the velocity and 

competency of the flow changed. The lateral spreading associated with an 

increase in channel width may have encouraged deposition by decreasing the 

downstream flow momentum, as reflected by the fact that unconfined debris 

flows typically deposit on higher slope angles (Benda and Cundy, 1990; Fannin 

and Wise, 2001; Guthrie et al., 2010; Hungr et al., 1984). Alternatively, as 

from field observations we know that the Luoquan debris flow was already 

travelling at speed, the increase in channel width may have increased the 

velocity and momentum of the debris flow. An increase in flow momentum 

may enable the transportation of coarser grains, as observed in 5th to 7th order 

streams following the catastrophic Montecito debris flow where despite 

channel widening, the flow entrained boulders (Morell et al., 2021). The GSDs 

sampled from the most downstream 1500 m in Luoquan displayed different 

trends to those observed upstream, with an increase in sand, pebbles, and 

cobbles relative to the pit directly upstream (Figure 5.15). There was also a 

high proportion of boulders in the most downstream pit (8) relative to all 

other upstream locations (Figures 5.13 and 5.15). The increased deposition of 
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boulders may relate to the shouldering of coarse grains associated with the 

front of debris flow deposits or be a result of the winnowing of fine sediment. 

Winnowing may be more likely to occur in the section of the deposit furthest 

downstream due to the pit being disturbed by construction related activities 

(Blair and McPherson, 1998). Explicit knowledge of where boulders are 

deposited within these catastrophic debris flows will provide further insight 

into segregation mechanisms in the flow and contribute to developing runout 

hazard models, because the impact of fast flowing boulders can be significant 

from a hazards and infrastructural perspective (Zhang et al., 2021b, 2021a). 

As such, future work should seek to acquire high-resolution images for 

immediately after the 2019 and other events.  

In Liusha, the D84 and GSD integral decreased with distance downstream, 

which could relate to debulking (Makris et al., 2020), the recirculation of the 

coarsest grains (Johnson et al., 2012) or abrasion within the debris flow 

(Vallance and Scott, 1997) (Figures 5.13 and 5.14). Debulking is the deposition 

of coarse grains as the flow velocity decreases and the flow loses the ability 

to transport the coarsest grains (Makris et al., 2020). Decreases in slope and 

increases in width downstream may mean this effect dominates in the smaller 

Liusha debris flow. The potentially lower water content and shorter runout 

distance suggest that this effect is more likely in Liusha in comparison to the 

Luoquan debris flow. Alternatively, the recirculation and advection of coarse 

grains to levees once overtopped by the debris flow snout observed in flume 

experiments can also lead to the progressive loss of coarse grains in the distal 

sections of the flow (Johnson et al., 2012). However, the snout in Liusha was 

not clearly defined as the debris flow came to a halt in the Yuzi River. I also 

found no significant evidence of levee formation upstream that supports a 

segregation mechanism for the fining of material. The abrasion of medium to 

large sized grains because of grain-grain interactions and collisions can also 

reduce debris flow grain size with distance downstream (Stock and Dietrich, 

2003; Vallance and Scott, 1997). Abrasion may also explain the shift from 

disc-shaped to slightly more spherical grains on average with distance 

downstream in Liusha (Vallance and Scott,1997; Figure 5.16). Coarser flows 

are more likely to abrade grains and increase sphericity (Caballero et al., 

2012). Debris flow deposit GSDs have shown a tendency to become coarser or 



132 
 

finer depending on the geology of the reach (Berti et al., 1999; Tiranti et al., 

2008; Vallance and Scott, 1997). As such, the shift from granitoids to 

greywacke shale and sandstones at approximately 900 m downstream may 

lead to a change in the GSDs deposited by the debris flow and the large shift 

in the GSD integral with distance downstream, though a change in source was 

not obvious from field observations (Figure 3.7). The comparable geology from 

the source location in both catchments may also explain why the GSDs 

deposited by the two flows are similar (Figure 3.7). However, for the three 

most downstream pits, I found that the deposited grain-size fraction from 

sand to small cobbles increased with distance downstream (Figures 5.14), 

suggesting that the change in GSDs with distance downstream is complex and 

most likely to be a result of all the factors discussed above. 

No clear relationship was observed between the full GSDs deposited in Liusha 

and changes in topography. For example, only a slight increase in the 

proportion of silt, clay and fine sand deposited was observed with an increase 

in curvature, the opposite to our observation for the Luoquan debris flow 

(Figures 5.14 and 5.15). The lack of clear relationship suggests bed 

topography is less important in governing the deposition of different grain-size 

fractions in Liusha in comparison to Luoquan. The lack of relationship may 

relate to the fact that changes in channel width in Liusha are more systematic 

than in Luoquan and the channel is more constrained. The Liusha channel is 

also steeper (minimum slope of 17° at most downstream position sampled) 

than Luoquan.  

The spatial pattern of GSDs in the Liusha and Luoquan deposits help explain 

the differences in runout lengths between the two debris flows. The Liusha 

debris flow deposit had evidence of inverse grading, which is prevalent in 

debris flows with active particle collisions and a high solid volume content. In 

contrast, the Luoquan deposit was massive and homogenous in structure with 

no lateral or vertical grading due to the higher water content, which acted as 

a buffer between grain contacts and reduced segregation within the flow. Bed 

topography also influenced the deposition of different grain sizes within the 

flows, despite the Luoquan debris flow being highly fluidised. This suggests 

that bed topography may still be important in controlling deposition in 

catastrophic debris flows. The suggested higher water content in the Luoquan 
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debris flow may in part explain the longer runout, and why the debris flow 

was able to travel at higher velocities and over shallower slopes.  

5.7 Conclusions 

In this chapter, I have presented some of the highest resolution GSDs 

collected for modern-day debris flow deposits. The two debris flows studied 

had very different runout lengths, despite occurring under similar initiation 

conditions and in close proximity. I found that both debris flows deposited 

GSDs of a similar range and maximum grain size. The similar GSDs, 

particularly with respect to the proportion of sand, cobbles, and boulders, 

suggest that the different runout lengths could not be explained by the 

deposit GSDs alone. However, the spatial pattern of deposited GSDs differed 

across the three dimensions analysed (lateral, vertical, and longitudinal) for 

both debris flows. The most notable difference was the presence of inverse 

grading in the middle sections of the smaller Liusha debris flow in comparison 

to the massive, homogenous vertical deposition of grains in Luoquan. The 

absence of inverse grading in the larger deposit is thought to be driven by 

higher pore fluid pressures, which can buffer grain contacts, and reduce the 

potential for segregation within the flow. The GSDs deposited were also 

somewhat influenced by the topography within the catchment, with channel 

width and curvature changing the proportion of the grain-size fractions 

deposited in different reaches of the flow. The role of topography was 

particularly prevalent in Luoquan, where both the fine content and boulder 

frequency reflected potential changes in flow velocity due to topography. The 

differences in the spatial pattern of GSDs deposited in Liusha and Luoquan 

highlight the importance of better understanding how transport and 

deposition mechanisms vary between different debris flows with different 

properties in a field context. 

This chapter has shown that the vastly different runout lengths for two post-

earthquake debris flows in Wenchuan may not be related to the composition 

of the debris flow deposits, with both deposits having consistent GSDs in 

terms of width and maximum grain size. By studying two debris flow deposits 

on a small scale at a high resolution, I have inferred that other controls 

beyond grain size may be responsible for the high frequency of catastrophic 

debris flows in Wenchuan. Based on the high frequency of debris flows 
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observed across the Wenchuan region, in the next chapter I will upscale my 

approach by analysing a regional debris flow inventory. This inventory 

includes >2 000 debris flows over a ten-year period. I will use the inventory 

and a 2D debris flow model, Massflow, to identify potential controls on the 

runout area of post-earthquake debris flows in Wenchuan. The controls which 

will be investigated include the debris flow source volume and the role of 

precipitation and how saturated the bed material is.    



135 
 

Chapter 6 

 Controls on the development of 
catastrophic debris flows  

 

 

Image by Megan Harvey 
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6.1 Abstract 

Catastrophic debris flows pose significant hazards to local communities, yet 

the mechanisms which control the runout and extent of these flows are poorly 

understood. The long distances travelled by catastrophic debris flows relative 

to their initiation volume suggest that these debris flows rapidly entrained 

sediment to bulk in size. Processes controlling entrainment in debris flows are 

poorly constrained due to the lack of field data, challenges associated with 

surveying the channel bed and the infrequent nature of catastrophic debris 

flows. The occurrence of multiple large debris flows in a single geological and 

climatic setting provides a unique opportunity to understand how entrainment 

controls debris flow hazards, in particular their magnitude. In this chapter, I 

first investigate whether catastrophic debris flows and non-catastrophic 

debris flows can be described using a single continuum of magnitude-

frequencies. To achieve this, I analysed an unprecedented inventory of >2000 

post-earthquake debris flows in Wenchuan. A break in slope in the magnitude-

frequency distribution of inventory debris flows at ~105 m2, where the 

frequency of catastrophic debris flows surpassed non-catastrophic debris 

flows, suggested that catastrophic debris flows were more frequent than 

predicted using a single continuum. To determine controls on the 

development of catastrophic debris flows in Wenchuan, I used the 2D dynamic 

debris flow model Massflow, which models debris flow runout and considers 

entrainment. From a sensitivity analysis of variable parameters, I found that 

low basal friction angles (~20°), large source volumes (>100 000 m3) and high 

pore water ratios (degree of bed saturation, >0.8) were required to simulate 

catastrophic debris flows. I generated magnitude-frequency distributions from 

these simulations to assess the importance of each parameter (basal friction 

angle, pore water ratio and source volume). Simulated magnitude-frequency 

distributions underestimated the proportion of catastrophic debris flows when 

using both random uniform distributions and statistical distributions, inferred 

from field data, to represent the three parameters varied in Massflow. By 

considering debris flows as a single process in Wenchuan, the risk posed by 

large debris flows is significantly underestimated, potentially enhancing risk 

to infrastructure and people. 
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6.2  Introduction 

Catastrophic debris flows entrain vast amounts of sediment and therefore bulk 

to volumes an order of magnitude larger than the initiation volumes, often 

over 106 m3. These debris flows can be triggered by numerous factors, such as 

intense rainfall (e.g. Montecito, US, see Kean et al., 2019), large mass 

movements (e.g. Chamoli, India, see Shugar et al., 2021), landslide dam 

failures (e.g. Er Gou, China, see Guo et al., 2016b) and volcanic eruptions 

(e.g. Mount St Helens, US, see Major et al., 2007). Once initiated, these 

debris flows rapidly increase in volume by entraining sediment. Entrainment 

involves the exchange of sediment and water along the base of the flow (for 

example by drag) or from bank collapse due to undercutting (Hungr et al., 

2005b; Sassa and Wang, 2005; Theule et al., 2012). Studies of dry experiment 

flows found that entrainment depended on slope angle, erodible bed 

thickness and the volume of material initiated (Edwards et al., 2021; 

Mangeney et al., 2010; Viroulet et al., 2019). Numerical models developed 

based on these experiments found that when there was sufficient sediment 

supply, and at suitable slopes angles, bed thicknesses and sources volumes,  

steady state flows were produced which consistently exchanged sediment 

with bed to propagate downslope (Edwards et al., 2021). Large-scale flume 

experiments demonstrated that flows across wet bed sediment grow rapidly 

via a positive momentum feedback effect (Iverson et al., 2011). Iverson et al. 

(2011) attributed this effect to the enhanced pore pressures when 

incorporating saturated material into the flow, which can reduce basal 

friction and encourage further erosion at the channel bed. Numerical 

modelling of debris flows across erodible beds highlighted the importance of 

the momentum threshold when using mass and momentum conservation 

equations to represent the erodible and flowing layers (Iverson and Ouyang, 

2015). Under specific boundary conditions, simulations have been able to 

replicate the rapid entrainment and volume increase seen in experimental 

debris flows (Horton et al., 2019). Horton et al. (2019) found a threshold bed 

saturation, which once reached, led to a rapid increase in the debris flow 

volume produced. The presence of a positive momentum feedback and the 

subsequent rapid bulking in experimental and modelled flows suggests that 
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the size distribution of catastrophic debris flows may not fit into a single 

continuum for all debris flows and in fact be a separate population.  

If catastrophic debris flows are governed by a different process, for example 

if their size is predominantly driven by the positive momentum feedback 

effect, their magnitude and frequency distributions may differ from debris 

flows that have not experienced significant bulking. Under- or overestimating 

the frequency and size of large debris flows limits our ability to both estimate 

rates of sediment supply to catchments (Anderson et al., 2015; Bennett et al., 

2014; Fan et al., 2019a; Francis et al., 2022; Kirchner et al., 2001; McCoy, 

2015) and to accurately model debris flow runout and extent (Frank et al., 

2015; de Haas et al., 2022; Kean et al., 2019). Magnitude-frequency 

distributions of debris flows are an important component in developing hazard 

models and for describing stochastic processes (Bennett et al., 2014; Guzzetti 

et al., 2002; Hungr et al., 2008; Jakob et al., 2005; Riley et al., 2013). 

Therefore, the hazard posed by catastrophic debris flows could also be 

incorrectly assumed if large debris flows follow a different magnitude-

frequency relationship than expected. The magnitude-frequency distribution 

of catastrophic debris flows can therefore be a source of epistemic 

uncertainty in these models due to a lack of available data. Field based 

studies of large debris flows and debris flow entrainment are limited due to 

the infrequent and unpredictable nature of flows as well as the complexities 

associated with surveying the channel bed (Iverson and Ouyang, 2015; Kean et 

al., 2015; McCoy et al., 2012; Stoffel, 2010). As such, most studies of large 

debris flows focus on single debris flow events (Berger et al., 2011b; Breien et 

al., 2008; Theule et al., 2012; Vallance and Scott, 1997), experiments (de 

Haas and Woerkom, 2016; Iverson et al., 2011) and numerical models (Frank 

et al., 2015; Horton et al., 2019; Iverson and Ouyang, 2015; Ouyang et al., 

2015a). 

In this chapter, I use an unprecedented dataset of post-earthquake debris 

flows in Wenchuan to determine whether catastrophic debris flows follow the 

same magnitude-frequency distribution as debris flows which have not 

experienced significant bulking. I then apply the 2D dynamic debris flow 

runout model, Massflow, to establish what controls the occurrence of these 

catastrophic debris flows and what conditions in Wenchuan led to the 
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unprecedented number of catastrophic debris flows. The large number of 

debris flows triggered in Wenchuan since the 2008 earthquake (>2000), 

including several catastrophic debris flows, provides a unique opportunity to 

develop and analyse magnitude-frequency distributions for debris flows which 

initiated under similar climatic and geologic conditions. The catastrophic 

debris flows in the inventory have caused considerable damage and accounted 

for over 60% (20.7; ±13.8 Mt) of earthquake-mobilised sediment deposited in 

the Min Jiang in the decade following the earthquake (Chapter 3; Francis et 

al., 2022; Guo et al., 2016b; Yang et al., 2021). Therefore, it is important to 

constrain controls on the magnitude and development of catastrophic debris 

flows. 

6.3 Research objectives 

1. To compare the magnitude-frequency distribution of catastrophic 

debris flows with debris flows that have not experienced significant 

bulking.  

2. To determine how basal friction angle, source volume and pore water 

ratios control the development of catastrophic debris flows in the 

Luoquan catchment using Massflow. 

3. To create a magnitude-frequency distribution using simulated debris 

flows to better constrain the conditions that led to the development of 

catastrophic debris flows in Wenchuan.  

6.4 Methods 

6.4.1 Debris flow inventory mapping 

I analysed the inventory of >2000 active debris flows developed by Fan et al. 

(2019b) and Domènech et al. (2018) that was introduced in Chapter 3. The 

inventory consisted of debris flows that occurred between 2008 and 2018. A 

further 14 debris flows which occurred in 2019 were added to the inventory, 

11 were located from Yang et al. (2021) and mapped using satellite imagery 

from Sentinel-2. Three additional debris flows which were triggered in the 

Luoquan catchment in 2019 were also added to the inventory. As the debris 

flow inventory for 2019 is incomplete, it is excluded from any temporal 

analyses. I also added an additional three catastrophic debris flows to the 

inventory as point files from the supporting datafile.  
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I conducted a simple topographic analysis on the dataset using a 30m JAXA 

DEM. This analysis involved measuring the elevation difference for each 

deposit, also referred to as the drop height (Marc et al., 2021) by subtracting 

the minimum elevation of each deposit from the maximum elevation. I also 

obtained the mean slope angle for each deposit using the Planar method in 

ArcMap 10.8.1. Debris flow area was calculated based on the polygon extent. 

The polygon extent included the entire area of the flow that was visible from 

aerial imagery, so generally included the source, transport and deposition 

sections of the flow. The catchments within our study area (Figures 3.2 and 

3.6) were also downloaded from Domènech et al. (2018). I created stream 

orders for the study region using the Strahler method and a 200-pixel flow 

accumulation limit. I then removed any catchments that were too steep and 

therefore not clearly channelised, too small or had no debris flows, which left 

31 catchments (Figure 3.6). I also combined some extremely small catchments 

following the stream order analysis.   

I used field observations and quantitative metrics, such as stream order, to 

differentiate between debris flows which were likely to have entrained vast 

amounts of sediment along the flow path. Catastrophic debris flows were 

described as debris flows which transited multiple stream orders and 

deposited into a major catchment in Wenchuan. The criteria for catastrophic 

debris flow were as follows: 

1. Transit at least a 3rd order channel 

2. Deposit into at least a 4th order channel (most deposited into the Min 

Jiang River) 

Following this step, I noticed that the Hongchun debris flow in 2010 would not 

be classified as a catastrophic debris flow. However, from field and modelling 

observations, the Hongchun debris flow appears to fit my criteria for a 

catastrophic debris flow (Horton et al., 2019; Tang et al., 2011a). I therefore 

added the Hongchun debris flow to the catastrophic debris flow category and 

checked any other 2nd order catchments to see whether debris flows 

deposited in the Min Jiang River. Where I was unsure if a flow was 

catastrophic, I did not include it. For the three additional flows, which 

occurred between 2008 and 2013, I only had total volume for the deposit. I 
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divided this by 3 m to obtain deposit area based on the relationships observed 

between area and volume for the debris flows included in both the mapped 

inventory and the table inventory (Domènech et al., 2018; Fan et al., 2018a). 

This depth estimate is likely to be on the lower end of the approximate 

distributions (Francis et al., 2022). In total, there were 37 catastrophic flows. 

All remaining debris flows were classed as non-catastrophic debris flows 

(Figure 6.1). In some cases, multiple debris flows appeared to have been 

mapped as a single shape file. Where imagery was available, I split the 

merged debris flows. Where this was not possible, the merged debris flows 

were considered as a single debris flow. Most of the merged debris flows were 

non-catastrophic debris flows and therefore the areas of catastrophic debris 

flows are unlikely to be affected by the merged debris flows. In total, there 

were 2065 non-catastrophic flows. 

 

Figure 6.1 

The distribution of catastrophic and non-catastrophic debris flows in Luoquan. A) 

Three catastrophic debris flows have occurred along the main channel in 2010, 2013 

and 2019, shown in orange/red. All other debris flows which have occurred since 

2008 are shown in blue B) A photo highlighting the difference between the two 

types of debris flows. Catastrophic debris flows in Luoquan in 2010 and 2013 are 

thought to have been triggered on the hillslopes, not in the channel. The 2019 

triggering location is unclear. 

I derived a magnitude frequency distribution for the two types of debris flow 

and fitted a powerlaw function using the Python powerlaw package (Alstott et 

al., 2014). The package uses the mathematical method developed in Clauset 
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et al. (2007) to determine whether a powerlaw can be fitted to a dataset. 

Where possible I selected the powerlaw with the lowest D value, which 

represents the minimal Kolmogorov-Smirnov distance between the data and 

the fitted line, and the lowest sigma value, which is the standard error and 

was <0.05 for the entire inventory (catastrophic and non-catastrophic debris 

flows) and the non-catastrophic subset of debris flows. The small number of 

catastrophic debris flows in comparison to the other inventories meant this 

threshold was not attainable. I then used the Python package Fitter to find 

distributions that best represented each set of debris flows.  

6.4.2 Massflow background 

Massflow is a 2D depth-integrated debris flow model developed by Ouyang et 

al. (2013, 2015b, 2015a). Massflow was developed to simulate large mountain 

hazards, such as debris flows and dam break floods, over natural terrain at a 

high resolution and relatively low computational intensity. An important 

component of Massflow which makes it well suited to the analyses conducted 

in this chapter, is the ability of the simulated flow to entrain sediment from a 

static bed, which also has a set of input characteristics. The acquisition of 

these equations has been published in full detail in Iverson and Ouyang (2015) 

and Ouyang et al. (2013; 2015b). The model is solved using a second order 

MacCormack-TVD finite difference method. Finite element methods solve 

partial and ordinary differential equations by converting the equations to a 

system of linear equations that can be solved more simply and quickly. The 

MacCormack and TVD methods are widely used to solve partial differential 

equations. The model is run in a rectangular global Cartesian frame which has 

been rotated so that it is parallel to the slope angle (Ouyang et al., 2015b). 

Massflow uses the Reynolds-averaged Navier Stokes equation to describe a 

flowing mass. These equations are used to describe the time-averaged motion 

of a fluid. However, the complex nature of these equations makes them 

challenging to solve. As such, in Massflow they have been reduced to 2D mass 

and momentum conservation equations, also known as the shallow water 

equations, by integrating over depth. This step assumes that the horizontal 

length of the flow is significantly larger than the vertical length, which is 

appropriate when applied to debris flows. The coupled mass and momentum 
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equations used in Massflow to describe the flow layer over a static bed are 

shown below (Equations 6.1 to 6.3) (Ouyang et al., 2015b),  

𝜕𝜌1ℎ1

𝜕𝑡
+  

𝜕(𝜌1ℎ1𝑢1)

𝜕𝑥
+  

𝜕𝜌1ℎ1𝑣1

𝜕𝑦
=  𝜌1𝐸1𝑏𝑜𝑡 Equation 6.1 

  

 

𝜕ℎ1𝜌1𝑢1

𝜕𝑡
+  

𝜕ℎ1𝜌1𝑢1𝑢1

𝛿𝑥
+ 

𝜕ℎ1𝜌1𝑢1𝑣1

𝜕𝑦

=  −𝜌1𝑔ℎ1

𝜕(ℎ1 + 𝑧1𝑏𝑜𝑡)

𝜕𝑥
−  𝜏1𝑧𝑥𝑏𝑜𝑡  + 𝜌1𝑢1(𝑧1𝑏𝑜𝑡 )𝐸1𝑏𝑜𝑡 

 

Equation 

6.2 

 

𝜕ℎ1𝜌1𝑣1

𝜕𝑡
+ 

𝜕ℎ1𝜌1𝑢1𝑣1

𝜕𝑥
+ 

𝜕ℎ1𝜌1𝑣1𝑣1

𝜕𝑦

=  −𝜌1𝑔ℎ1

𝜕(ℎ1 +  𝑧1𝑏𝑜𝑡)

𝜕𝑦
−  𝜏1𝑧𝑦𝑏𝑜𝑡  + 𝜌1𝑣1(𝑧1𝑏𝑜𝑡 )𝐸1𝑏𝑜𝑡 

 

Equation 

6.3 

where the subscript notation indicates the layer of the model, for example 

layer 1 is the flowing mass and layer 2 is the static sediment layer (Figure 

6.2). 𝑢1 and 𝑣1 represent depth-averaged velocity in the x and y directions 

respectively, with 𝑢1(𝑧1𝑏𝑜𝑡 ) and 𝑣1(𝑧1𝑏𝑜𝑡 ) the velocities of materials at the 

boundary layer that are being entrained, 𝜌1represents density of the flowing 

layer, 𝑧1𝑡𝑜𝑝 the height of the free surface of the flow, 𝑧1𝑏𝑜𝑡 the height of the 

basal boundary between the two layers, ℎ1 flow depth (where ℎ1 =  𝑧1𝑡𝑜𝑝 −

 𝑧1𝑏𝑜𝑡 ), 𝜏1𝑧𝑥𝑏𝑜𝑡 and  𝜏1𝑧𝑦𝑏𝑜𝑡 are the basal shear traction between the flowing 

and static layers, 𝐸1𝑏𝑜𝑡 describes the entrainment rate of layer 1. Importantly 

Equations 6.1 to 6.3 consider the jump conditions associated with the 

entrainment of static material by a flowing mass, such as abrupt changes in 

density, velocity, or shear traction. The model assumes the flowing mass is a 

single phase. The method used to derive these equations is detailed in Iverson 

and Ouyang (2015). 
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Figure 6.2 

The relationship between the moving flow layer (1) and the erodible sediment layer 

(2) over a rotated plane. Figure is modified from Ouyang et al. (2015b). 

In this chapter, I will use a modified version of Massflow (Horton et al., 2019; 

Ouyang et al., 2015b). In this version of the model, entrainment rate (E) must 

satisfy the following boundary condition, where 𝜌1 is constant and topography 

is neglected, 

𝐸 =  − 
𝜕𝑧1𝑏𝑜𝑡

𝜕𝑡
=  

𝜏1𝑏 −  𝜏2𝑠

𝜌1√𝑢1
2 + 𝑣1

2
 

 

Equation 6.4 

𝜏1𝑏 is the basal traction of the flow and 𝜏2𝑠 is the resistive shear stress from 

the erodible layer. Importantly, the model uses both Coulomb and Voellmy 

friction laws when quantifying basal traction of the flow (Equation 6.5). By 

combining both friction laws, the model can simulate the flowing and stopping 

mechanisms associated with debris flows. For example, the Coulomb friction 

law does not consider flow velocity, which is thought to be an important 

control on entrainment (Hungr et al., 2005; McDougall and Hungr, 2005) and 

the Voellmy model has a smaller friction angle than the angle of repose. 

Previous studies have used an assigned critical velocity to encourage a debris 

flow modelled using a Voellmy simulation to stop (Medina et al., 2008; Ouyang 
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et al., 2015a). Therefore, the combined model can capture the increase in 

traction with velocity without decreasing the friction angle. 

𝜏1𝑏 =  𝑚𝑎𝑥 ((𝜌1𝑔𝑧ℎ1𝑡𝑎𝑛(𝜑𝑣𝑜𝑒𝑙𝑙𝑚𝑦) + 
𝜌1(𝑢2 + 𝑣2)

𝐶𝑧
2

, 𝜌1(1 − 𝑠)𝑔𝑧ℎ𝑡𝑎𝑛(𝛿)) 

 

Equation 

6.5 

Where, 𝑠 =  
𝜌𝑤

𝜌
, 𝜑𝑣𝑜𝑒𝑙𝑙𝑚𝑦 is the internal friction angle of the flowing mass, 𝑔𝑧 is 

gravity acting normal to the inclined slope, 𝐶𝑧  is the Chezy coefficient (which 

is a function of flow Reynolds number and the relative roughness of the 

channel), 𝛿 is the basal friction angle. 𝜑𝑣𝑜𝑒𝑙𝑙𝑚𝑦, 𝐶𝑧 , 𝛿 and 𝜌 are all 

parameters that can be input into Massflow by the user.  

A Coulomb failure criterion is used to describe the total resistance stress from 

the bed, where; 

𝜏2𝑠
 = 𝑐 +  𝜌1𝑔𝑧ℎ1(1 −  𝜆)tan (𝜙2) 

 
Equation 6.6 

 

c is the cohesion of the bed material, 𝜙2 is the internal friction angle of the 

bed material, 𝜆 is the pore water ratio.  

Equations 6.5 and 6.6 show the parameters which control bed entrainment by 

debris flows in Massflow. I use these equations as the basis for my sensitivity 

analysis, which is explained in more detail below, to identify controls on the 

development of catastrophic debris flows in Luoquan.  

6.4.3 Massflow sensitivity analysis 

I used Massflow to simulate debris flows in the Luoquan catchment. I chose 

this catchment because it includes the 2019 debris flow which I sampled the 

GSD for in Chapter 5 and also has been mapped since 2008 as part of the 

inventory (Domènech et al., 2018). I use the 2019 debris flow to validate my 

model runs. All input DEMs had a 30 m resolution (Horton et al., 2019). The 

parameters used in the analysis are shown in Table 6.1 and are based on 

Horton et al. (2019).  

Table 6.1 

A table displaying the input parameters for Massflow. 

𝜌1 𝜌𝑤 𝑐 𝐶𝑧  𝜆 𝜑𝑣𝑜𝑒𝑙𝑙𝑚𝑦 𝛿 𝜙2 

2020 1000 2900 12 0 to 1.0 12 20 to 35 35 

kg m-3 kg m-3 Pa   ° ° ° 
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When running the model, I set the maximum entrainment depth as 5 m and 10 

m to assess the importance of the limit in the model. I found that whilst 10 m 

is a reasonable limit, based on the large volumes of co-seismic material 

deposited in channels and previous debris flow depths, the simulated flow 

depths were exceptionally high (Francis et al., 2022; Horton et al., 2019). 

Therefore, I chose an entrainment limit of 5 m, which fit within previous 

studies of debris flow entrainment (Horton et al., 2019; Hungr et al., 2005a).  

I then conducted a sensitivity analysis on all the variable parameters in 

Equations 6.5, which was used to describe entrainment by the flowing layer, 

and Equation 6.6, which described resistance from the static bed. The 

sensitivity analysis was used to determine which parameters would be varied 

systematically in Massflow. Only the basal friction angle and the pore water 

ratio value demonstrated clear relationships between the output volume and 

runout of the simulation. For example, debris flows were only able to reach 

the catchment outlet when using a basal friction angle of 20. A basal friction 

angle of 45 produced no debris flow. The Chezy coefficient and internal 

friction angle, which also describe flow composition, had no systematic effect 

on debris flow runout for the source volumes and pore water ratios tested 

here. In Equation 6.6, variations in pore water ratio also influenced the 

runout length of the debris flow, with only pore water ratios >0.8 producing 

debris flows which exited the Luoquan catchment into the Min Jiang River. 

Cohesion had no systematic effect on debris flow runout in this analysis. 

Therefore, the values for the Chezy coefficient, the internal friction angle 

and cohesion remained constant throughout.  

I ran Massflow varying three parameters (source volume, pore water ratio and 

basal friction angle) in a systematic approach. I used four input volumes: 24 

300 m3, 97 200 m3, 172 800 m3 and 270 000 m3. These volumes were chosen 

based on the volumes used by Horton et al. (2019) in Hongchun and the co-

seismic landslide areas in Luoquan. All input volumes were set to a depth of 3 

m. Based on the sensitivity analysis above, I varied the pore water ratio, 

which gives an indication of how saturated the bed material is, at 0.1 

increments from 0 to 1.0. The degree of bed saturation has been shown to 

relate to entrainment in experimental (Iverson et al., 2011; Reid et al., 2011) 

and field debris flows (McCoy et al., 2012). I varied the basal friction value 
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from 20, 28 and 35 following the sensitivity analysis outlined above. Basal 

friction has been found to influence the runout of debris flows and avalanches 

in settings where the flows traverse different terrains, such as ice and river 

beds (Stinton et al., 2004). In total, I ran 132 runs of Massflow, varying each 

parameter in turn (Table 6.2). 

Table 6.2 

Example of the parameters varied in each run of the model Massflow. The 33 runs 

were conducted on four source volumes. In total, Massflow was ran 132 times. 

  Basal Friction Angle 

  20 28 35 

P
o

re
 W

at
e

r 
R

at
io

 

0 Run 1 Run 12 Run 23 

0.1 Run 2 Run 13 Run 24 

0.2 Run 3 Run 14 Run 25 

0.3 Run 4 Run 15 Run 26 

0.4 Run 5 Run 16 Run 27 

0.5 Run 6 Run 17 Run 28 

0.6 Run 7 Run 18 Run 29 

0.7 Run 8 Run 19 Run 30 

0.8 Run 9 Run 20 Run 31 

0.9 Run 10 Run 21 Run 32 

1 Run 11 Run 22 Run 33 

6.4.4 Volume-Area conversion 

In some of the simulations with low pore water ratios, shallow debris flows in 

Massflow spread across a wider area than would be expected in field 

conditions, in some instances flowing back upstream for several meters. To 

minimise the overestimated areas for smaller simulated debris flows, I 

developed a volume-area powerlaw distribution using the areas and volumes 

for simulated debris flows. This relationship will be used to derive more 

conservative area estimates using the volumes output in Massflow. These 

areas can then be compared with the field inventory, which considers debris 

flow magnitude using area. A powerlaw relationship has previously been used 

for debris flow volume-area conversions (Griswold and Iverson, 2008). 

Previous debris flow volume-area relationships did not fit the dataset well, 

which may in part relate to the fact all the debris flows modelled here had an 

area >37 800 m2 and a volume >42 000 m3, whereas in Griswold and Iverson 

(2008) a wider range of volumes (from 10 m3 to 107 m3) were considered. The 

powerlaw relationship used to describe the relationship between area and 
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volume was 𝐴 = 107𝑉0.55. The relationship underpredicts the area covered by 

the largest volumes (Figure 6.3).  

 

Figure 6.3 

The area-volume relationship obtained between debris flows simulated in Massflow. 

The powerlaw used to describe the relationship is 𝐴 = 107𝑉0.55. 

6.4.5 Monte Carlo simulations: input distributions 

To develop magnitude-frequency distributions using the simulated runouts, I 

needed to determine which statistical distributions represented the 

parameters varied in Massflow (source volume, basal friction angle and pore 

water ratio). To achieve this, I found field or remotely sensed datasets that 

could act as a proxy for each parameter. I then fitted a statistical distribution 

to each dataset and applied the distribution with the best fit to generate the 

parameter values for the Monte Carlo simulations (Section 6.4.6).  

Precipitation was used to infer pore water ratios based on the assumption 

that intense precipitation values correspond to a higher degree of bed 

saturation. Precipitation is a well-established control on debris flow initiation, 

and intensity-duration thresholds are typically used to predict events in which 

a debris flow may occur (Caine, 1980). Precipitation values for the Luoquan 

catchment were downloaded from the IMERG (Integrated Multi-satellitE) 

Global Precipitation Model (Huffman et al., 2014). To obtain the daily rainfall 

in Luoquan, I averaged two 10 km x 10 km cells that overlapped the 

catchment. I grouped the daily rainfall into rainfall events. Here, a rainfall 
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event is defined as a period of consecutive days in which rainfall occurs. The 

beginning and end of each event is determined by a day with no rainfall. I use 

the maximum daily rainfall value to represent the effect of antecedent 

rainfall conditions. I removed all events with a maximum daily rainfall below 

the 24-hour intensity-duration threshold for debris flow initiation in Wenchuan 

(Guo et al., 2016a). This ensured only events above the rainfall thresholds, 

which therefore had the potential to trigger a debris flow, were considered. A 

lognormal distribution best represented the maximum daily rainfall events in 

Luoquan (Figure 6.4). I then normalised the rainfall values by the largest 

maximum daily rainfall value so that the largest precipitation event was 

represented by a value of 1 and the values closest to the triggering threshold 

had a value just above 0. These normalised values were assumed to directly 

correspond to the pore water ratio value input into Massflow, whereby the 

highest rainfall events corresponded to the highest pore water ratio values. 

There were eleven potential values for pore water ratio, ranging from 0 to 1 

at intervals of 0.1 

 

Figure 6.4 

The distribution of daily maximum rainfall per rainfall event between 2008 and 2019 

fitted using a lognormal distribution. A rainfall event is described as a set of days 

when precipitation occurred on all days. Events were separated by days when no 

rainfall occurred. The maximum daily precipitation per event reaches a maximum of 

200 mm (inset graph), however most precipitation values fell within 0 mm and 50 

mm.  
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For the source volumes I used a magnitude-frequency distribution for co-

seismic landslides in the Luoquan catchment, as these are likely to be one of 

the main sources from which debris flows initiate in Wenchuan (Fan et al., 

2019b; Francis et al., 2022; Huang and Li, 2014). Using the Python Fitter 

package, I found that an inverse gamma distribution best fit the distribution 

of co-seismic landslides (Malamud et al., 2004), in line with previous studies 

in Wenchuan (Fan et al., 2012). I sampled randomly from the inverse gamma 

distribution and chose the source volume closest to the random value (Figure 

6.5). There were four possible source volumes to choose from.   

 

Figure 6.5 

The distribution of co-seismic landslide volumes in the Luoquan catchment fitted 

with an inverse gamma distribution. The volumes were generated by multiplying 

landslide area by a depth of 3 m.  

Finally, I constrained the basal friction angle using the D50 values for the 2019 

debris flow event, collected in Chapter 5. The D50 values observed in Luoquan 

and Liusha were best described using an exponential normal distribution 

(Figure 6.6). Whilst the grain size and composition of a debris flow can 

influence its basal friction angle (Forterre and Pouliquen, 2008; Iverson et al., 

2010), an explicit relationship between debris flow grain size and basal 

friction angle has not been established for field debris flows. Many studies 

have therefore inferred basal friction angles by using the angle of internal 
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friction for the flowing material (Iverson et al., 2010), based on the roughness 

of the underlying material (DiBiase et al., 2017; Stinton et al., 2004) or after 

an event using the runout length of a flow (Mangeney-Castelnau, 2003; 

Sheridan et al., 2005). Previous basal friction estimates for flows travelling 

over sediments have varied from 20° for an avalanche travelling over a 

moraine deposit (Stinton et al., 2004) to 40.7° for an experimental debris 

flow over a rough inclined bed (Iverson et al., 2010). The three basal friction 

angles used in Massflow (20°, 28° and 35°) fit within this range.  

I used basal friction angles from previous debris flow events and their GSDs to 

infer potential basal friction angles in Luoquan. A basal friction angle of 20° 

was used to represent an avalanche travelling over a moraine deposit (Stinton 

et al., 2004). These moraines had median grain sizes between 0.1 cm and 6.4 

cm (Mills, 1978). Moraine deposits measured in Owens Valley, California, 

U.S.A, were found to have D50 values also within this range, between 4 cm and 

4.1 cm (D’Arcy et al., 2017). Therefore, I infer that a D50 value of <4 cm for 

the Luoquan debris flow deposit corresponds to a basal friction of ~20°. 

Coarse gravel was found to correspond to basal friction angles between 26.3° 

and 34° in experiments by Baselt et al. (2021). Therefore, I used D50 values 

between 4 cm and 20 cm to represent a basal friction angle of 28°. A basal 

friction angle of 28° was also used by Horton et al., (2019) to model the 2010 

Hongchun debris flow. Therefore, the fact that most of the D50 values fell 

within this range is reasonable. All D50 values >20 cm were assumed to 

correspond to a basal friction angle of 35°. I used the exponential normal 

distribution shown in Figure 6.6 to obtain a D50 value. The D50 value then 

corresponded to a basal friction angle.  
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Figure 6.6 

The distribution of D50 values measured using sieving of the Luoquan and Liusha 

debris flow deposits. The distribution is modelled using an exponential normal 

distribution. 

6.4.6 Monte Carlo simulations 

Finally, I ran eight Monte Carlo simulations to assess how the three 

parameters (source volume, basal friction angle and pore water ratio) when 

varied using Massflow affected the magnitude-frequency distribution of debris 

flows (Table 6.3). In each Monte Carlo simulation, I decided whether to use a 

random uniform distribution or an extreme value distribution to represent the 

three parameters. To account for all possible combinations, I ran the Monte 

Carlo analysis eight times (Table 6.3). When using a random uniform 

distribution, each discrete value used to represent the individual parameters 

in Massflow had an equal probability of being selected. All parameters were 

discrete, meaning that there were 11 pore water ratio values to choose from, 

4 source volumes and 3 basal friction angles. Based on the combination of 

values selected to represent source volume, pore water ratio and basal 

friction angle, a runout volume (taken from the 132 Massflow runs) was 

output. This process occurred 10 000 times resulting in a magnitude-frequency 

distribution consisting of 10 000 volumes (made up of 132 values). Eight Monte 

Carlo simulations were executed to assess whether random uniform 

distributions or extreme value distributions produced a magnitude-frequency 
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distribution consistent with the Wenchuan post-earthquake debris flow 

inventory.  

 

Table 6.3 

List of distributions used to represent each parameter in each Monte Carlo 

simulation.  

 
Basal 

friction 
angle 

Pore 
water 
ratio 

Source 
Volume 

Run 
1 

Random Random Random 

Run 
2 

Random Lognormal Random 

Run 
3 

Random Random 
Inverse 
gamma 

Run 
4 

Exponential 
normal 

Random Random 

Run 
5 

Random Lognormal 
Inverse 
gamma 

Run 
6 

Exponential 
normal 

Random 
Inverse 
gamma 

Run 
7 

Exponential 
normal 

Lognormal Random 

Run 
8 

Exponential 
normal 

Lognormal 
Inverse 
gamma 
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6.5 Results and Discussion  

6.5.1 Magnitude-frequency distributions: inventory data 

 

Figure 6.7 

The magnitude-frequency distributions for the entire inventory dataset (n = 2102, 

black), for the subset of non-catastrophic debris flows (n = 2065, blue) and the 

subset of catastrophic debris flows (n = 37, red). A and B) Frequency against debris 

flow area. Powerlaws are fitted using Alstott et al. (2014). C and D) show the 

frequency for debris flow area normalised by catchment area. 

The post-earthquake debris flow inventory analysed here consists of 2102 

debris flows, which range in area from 53 m2 to 640 000 m2 (Figure 6.7B). I 

use area to define the magnitude of post-earthquake debris flows in the 

inventory. Area is chosen to avoid any assumptions relating to the depth of 

the flow when converting to volume (Griswold and Iverson, 2008).  

The mean and median debris flow areas in the inventory remained relatively 

consistent between 2008 to 2018, despite a decrease in the mean and median 
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drop heights of ~100 m (Figure 6.8). The decrease in drop height relates to 

the movement of debris flow triggering locations downstream in the years 

following the earthquake. The average slope for each debris flow ranged from 

6° to 77°, with 78% of average slopes between 25° and 45° (Figure 6.9). 

Catastrophic debris flows typically had slightly lower average slopes in 

comparison to those which did not bulk. The lower average slope is likely 

related to the debris flows travelling the entire length of the catchment and 

therefore across shallower slopes (Figure 6.9). Maximum slope was not 

necessarily higher for larger debris flows, with maximum slopes between 35° 

and 70° corresponding to areas spanning three orders of magnitude (103 to 106 

m2). These results suggest the maximum slope, likely near the initiation point, 

is not a crucial control on debris flow magnitude in Wenchuan (Figure 6.9B). 

No significant trend was observed between debris flow magnitude and 

catchment area (Figure 6.10). For the debris flows in Wenchuan, I found no 

relationship between the size of the debris flow and the maximum slope 

(Figure 6.9). Catastrophic debris flows did display a positive relationship with 

catchment area, suggesting these flows bulked until they were forced to stop 

when exiting into the Min Jiang River (Figure 6.10) (Gabet and Bookter, 2008). 

Topography therefore does not appear to be the main driver of debris flow 

magnitude in Wenchuan. 

 

Figure 6.8 

A) The mean drop height (maximum elevation – minimum elevation) and mean area 

for debris flows recorded between 2008 and 2018. N = 2008: 371 debris flows; 2011: 

1007 debris flows; 2013: 389 debris flows; 2015: 81 debris flows; 2017: 4 debris 

flows; 2018: 7 debris flows. B) The median drop height and area for the debris flow 

inventory.  



156 
 

 

Figure 6.9 

The average (A), maximum (B) and range (C) of slope angles for 1842 of the debris 

flow shapefiles. Catastrophic debris flows are shown in red and non catastrophic 

debris flows in blue. 
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The magnitude-frequency distribution for the debris flow inventory can be 

represented by a lognormal distribution and the tail can be described by a 

powerlaw (Figure 6.7). The powerlaw for the entire inventory has an 

exponent, which describes the slope of the power-law, of 2.1 and an xmin, 

which describes the minimum area to which the powerlaw can be fit, of 8500 

m2 (Figure 6.7A). The tail of the distributions contains 36% of debris flows 

(x>xmin). In the magnitude-frequency distribution for all debris flows, there is 

a change in slope of the relationship at 100 000 m2 (Figure 6.7B). This change 

in slope implies that larger debris flows (>100 000 m2) occur more frequently 

than expected when describing the distribution as a powerlaw. The change in 

the frequency of debris flows at 100 000 m2 corresponds to the area at which 

catastrophic debris flows are more frequent than non-catastrophic debris 

flows (Figure 6.7B). When analysing the distributions of debris flows which did 

not bulk significantly and the distribution of catastrophic debris flows 

separately, I found that both distributions could be described using an inverse 

gamma distribution, which have been fit to landslide magnitude-frequency 

distributions previously by Malamud et al. (2004). The tail of both 

distributions could also be described by powerlaws. The powerlaw for non-

catastrophic debris flows was consistent with the powerlaw observed for the 

full dataset, with an xmin of 7 900 m2 and an exponent of 2.2 (Figure 6.7A). 

This powerlaw represents only the largest 39% of non-catastrophic debris 

flows. In contrast, the powerlaw for catastrophic debris flows included 84% of 

the distribution when having an xmin of 146 900 m2 and an exponent of 2.7 

(Figure 6.7A). Though the error on the powerlaw was much higher due to the 

low number of catastrophic debris flows from a statistical viewpoint. Both 

exponents (β > 1) suggest these parts of the distributions are heavy tailed. 

The slight differences in the exponent of the distributions when considering 

all debris flows, catastrophic debris flows and non-catastrophic debris flows 

may have considerable consequences. For example, Figure 6.7A suggests if a 

magnitude-frequency distribution is generated using the entire inventory, the 

frequency of large magnitude events may be underestimated.  

The greater than expected frequency of high magnitude flows (100 000 m2) in 

Wenchuan, in combination with the different powerlaw exponents fitted, 

suggests that catastrophic debris flows follow a different magnitude-
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frequency relationship (Figure 6.7). If the magnitude and frequency of 

catastrophic debris flows is different, it implies that there are two 

populations of debris flows in Wenchuan, which are governed by different 

processes. The fact that the break in slope denoting more frequent, large 

debris flows, corresponds to catastrophic debris flows becoming more 

frequent than non-catastrophic debris flows supports the suggestion that 

catastrophic debris flows are a separate process. However, an alternative 

explanation for the higher frequency of high magnitude events could be 

limited sampling windows (Brardinoni and Church, 2004; Marchi and 

D’Agostino, 2004). For example, Brardinoni and Church (2004) found, in a 

study of 171 landslides, that large landslides (>4 000 m3) had a lower 

frequency than predicted based on the powerlaw for the entire dataset. 

Whereas the dataset here includes all debris flows (>2000) that occurred 

between 2008 and 2018. In addition, Wenchuan is one of few places on Earth 

to witness this number of catastrophic debris flows in a 10-year period, 

therefore, it is unlikely that the break in slope is an artefact of too few large 

debris flows. Topography can also control the size of landslides and debris 

flows. Steeper, till-rich slopes in British Columbia were more unstable and 

therefore produced larger landslides than the surrounding catchments with a 

different lithology. Variations in lithology is thought to have contributed to 

the different magnitude frequency relationship for larger landslides 

(Brardinoni and Church, 2004). For the debris flows in Wenchuan, I found no 

relationship between the size of the debris flow and the maximum slope 

(Figure 6.9). Catchment area and debris flow area were also not strongly 

correlated, implying that the factors controlling most debris flows in 

Wenchuan was not catchment area (Figure 6.10). A shift in topographic 

characteristics is unlikely to explain the increased frequency of larger debris 

flows observed in Figure 6.7. Catastrophic debris flows did display a positive 

relationship with catchment area, suggesting the magnitude of these flows 

were confined by a physical limit, the Min Jiang River (Figure 6.10) (Gabet 

and Bookter, 2008). The constraint of catchment-area on the runout area of 

catastrophic debris flows supports the idea that the development of these 

debris flows are governed by a process which sustains enough momentum to 

traverse long distances when channelised, such as the positive momentum 



159 
 

feedback effect (Iverson et al., 2011). The longer channels in larger 

catchments may also provide sufficient sediment for the catastrophic debris 

flows to bulk in size.   

 

Figure 6.10 

The relationship between catchment area and debris flow area for the different 

types of debris flows. There is no systematic relationship between catchment area 

and debris flow area for non-catastrophic debris flows (blue), yet there is an 

increase in the area of catastrophic debris flows (red) with catchment area.  

The change in frequency of high magnitude events in Wenchuan may 

therefore be attributed to hydrological (e.g., initiating conditions and 

presence of positive pore pressures) and sediment supply (e.g. initiation and 

entrained volumes) controls. Both controls are closely tied to entrainment in 

debris flows in Wenchuan and have been found to influence the magnitude-

frequency relationship of debris flows. The abundance of sediment supplied to 

channels from co-seismic and post-seismic landslides following the 2008 

Wenchuan earthquake has sustained the higher frequency of debris flows 

(Huang and Fan, 2013; Zhang and Zhang, 2017a). The abundance of sediment 

in channels can facilitate entrainment and the development of larger debris 

flows (Mangeney et al., 2010). As debris flows and landslides move material 
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downslope and into channels, large channelised debris flows, which entrain 

material have been observed (Zhang and Zhang, 2017a). However, large 

debris flows also require high intensity rainfall events to initiate (Guo et al., 

2016b). As such, hydrological controls may also play a part in the occurrence 

of large debris flows at a high frequency in Wenchuan. Annual monsoons have 

produced extremely large debris flows in 2008, 2010, 2013 and 2019 (Ge et 

al., 2015; Tang et al., 2011a; Yang et al., 2021). These large flows have 

travelled kilometres and, in many instances, rapidly entrained sediment to 

reach and block the Min Jiang River. The rapid entrainment and large, 

catastrophic debris flows during monsoons may relate to the monsoon storms 

saturating the channel bed (Iverson et al., 2011; McCoy et al., 2012; Reid et 

al., 2011).  

6.5.2 Model scenarios 

Each of the parameters varied in Massflow displayed a non-linear relationship 

with debris flow magnitude (both area and volume) (Figure 6.11). When 

referring to model scenarios, I use debris flow volume to avoid the potential 

overestimates for simulated debris flow areas briefly mentioned in Section 

6.4.4 (Figure 6.11D).  Debris flows reach the end of the Luoquan catchment in 

three scenarios out of a possible 132, with only one scenario depositing as a 

fan in the Min Jiang River (Figure 6.11A). The largest debris flow had a volume 

of over 3 200 000 m3 and had the following combination of parameters: basal 

friction: 20°, pore water ratio: 0.9, source volume: 172 000 m3 (Figure 

6.11G). Three of the top four largest volumes fit within the classification of a 

catastrophic debris flow. The two flows which reached the Min Jiang but did 

not continue to produce a fan were approximately 1 400 000 m3 (basal 

friction: 20°, pore water ratio (s): 0.8 and 0.9, source volume: 270 000 m3). 

The second largest volume did not reach the mouth of the catchment (basal 

friction: 35°, pore water ratio: 0.9, source volume: 270 000 m3). The smallest 

volume recorded was 42 000 m3 (basal friction 28°, pore water ratio: 0.0, 

source volume: 24 300 m3). The mean and median volumes were 351 000 m3 

and 273 000 m3 respectively. The lack of extremely large debris flows 

produced using the different scenarios in Massflow is consistent with the low 

number of catastrophic debris flows in the field inventory (1.8%).  
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Figure 6.11 

Examples of runouts created using Massflow. A to C) Show how changes in basal 

friction angle control runout in the simulated debris flows. These runs all had a 

source volume of 172 800 m3 and a pore water ratio of 0.8. D to F) Demonstrate how 

changes in pore water ratio can affect debris flow runout. These runs had a source 
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volume of 172 800 m3 and a basal friction of 20. G) Demonstrates how the final 

runout volume is affected by the three variable parameters. 

A pore water ratio of at least 0.8 was required to simulate a catastrophic 

debris flow in the Luoquan catchment (Figure 6.11). A small change in pore 

water ratio led to a sharp change in the length and volume of the flow, 

highlighting rapid entrainment, with the debris flow in Figures 6.11E and 

6.11F increasing in volume by almost a multiple of 6 with a 0.1 change in pore 

water ratio. In general, an increase in the volume and length of the debris 

flow occurred between a ratio 0.8 and 0.9 (Figure 6.11G). The importance of 

high pore fluid pressures when destabilising bed material and entraining 

sediment in debris flows is widely accepted (Breien et al., 2008; de Haas et 

al., 2022; Hungr et al., 2005a; Major and Iverson, 1999; McDougall and Hungr, 

2005). The small change in the pore water ratio of the bed material required 

to induce rapid entrainment and a catastrophic debris flow fits with the 

positive momentum feedback effect observed in experimental flows (Iverson 

et al., 2011). A rapid change in debris flow volume was also observed for 

debris flows in Hongchun, Wenchuan, when pore water ratios exceed a 

threshold of 0.7 (Horton et al., 2019). The lower ratio to produce a 

catastrophic debris flow in Hongchun suggests topography may relate to the 

bed saturation required to induce a larger debris flow. For example, the 

catchment area in Luoquan is larger and the channel gradient in Hongchun is 

steeper.  

Catastrophic debris flows were only triggered from source volumes of 172 800 

m3 and 270 000 m3 (Figure 6.11G). Source volume and debris flow runout 

volume were also positively correlated, though the simulation which produced 

the largest flow used the second largest source volume. The positive 

relationship between source volume and debris flow runout fits with the 

concept that larger debris flows can entrain more sediment, and therefore 

increase in volume. Entrainment can be more rapid in larger flows due to 

larger flow depths increasing the normal stress on the bed and therefore 

increasing scour (de Haas et al., 2020, 2022). Horton et al. (2019) found initial 

failure volume was more important in controlling debris flow runout volume in 

comparison to triggering location, which fits with the inventory dataset where 
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median and mean area were consistent irrespective of the median change in 

elevation (Figure 6.8).  

A low basal friction angle of 20° was required for simulated debris flows to 

reach the outlet of the Luoquan catchment (Figure 6.11A). These findings fit 

with field observations, where debris flows preferentially scoured smoother 

surfaces (Theule et al., 2015). Despite the fact that basal friction here 

corresponds to the Coulomb friction rheology in the flow model, the basal 

friction in Voellmy rheology equations has also been found to control runout 

length (Hürlimann et al., 2008). As detailed in Section 6.4.5, basal friction can 

relate to grain size. Based on this concept, the simulated debris flows with a 

basal friction angle of 35° may represent coarse-grained debris flows. Coarser 

grains in debris flows can lead to higher rates of scour, as seen at the debris 

flow front in some locations (Berger et al., 2011a; Ghasemi et al., 2019; de 

Haas and Woerkom, 2016; Schürch et al., 2011). Large debris flow volumes 

were simulated when using a basal friction angle of 35°, but these flows did 

not reach the catchment outlet (Figures 6.6 and 6.11G). This suggests that a 

low basal friction, and perhaps a finer debris flow, is required to reach the 

critical threshold for a positive momentum feedback effect in Luoquan. In 

contrast, debris flows with a basal friction of 28° reached the end of the 

Hongchun catchment (Horton et al., 2019). In Wenchuan, from field 

observations we would infer that the bed material is likely to be consistent 

across catchments (see Chapter 5). Therefore, any changes in basal friction 

may be related to lubrication from wet bed material which reduces the 

normal stress of the flow (Breard et al., 2020). The role of basal friction in 

controlling entrainment in catastrophic debris flows is likely to be more 

complex than modelled here. For example, field datasets have shown a close 

relationship between shear stress and basal friction, with higher values 

expected at the flow front, which will have consequences for bed erodibility 

(de Haas et al., 2022; McArdell et al., 2007; Schürch et al., 2011). Varying bed 

materials and friction properties have also been shown to effect debris flow 

mobility and runout, particularly when flows have travelled over snow and 

rocky terrain (McDougall et al., 2006; Sosio et al., 2012; Stinton et al., 2004).  
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6.5.3 Magnitude-frequency distributions: model scenarios 

To account for the non-linearity in the parameters used in Massflow, I 

developed a Monte Carlo analysis and varied the inputs for each parameter 

using statistical distributions obtained using field and remotely sensed data 

(Sections 6.4.5 and 6.4.6). All Monte Carlo generated magnitude-frequency 

distributions underestimated the frequency of debris flows >100 000 m3 

(Figure 6.12). In fact, the magnitude-frequency distribution closest to the 

inventory dataset obtained using simulated debris flows modelled the three 

input parameters using random uniform distributions, over a range of 42 000 

m2 to 440 000 m2 (5% of the field inventory). This may be attributed to the 

following three explanations, (1) that the statistical distributions obtained for 

pore water ratio, source volume and basal friction used here underestimated 

the frequency of the conditions required for a debris flow to entrain 

sediment; (2) that the current simulations are missing a mechanism which 

controls the development of catastrophic debris flows, and (3) the occurrence 

of catastrophic debris flows in Wenchuan is random in nature. The 

applicability of each explanation is discussed below. 

 

Figure 6.12 

A) The magnitude-frequency distribution for the entire debris flow inventory (black 

line represents catastrophic and non-catastrophic debris flows) as well as the 

magnitude-frequency distributions for the eight Monte Carlo simulations. The run 

numbers correspond to those presented in Table 6.3. B) displays all the distributions 

used to generate a powerlaw across the same range of areas (42 000 m2 to 410 000 

m2).  
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Monte Carlo simulations using representative distributions of pore water ratio, 

source volume and basal friction all underestimate the frequency of large 

debris flows. The greatest underestimation of large debris flows was seen 

when using maximum daily precipitation events to represent pore water ratios 

(Figure 6.12). The underestimation could suggest that maximum precipitation 

events do not correlate with antecedent conditions within the catchment and 

cannot explain the degree of bed saturation accurately. Antecedent 

conditions have been shown to control debris flow occurrence in Wenchuan 

and should be taken into account (Marino et al., 2022). However, a 

distribution of antecedent rainfall conditions is also likely to be heavy tailed 

and therefore would not increase the occurrence of large debris flows more 

than a random uniform distribution.  

The inverse gamma distribution of source volumes (Run 3) and exponential 

normal distribution of basal friction angles (Run 4) appeared to reduce the 

frequency of catastrophic debris flows only slightly in comparison to a uniform 

random distribution. The use of median grain size to infer basal friction angle 

may be oversimplistic. For example, the full GSD of the bed material is likely 

to control basal friction and surface roughness, particularly considering the 

wide range of grain sizes recorded in debris flow deposits (see Chapter 5). 

Flume experiments which vary bed conditions based on grain size should be 

conducted in order to better constrain this relationship (Iverson et al., 2010; 

Roelofs et al., 2022). Whilst the extreme distribution of source volumes 

underestimated the largest flows, the kernel density plot only had a single 

mode value (Figure 6.13). The field inventory was also unimodal, albeit with a 

much lower mode due to the wider range of debris flow areas sampled, 

supporting the use of an inverse gamma distribution to represent volume. 

Obtaining accurate estimates of debris flow source volumes is challenging in 

locations where high resolution imagery is not available (Tang et al., 2019). 

Potential challenges with the use of co-seismic landslide volume could be that 

not all the sediment mobilised reached the channel, which is likely to be the 

case (Fan et al., 2012). As such, the amount of sediment that reaches the 

channel may be a better metric but is difficult to quantify (Francis et al., 

2022). The bimodal distributions produced for the other variables analysed 

here may be a reflection on the limited number of simulations, particularly 
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using only three basal friction angles (= 44 simulations). To this end, whilst I 

may have underestimated the role of the three variables explored here using 

extreme value distributions, it is likely that alternative parameters used to 

model the antecedent rainfall conditions, the amount of sediment that 

reaches the channel and the role of pore water ratio on basal conditions 

would also be represented by heavy tailed distributions. Therefore, it is more 

likely that the more similar distribution found when using random uniform 

distributions to represent the three variables, demonstrates that a crucial 

mechanism in Wenchuan is missing for this scenario or catastrophic debris 

flows are simply random.  

A parameter which has not been fully tested in this analysis is topography and 

the triggering location of the debris flows. It would be reasonable to assume 

that a debris flows which initiates higher up in the catchment on a steeper 

slope would be able to entrain more material (Abancó and Hürlimann, 2014; 

Benda and Cundy, 1990; Fannin and Wise, 2001; Guthrie et al., 2010). If 

triggering locations higher up in the catchment produced more frequent and 

larger debris flows using Massflow, the Monte Carlo simulations presented 

here may more closely fit the magnitude-frequency distribution observed in 

the field. Further analysis should investigate the role of topography using 

Massflow in the future. This work has previously been conducted in Massflow 

when modelling the 2010 catastrophic debris flow in Hongchun. They found 

that the volume of the debris flow was most likely controlled by pore water 

ratios and source volumes and less so by triggering location (Horton et al., 

2019). The changing location of sediment stores, as hillslope deposits stabilise 

and sediment is deposited in main tributary channels, makes testing this 

hypothesis difficult in Wenchuan (Francis et al., 2022). Our observations, 

which demonstrated that debris flow magnitude was consistent despite a 

decrease in drop height through time, also suggest that topography is a 

secondary control on the development of catastrophic debris flows in 

Wenchuan (Figure 6.8). Topography may indirectly affect the development of 

catastrophic debris flows in Wenchuan by affecting the conditions controlling 

their occurrence. For example, non-catastrophic debris flows were simulated 

in the Luoquan catchment when using conditions which were able to simulate 

catastrophic debris flows in Hongchun (Horton et al., 2019). This implies that 
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higher pore water ratios and lower basal frictions are required to simulate 

catastrophic debris flows, and the positive momentum feedback effect, in 

larger catchments. The high pore water ratios may relate to the fact 

catastrophic debris flows in Wenchuan must runout over two times as far to 

reach the Min Jiang River. The main channel in the Luoquan catchment is also 

a fourth order stream on a shallower gradient, whereas the main channel in 

the Hongchun catchment is a steeper, second order stream. This comparison 

suggests individual topographic characteristics may also contribute to the 

development of catastrophic debris flows (Guo et al., 2016b).  

 

Figure 6.13 

A kernel density estimate plot showing the probability density function of simulated 

debris flow areas for five Monte Carlo simulations (10 000 volumes) plotted against 

the values for the inventory dataset (2 000 volumes). Monte Carlo simulation Run 3 

(Table 6.3), which used an inverse gamma distribution to represent volume and 

random uniform distributions for basal friction angle and pore water ratio, produced 

the only other unimodal distribution. Details of the distributions used to represent 

pore water ratio, source volume and basal friction angle in each run can be found in 

Table 6.3.  

The close fit between the magnitude-frequency distributions as observed in 

the inventory and as generated when using random uniform distributions to 

describe the three variable parameters, implies that it is possible that 

controls on the occurrence of catastrophic debris flows in Wenchuan are 



168 
 

random. It is not unexpected that the random uniform distributions perform 

best because only 1.8% of simulated debris flows were catastrophic debris 

flows (Section 6.6), which is consistent with our field observations. The 

occurrence of catastrophic debris flows in Luoquan during only three of the 

five maximum rainfall events between 2008 and 2019 supports the random 

occurrence of large debris flows. The proportion of co-seismic and post-

seismic sediment supplied to channels between 2018 and 2019 did not change 

greatly before the large 2019 events (Francis et al., 2022). Therefore, the 

conditions did not change significantly but a large debris flow occurred in 

2019 and not in 2018, highlighting the stochastic nature of catastrophic debris 

flows. Thus, whilst non-catastrophic debris flows may be controlled by 

changing intensity-duration curves following the earthquake, the role of 

precipitation may not be as simple for catastrophic debris flows (Domènech et 

al., 2019; Guo et al., 2016a). Our current understanding of catastrophic debris 

flows is therefore insufficient to deterministically model the hazards posed. 

Whilst studies have demonstrated a decrease in the frequency of debris flows 

following the 2008 earthquake, it might be not be possible to model 

catastrophic debris flows in the same way (Francis et al., 2022; Zhang and 

Zhang, 2017b).  

6.5.4 Wider implications 

The magnitude-frequency distribution for post-earthquake debris flows in 

Wenchuan appears to be governed by two distributions. The two distributions 

can be identified by the higher frequency of large magnitude debris flows at 

~100 000 m2, above which catastrophic debris flows are more frequent than 

non-catastrophic debris flows. I have shown that the positive momentum 

feedback effect, where debris flows rapidly entrain sediment and bulk to 

much larger volumes (Iverson et al., 2011), may explain the development of 

catastrophic debris flow in Wenchuan. The rapid entrainment, which required 

high pore water ratios, low basal friction angles and large source volumes, 

necessary for simulations in Massflow to reach the end of the catchment 

provided evidence for this (Figure 6.11). Further support was found by the 

fact that only catastrophic debris flows displayed a relationship with 

catchment area (Figure 6.10). Catastrophic debris flows therefore only ceased 

once they reached a much higher order stream and a sharp tributary junction, 
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otherwise we can assume the flow would continue entraining sediment (Benda 

and Cundy, 1990; Chang et al., 2017; Tang et al., 2011a). Non-catastrophic 

debris flows were not limited by catchment area (Figure 6.10). The 

abundance of sediment from co-seismic and post-seismic sources as well as 

annual monsoons demonstrate that the conditions implemented in Massflow 

are applicable to Wenchuan. The much higher levels of co-seismic landsliding 

seen in Wenchuan relative to other earthquakes in recent times may also 

explain the high frequency of large, catastrophic debris flows seen in 

Wenchuan in comparison to other post-earthquake sediment cascades 

(Dahlquist and West, 2019; Fan et al., 2019a). Though, I note that there has 

been a considerable decrease in the frequency of post-earthquake debris 

flows more recently, as shown by the low numbers which occurred in 2017 and 

2018 (Figure 6.8).  

High pore water ratios, low basal friction angles and large source volumes are 

crucial for debris flows to develop into catastrophic debris flows in these 

simulations. However, when using field conditions to represent the variable 

parameters, the frequencies of high magnitude debris flows were 

underestimated. These findings suggest that the inverse gamma, log normal 

and exponential normal distributions used to describe field conditions do not 

directly explain the high frequency of large debris flows found in Wenchuan. 

As such, an alternative mechanism which has not been considered in this 

analysis may be crucial in controlling the occurrence of catastrophic debris 

flows in Wenchuan, such as the depth to which the debris flows entrain 

sediment. Debris flow composition may also be of importance, however the 

similarities in the range of grain sizes found for two different post-earthquake 

debris flows in Chapter 5 suggest this is unlikely to be the case. Therefore, 

although I have demonstrated how the three variable parameters affect the 

development of catastrophic debris flows, the conditions required to produce 

catastrophic debris flows in Wenchuan remain not fully understood.  

If catastrophic debris flows are described by a separate magnitude-frequency 

distribution, as shown here, current debris flow hazard models may have 

underpredicted the frequency of large debris flows in Wenchuan (Figure 6.7). 

Previous models which sought to predict debris flow volume, will have 

considered all debris flows as a continuum, considering large debris flows as 
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the same process. For example, Huang et al. (2020) used machine learning to 

predict debris flows volumes based on the relationship between a set of 

debris flow volumes and topography. A proportion of the flows included in this 

analysis had volumes > 2 x 106 m3, which are consistent with the catastrophic 

debris flows modelled in Massflow (Figure 6.11). By analysing catastrophic 

debris flows separately, the magnitude of which is driven by a different 

process, it is likely that more accurate predictions can be made in the future. 

The underestimated frequency of large debris flows from precipitation 

thresholds in this work demonstrates that current methods using rainfall 

intensity-duration curves as a predictor of large debris flows may not provide 

adequate warning. However, Guo et al. (2016b) has suggested that larger 

thresholds are required for debris flows in larger catchments. The amount of 

sediment in the channels also appears to be a crucial control on the 

development of large debris flows in Wenchuan (Edwards et al., 2021; Francis 

et al., 2022; Jakob et al., 2005; Tang et al., 2011a). Through time as hillslope 

deposits stabilise, alternative metrics such as the depth of sediment in the 

tributary channels may be required to better predict the frequency of 

catastrophic debris flows (Domènech et al., 2019; Shen et al., 2020). 

Quantifying this is particularly challenging in sediment-rich channels in 

comparison to bedrock channel which are excavated in a single flow (Benda 

and Dunne, 1997b; Berger et al., 2011b).  

6.6 Conclusions 

To conclude, the size of catastrophic debris flows in Wenchuan appear to be 

governed by the positive momentum feedback effect, which encourages 

entrainment and allows debris flows to bulk in volume. The feedback effect 

results in a higher frequency of large debris flows than expected based on a 

single magnitude-frequency continuum for all debris flows. From this, I infer 

that catastrophic debris flows are more frequent than expected for flows of 

that magnitude and therefore should be described as a separate population. 

To understand what governs the occurrence of large flows in Wenchuan, I 

then simulated debris flows for the Luoquan catchment in Massflow, which 

can model the positive momentum feedback effect. From simulations, I show 

that the degree of bed saturation (pore water ratio), basal friction angle and 

source volume are all crucial in developing catastrophic debris flows. I then 
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placed these findings in the wider context of Wenchuan by using statistical 

distributions from field and remotely sensed data to model the pore water 

ratios, basal friction angles and source volumes. After 10 000 simulations, the 

field conditions used in this model underpredicted the frequency of 

catastrophic debris flows. These findings suggest that other conditions are 

also controlling the occurrence of catastrophic debris flows. Future hazard 

models should therefore consider controls on the magnitude-frequency of 

catastrophic debris flows separately to avoid underestimating the risk posed 

by these extremely large, fluidised flows.   

In this chapter, I have demonstrated that following the 2008 Wenchuan 

earthquake, the frequency of large, catastrophic debris flows has been 

greater than expected based on the magnitude-frequency distribution of all 

post-earthquake debris flows in the region. As a result of this, I infer that 

current models which predict the risk posed by post-earthquake debris flows 

in Wenchuan may underestimate the frequency of the largest and most 

catastrophic events. To ensure the risk of catastrophic debris flows in 

Wenchuan is not underrepresented, future research should aim to both better 

understand why catastrophic debris flows are more frequent and how the risk 

posed by catastrophic debris flows can be considered separately in runout 

prediction models. Accurate estimates of the magnitude and frequency of 

catastrophic debris flows is crucial to limit damage to property and life in 

debris flow prone regions. In the next chapter of this thesis, I will discuss how 

the research conducted in this thesis has contributed to our understanding of 

post-earthquake sediment hazards and provide suggestions for future work.  
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Chapter 7 

Discussion and Conclusion 
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7.1 Chapter summaries 

In this thesis, I have used field GSDs, remote sensing, and numerical modelling 

to demonstrate that catastrophic debris flows are governed by a different 

process in comparison to debris flows which have not experienced significant 

bulking. An overview of my findings and potential directions for future 

research can be seen in Figure 7.1. 

In chapter 4, I compared GSDs measured using five different methods for 

three mass movement deposits. I found that depending on the choice of 

method, D50 values could vary by up to a factor of three (Tables 4.3 and 4.4). 

These differences in percentile value can have significant consequences on 

our ability to interpret the GSDs measured. For example, a D50 value from 

sieving (6.6 mm) for the Tredegar rockslide was half the size of the D50 value 

from Wolman pebble counts (13 mm). Both methods are widely used, yet the 

GSDs produced were not comparable. The discrepancies introduced by method 

choice could impact future studies, for example when using the percentile 

values to model sediment export. Therefore, it is essential that GSD studies 

state the assumptions made and the proportion of grains overlooked by 

method choice. Accounting for method choice will reduce the likelihood of 

inaccurate geomorphic conclusions. 

In chapter 5, I analysed the grain-size distribution of two post-earthquake 

debris flow deposits with different runout lengths. Both deposits had 

relatively consistent GSDs in terms of width (clay to boulders) and the 

maximum grain size measured using sieving. The similarities in the GSDs 

deposited suggests that the differences in runout length may not relate 

directly to the grain size of debris flows in Wenchuan. The spatial distribution 

of deposited grain sizes differed between the two flows. For example, 

evidence of inverse grading was found in the Liusha debris flow, which 

travelled 1.5 km (Figure 5.4), whereas the catastrophic Luoquan debris flow, 

which travelled 8 km, did not show evidence of inverse or lateral grading. I 

suggest that the absence of grading can be attributed to the high pore 

pressures required for the Luoquan debris flow to travel such long distances. 

The spatial pattern of boulders in the catastrophic debris flow also related to 

topography, suggesting changes in channel width, slope and curvature may 
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also encourage deposition and erosion in even these extremely large flows 

(Figure 5.8).  

In chapter 6, I investigated controls on the magnitude of catastrophic debris 

flows in Wenchuan using a multi-temporal inventory and the model Massflow. 

I identified catastrophic debris flows based on their stream order and whether 

they reached the Min Jiang River (or a similar order river). I observed a 

disconnect in the magnitude-frequency distribution for the Wenchuan debris 

flow inventory (Figure 6.7). This disconnect corresponded with the magnitude 

at which catastrophic debris flow became the most frequent type of debris 

flow. The change in magnitude-frequency at this point, suggested that the 

process controlling debris flow magnitude was different for catastrophic 

debris flows. In fact, using a single continuum to represent debris flow 

magnitude-frequency would underestimate the frequency of catastrophic 

flows. Catastrophic debris flows in Wenchuan have been observed to bulk 

several orders in volume. In Massflow, bulking through the positive momentum 

feedback effect (high degree of bed saturation) was able to reproduce 

catastrophic debris flows in the Luoquan catchment. Source volume and basal 

friction angle were also important in the development of these catastrophic 

debris flows (Figure 6.11). When accounting for the non-linearity of these 

input parameters (source volume, basal friction angle and pore water ratio), 

my model simulations underpredicted the frequency of catastrophic debris 

flows. This suggests that alternative parameters must also be considered, such 

as source location or sediment depth, or that catastrophic debris flows are a 

stochastic process (Figure 6.12). 
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Figure 7.1 

A summary of the conclusions for each research question assessed in this thesis as well as potential directions for future work specific to that 

question and more broad research questions.  
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7.2 Wider importance and significance 

This thesis has combined local-scale observations of debris flow deposition 

mechanisms (Chapter 5) and a landscape-scale inventory analysis (Chapter 6) 

to provide evidence that catastrophic debris flows should be considered as a 

separate process. From this analysis, it can be inferred that catastrophic 

debris flows, which pose a major hazard to communities in mountain 

landscapes, are driven by the positive momentum feedback effect (Iverson et 

al., 2011). The rapid bulking required for catastrophic debris flows to reach 

volumes large enough to transit entire catchments means that the magnitude-

frequency distribution of these flows should be considered separately. Prior to 

this analysis, the positive momentum feedback effect has previously only 

been observed experimentally (Iverson et al., 2011) and in single catchments 

where it was not explicitly defined (de Haas et al., 2022; McCoy et al., 2012). 

Therefore, these results provide the first field observations and model 

analysis, in support of this physical explanation of entrainment in extremely 

large debris flows. In addition to bed saturation (Horton et al., 2019; Luna et 

al., 2012), basal friction angle and source volume were also sensitive 

parameters for the development of catastrophic debris flows (Figure 6.11). 

Volume was previously found to be a sensitive parameter for debris flow 

runout for three of the catastrophic debris flows in Montecito in 2018 

(Barnhart et al., 2021). These catastrophic debris flows were also observed to 

entrain large volumes of sediment during transit (Morell et al., 2021). By 

pairing field observations to physical explanations of entrainment using 

numerical models, I have identified controls on the development of 

catastrophic debris flows, which as briefly outlined above may also hold true 

for other locations where debris flows frequently occur. These findings 

reiterate the need to prioritise models which consider entrainment when 

simulating catastrophic debris flows (Barnhart et al., 2021; Frank et al., 2015; 

Horton et al., 2019; Iverson and Ouyang, 2015; Luna et al., 2012). An 

understanding of what controls the development of catastrophic debris flows 

will also aid studies where the largest debris flows cannot be constrained. For 

example, the magnitude of catastrophic debris flows was underestimated in 

Wenchuan when considering debris flows as a single continuum. Therefore, I 

have demonstrated that it may not be possible to simply extrapolate the same 
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powerlaw relationship to represent catastrophic debris flows. These simple 

assumptions could have consequences on hazard runout models which use 

magnitude-frequency relationships (Huang et al., 2020) and analyse the role 

of debris flows in landscape evolution models (McGuire et al., 2022). These 

findings are particularly unique due to the fact that there is no other location, 

to my best knowledge, which has a comparable high-resolution record of high 

frequency debris flows which were triggered in close proximity. Since 

magnitude-frequency distributions that include several catastrophic debris 

flows can therefore not be produced in other locations, these findings, such as 

how catastrophic debris flows may be a separate process, should be 

considered when studying and modelling large debris flows elsewhere.   

I explored how topography related to the GSDs deposited by post-earthquake 

debris flows as well as the runout of catastrophic debris flows. I found that 

whilst topography could not solely explain the transition to catastrophic 

debris flows in Wenchuan, it could be used to predict potential regions of 

deposition in catastrophic debris flows. On an individual debris flow scale, the 

catastrophic Luoquan debris flow showed a decrease in the deposition of 

boulder size and frequency with increases in channel width. In the 

catastrophic debris flows in Montecito, wider channels (>5th order) 

corresponded to increases in scour (Morell et al., 2021), whereas in lower 

order sections of the channel (closer to the source) an increase in widths 

corresponded to an increase in deposition due to the decrease in momentum. 

These observations, combined with my results showing a relationship between 

channel width and boulder deposition, imply that the sediment deposited by 

debris flows differs as debris flows bulk in volume. The comparable findings 

for two catastrophic debris flows, indicate that channel topography may 

control the amount and size of sediment deposited along channels. An 

understanding of where and how much sediment is stored in different channel 

reaches is invaluable for quantifying sediment budgets as well as estimating 

the likelihood of hazards, such as debris flows (Benda, 1990; Francis et al., 

2022). Predictions of where debris flows will deposit and erode may provide 

insight into where future debris flows will erode and deposit. de Haas et al. 

(2020) observed a memory effect in Illgraben, where channel sections 

previously eroded by debris flows, aggraded during the next flow. The high-
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resolution GSDs measured in this thesis also provide an indication of the 

composition of bed material for future debris flows. Whilst, controls on debris 

flow entrainment have been explored in flume studies, the bed composition in 

these experiments typically remains the same (Roelofs et al., 2022). For 

future events along the Luoquan channel it will be interesting to compare how 

the deposited GSDs change during subsequent flows and influence bulking 

within the flow.  

This thesis also presents some of the first high-resolution GSDs for the main 

sediment stores in the 2008 Wenchuan earthquake sediment cascade and the 

first, to our knowledge, from a recent earthquake. Accurate estimates of the 

coarse grains mobilised by post-earthquake processes are crucial as coarse 

grains are expected to account for up to 93% of all sediment mobilised by the 

landslides (Li et al., 2016; Xie et al., 2022), as supported by the GSD 

measurements in Chapter 5. These constraints on debris flow GSDs in 

Wenchuan can therefore be supplemented into models of post-earthquake 

sediment cascades to better constrain potential residence times for all 

seismically sourced material (Xie et al., 2022). The similar GSDs produced by 

both debris flows suggest that the GSD mobilised may be consistent across the 

region, or at least within the Pengguan Massif. In addition to the grain size 

mobilised, hillslope-channel connectivity also governs sediment export rates 

in the post-earthquake cascade (Dai et al., 2021; Li et al., 2016). Catastrophic 

debris flows are the main process connecting hillslopes and channels in the 

years following the Wenchuan earthquake (Francis et al., 2022). By 

determining controls on the runout length of catastrophic debris flows in 

Wenchuan, I have identified important parameters to consider when 

modelling hillslope-channel connectivity in the post-earthquake sediment 

cascade (Xie et al., 2022). I note that the occurrence of catastrophic debris 

flows in Wenchuan is more frequent than predicted using the parameters in 

this thesis. The occurrence of catastrophic debris flows in Wenchuan is 

therefore potentially stochastic or related to other conditions within the 

catchment. This research provides strong foundations to better understand 

the high frequency of debris flows following the 2008 Wenchuan earthquake. 

By comparing the post-earthquake debris flows in Wenchuan with other recent 

earthquakes, such as the 2015 Gorkha earthquake, we will also begin to 



179 
 

better constrain which future earthquakes are likely to induce a high 

frequency of cascading hazards in the years that follow. 

Large, catastrophic debris flows have considerable societal and environmental 

consequences, such as fatalities, damage to infrastructure and large volumes 

of sediment deposited into streams (Dowling and Santi, 2014; Francis et al., 

2022; Kean et al., 2019; Yang et al., 2021). Catastrophic debris flows occur 

across the globe, as seen by the 2018 Montecito, US, debris flows (Kean et al., 

2019) and the 2019 debris flows in Wenchuan, China, analysed in this thesis 

(Yang et al., 2021). Current understanding of catastrophic debris flows is 

limited due to their unpredictable nature, inaccessible locations and 

extremely large volumes. Therefore, the research presented in this thesis, 

which has provided unique insight into the composition of catastrophic debris 

flow deposits (see GSDs in Chapter 5) as well as controls on the magnitude 

and frequency of catastrophic debris flows (see Chapter 6), is beneficial to 

debris flow research globally. The different magnitude and frequency 

relationship for catastrophic debris flows observed using the high-resolution 

dataset from Wenchuan will have practical implications for our ability to more 

accurately predict large debris flows and how far they will runout. For 

example, by highlighting the need to account for catastrophic debris flows 

individually in muti-hazard models. Further work which seeks to build on this 

in Wenchuan may involve identifying locations and buildings most at risk of 

catastrophic debris flows. The variables found to control catastrophic debris 

flow development in Wenchuan should also be explored for other debris flows 

globally as both sediment stores and source volume, which were important in 

Wenchuan, also appear important in recent literature (Barnhart et al., 2021; 

Morell et al., 2021). The high-resolution GSD dataset in Chapter 5, alongside 

the clear methodological protocols set out in Chapter 4, aim to improve the 

comparability of current grain size measurements. Additional datasets in 

combination with the dataset developed in this thesis, will be useful when 

validating numerical models which include debris flow grain size as well as 

developing tools for debris flow prediction which consider the amount and 

type of sediment available in channels (Benda, 1990; de Haas et al., 2020; 

Morell et al., 2021).   
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7.3 Further work 

7.3.1 Bed composition and entrainment 

My results have demonstrated that channel bed properties are crucial in 

controlling the development of catastrophic debris flows. This finding fits with 

previous studies which have shown that a high degree of saturation can 

increase the rate of erosion along the channel bed (Iverson et al., 2011; 

McCoy et al., 2012). Despite this, quantitative estimates of the sediment 

deposited in debris flow channels and entrained by future events remain 

scarce (Morell et al., 2021). Based on the results presented in this thesis, I 

believe that future work should focus on how the grain size of bed material 

controls entrainment by debris flows. This could be achieved by using small 

scale flume experiments, which have previously been used to demonstrate the 

role of flow grain size in controlling runout length but not bed composition 

(de Haas et al., 2015; Roelofs et al., 2022). Better constraints on the GSDs 

deposited by debris flows, as devised in this thesis, will add further insight 

into how channel sediment affects bulking in catastrophic debris flows.  

In many mountain environments, debris flows scour until they reach bedrock 

(Benda, 1990; Morell et al., 2021), whereas the Wenchuan earthquake region 

is a transport-limited system and so the channels remain filled with sediment 

(Francis et al., 2022). The Wenchuan earthquake region therefore presents a 

potential location to record how much sediment is required for debris flows to 

bulk and become catastrophic debris flows. The entrainment rate in Massflow 

can be varied to account for different sediment depths. Field records of 

channel sediment depth are much more limited, and would require the use of 

high resolution DEMs of difference as used in other debris flow channels 

globally (de Haas et al., 2020; Morell et al., 2021).  

7.3.2 Hillslope-channel connectivity and catastrophic debris flows 

Hillslope-channel connectivity controls the rate of sediment exported from a 

catchment in the years following an earthquake (Croissant et al., 2019; Li et 

al., 2016). Recent studies have highlighted how landslide and debris flow size 

and location can influence hillslope-channel connectivity through time (Dai et 

al., 2021; Xie et al., 2022). As catastrophic debris flows are the main driver of 

hillslope-channel connectivity in Wenchuan in recent years (Francis et al., 

2022), future research should focus on determining how much sediment from 
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these flows is directly exported to fluvial channels and how much remains in 

channels. This can be achieved using models and setting a cut off for the 

channel outlet (Horton et al., 2019). Studies of how debris flow entrainment 

related to runout length would also provide an interesting research topic. 

However, more automated approaches are required to analyse debris flow 

channel lengths on the scale observed in Wenchuan (n>2000). Recent research 

on rivers, which extracts centrelines along channels to later determine width, 

suggests that this may be possible for debris flows in the near future (Clubb et 

al., 2022).  

7.3.3 Fluvial export of debris flow sediment 

Episodic pulses from landslide and debris flows can increase the grain size of 

fluvial sediment and alter fluvial dynamics by increasing the bedload and 

influencing rates of fluvial incision and channel morphology (Attal and Lavé, 

2006; Dingle et al., 2017; Sklar and Dietrich, 2004; Whittaker et al., 2010). 

Yet the export of seismically sourced sediment fluvially is poorly constrained, 

and predominantly focused on suspended sediment concentrations. To obtain 

a full picture of how an earthquake impacts fluvial systems, full GSDs are 

needed (Cook et al., 2018; Finnegan et al., 2018). Current estimates, which 

consider a full GSD are typically numerical models with a single median grain 

size for landslide deposits (Croissant et al., 2019). In this thesis, I have 

provided quantitative GSD estimates for post-earthquake debris flow deposits. 

These results provide an ideal basis from which sediment cascade models can 

be developed to account for the range of grain sizes found in post-earthquake 

deposits. This could involve upscaling an established model which considers 

how different sized sediment moves within fluvial networks (e.g. Czuba 2018). 

In addition, future work could seek to measure the GSDs of river bar sediment 

to better constrain the grain size signal associated with catastrophic debris 

flow pulses. Since gravel bars in Wenchuan are likely to be sources of coarse 

sediment, the methodological approach established in Chapter 4 could be 

used.   
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Appendix 

The appendix contains tables showing the NRMSE and two-sample goodness-of-

fit chi squared (2) tests applied in Chapter 4 to compare GSDs measured 

using different techniques. These tables are included as Supplementary 

Material in the following published manuscript: Harvey E. L., Hales, T. C., 

Hobley, D. E. J., Liu, J., Fan, X. (2022). Measuring mass movement deposit 

grain-size distributions. Earth Surface Processes and Landforms. 

https://doi.org/10.1002/esp.5337. 

https://doi.org/10.1002/esp.5337
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Appendix Table 1 

The NRMSE values when comparing entire GSDs and GSDs within the same range for methods in Tredegar. The same range refers to 3 mm to 34.3 mm for all 

techniques. All values given are in %. Dark red represents an NRMSE of 200% +, medium red 100 – 200% NRMSE, light red 50 – 100% NRMSE, orange 30 – 50% 

NRMSE, green <30% NRMSE 

    Entire GSDs GSDs with the same range 

Technique  Sieving 
Survey 
Tape 

Manual 
Photo 
Count 

Pebble 
Count 

pyDGS 
Sieving 

Survey 
Tape 

Manual 
Photo 
Count 

Pebble 
Count 

pyDGS 

1 0 -0.5 -1 1 0 -0.5 -1 

Sieving 

0.05   478 1244 2213     394     10.8 10.6 18.9     3.4   

0.10   117 127 333     19.5     7.3 16.2 61     4.1   

0.16   83.7 87.6 221     34.1     18 16 65.2     5.5   

0.25   59.9 64.3 188     36.1     15.8 14.2 69.8     8   

0.50   52.5 33.5 98.2     31.6     28 16.5 53.6     2.6   

0.75   13.5 11.5 26.1     32.4     6.6 15.5 18.3     4.8   

0.84   22.7 18.3 18     26.1     1 16.1 9.5     4.4   

0.9   17.1 31.6 1     31.9     1 24.1 0.7     1.5   

0.95   58.2 12.2 0.2     28.7     1.3 23 3.7     1.4   

Survey 
Tape 

0.05 
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  

305 25 
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  

59.8 15.4 8.3 

  
  
  
  
  
  
  
  

0.10 106 38.9 61.9 0.4 10.7 

0.16 115 35.6 68.1 5 19.9 

0.25 143 23.2 88.3 0.6 20.5 

0.50 110 9.9 92.5 11.9 19.9 

0.75 66.1 4.2 78.6 34.3 1.9 

0.84 28.2 7.9 55.4 28.8 5.4 

0.90 0.5 19.7 32.8 17.8 2.5 

0.95     37.2 44.4         14.6 7.7 0.1   
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Appendix Table 2 

The NRMSE values when comparing entire GSDs and GSDs within the same range for methods in Liusha. The same range refers to a different 

range depending on the technique. All values given are in %. Dark red represents an NRMSE of 200% +, medium red 100 – 200% NRMSE, light red 50 

– 100% NRMSE, orange 30 – 50% NRMSE, green <30% NRMSE. 

 

   Entire GSD GSDs with the same range 

Technique  
Manual 
Photo 
Count 

pyDGS pyDGS 

1 (MS 
8) 

1 (MS 
6) 

0 (MS 
8) 

0 (MS 
6) 

-0.5 
(MS 
8) 

-0.5 
(MS 
6) 

1 (MS 
8) 

1 (MS 
6) 

0 (MS 
8) 

0 (MS 
6) 

-0.5 
(MS 
8) 

-0.5 
(MS 
6) 

Sieving 

0.05 143 809 950     72.8 74.5 182 183 20.6 27.8 46.4 52.9 

0.10 23 417 504     16.6 15.1 102 107 42.2 45.9 67.5 71 

0.16 44.9 131 171     63.5 62.6 66.3 71.8 47.8 50.4 73.7 76.3 

0.25 64 40.1 66.6     75.9 75.1 26.9 25.6 54.4 58.5 78.2 81.2 

0.50 41.8 12 7.4     77.3 75.8 2.3 6.7 50.3 49.8 74.7 76 

0.75 25.5 14.2 5.7     62.5 58.6 0.7 5.7 31.1 30.1 56.5 58.6 

0.84 20 20.3 0.1     55.7 50.3 3.6 8.9 18.2 18.2 42.4 45.8 

0.90 8.2 21.3 0.7     47.3 38.8 0.2 8 14.1 12.1 33.2 34.4 

0.95 29.8 45.8 29.2     56.2 48.1 2.6 11.8 10 1.3 21.5 18.1 

Manual 
Photo 
Count 

0.05   274 331     29 28.3 286 332 8.6 10.1     

0.10   333 406     30.1 28.9 356 410 30.8 33.5     

0.16   375 458     24.8 22.9 446 500 71.5 73.2     

0.25   296 371     31.9 29.5 342 377 58.9 57.8     

0.50   51.5 84.8     60.9 58.4 92.7 91 1.9 10.2     
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0.75   16.1 43     49.2 44 34.3 45.5 6.9 3.8     

0.84   0.6 24.7     44.7 37.9 28.1 28.3 1.1 3.6     

0.90   13.4 10.7     42 32.8 11.8 23.2 3.7 0.3     

0.95   22.4 1.2     37.4 25.9 10.8 10.7 2.5 2.3     
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Appendix Table 3 

The NRMSE values when comparing entire GSDs and GSDs within the same range for methods in Luoquan. All values given are in %. Dark red 

represents an NRMSE of 200% +, medium red 100 – 200% NRMSE, light red 50 – 100% NRMSE, orange 30 – 50% NRMSE, green <30% NRMSE. 

    Entire GSD GSDs with the same range 

Technique  
Manual 
Photo 
Count 

pyDGS pyDGS 

1 (MS 
8) 

1 (MS 
4) 

0 (MS 
8) 

0 (MS 
4) 

-0.5 
(MS 
8) 

-0.5 
(MS 
4) 

1 (MS 
8) 

1 (MS 
4) 

0 (MS 
8) 

0 (MS 
4) 

-0.5 
(MS 
8) 

-0.5 
(MS 
4) 

Sieving 

0.05 50.7 48.3 19.4     89.9 89.6 42.3 23.5 83.7 84.3 88.7 90.2 

0.10 37.8 48.7 17.5     91.5 91.2 46 16.5 84.5 82.2 91.1 91.1 

0.16 41.4 39.1 1.5     90.2 89.6 33.5 4.6 79.1 75.6 89.3 89.3 

0.25 24.4 30.5 23     88 86.9 20.7 29.5 71.4 66.1 86.3 86.2 

0.50 21 22.3 50.5     80.5 77.3 2.7 67.2 50 40.9 74.2 74.8 

0.75 48 44.6 14.9     77.2 70.5 8.6 73.3 26.7 6.8 55.2 55.5 

0.84 52.1 51.5 0.1     74.5 64.2 2.9 60.9 21.1 8.6 46 42.3 

0.90 40.2 57.8 14     73 58.4 2.8 31 13.9 4.9 34.2 36.7 

0.95 27.8 60.4 20.1     69.3 45.6 4.2 24.1 5.1 12.2 19.2 15.5 

Manual 
Photo 
Count 

0.05   4.9 63.4     79.5 79 73.9 88.4 6.4 26.1     

0.10   17.2 33.2     86.4 85.8 0.3 38.8 52.1 52.1     

0.16   3.2 72     83.4 82.4 10 77.1 49 41     

0.25   5.9 66.4     83.7 82.2 16.5 72 44.5 42.1     

0.50   0.5 92.7     75 71 8 99.1 39.9 19.4     

0.75   8.8 126     55.1 42 20.4 132 13.2 34.3     

0.84   1.4 109     46.8 25.1 24.6 112 2.1 50.4     

0.90   29.3 44.1     54.7 30.4 22.7 76.4 5.5 45.7     

0.95   45 11.1     57.3 24.3 17.1 44.4 8.3 32.2     
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Appendix Table 4 

The NRMSE when comparing pyDGS GSDs obtained using varying x exponents with the sieving GSDs over the size range for grains >80 mm. All 

values shown are in % and all values are below 30%.  

  Liusha Luoquan 

Sieving vs 
pyDGS (>80 

mm) 

pyDGS maxscale 6 (80 mm to 161 
mm) 

pyDGS maxscale 4 (80 mm to 285 
mm) 

Percentiles 
x = -0.5 

(%) 
x = 0 (%) x = -1 (%) 

x = -0.5 
(%) 

x = 0 (%) 
x = -1 

(%) 

0.05 2.7 3.1 2.3 4.1 5.7 3 

0.10 5.5 6.4 4.8 1.8 1.2 3.8 

0.16 0.7 1.9 0.4 2.6 7.3 0.7 

0.25 2 3.8 0.4 0.9 7.9 4 

0.50 3.5 1.1 5.8 3.7 15.8 6 

0.75 4.7 7.3 2 13.1 24.7 1.2 

0.84 4.2 6.4 1.8 12.6 19.8 3.2 

0.90 5.9 7.7 4 13.7 18.1 7.5 

0.95 4.4 5.4 3.2 13.4 15.7 10.3 
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Appendix Table 5 

The NRMSE when comparing sieving GSDs, both across the same range and the entire 

distribution, with the GSD derived by combining two pyDGS GSDs. For Liusha, this 

involved combining the GSD derived for 2.6 mm to 121 mm with a maxscale of 8 and 

an x exponent of 0 with the GSD derived for 80 mm to 161 mm with a maxscale of 6 

and x exponent of -1. For Luoquan we combined the GSD derived for the range 3 mm 

to 142 mm with a maxscale of 8 and x exponent of 1 with the GSD derived for 80 mm 

to 285 mm with a maxscale of 4 and an x exponent of -1. All values given are in %. 

Dark red represents an NRMSE of 200% +, medium red 100 – 200% NRMSE, light red 50 

– 100% NRMSE, orange 30 – 50% NRMSE, green <30% NRMSE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Liusha Luoquan 

Percentiles 

Sieve 
Truncated & 

pyDGS Merged 
(%) 

Sieve Full GSD 
& pyDGS 

Merged (%) 

Sieve 
Truncated & 

pyDGS Merged 
(%) 

Sieve Full GSD 
& pyDGS 

Merged (%) 
 

0.05 8.9 237 34.3 30.8  

0.10 25.8 117 28.8 29.6  

0.16 27.1 14.9 11.3 13.9  

0.25 34.9 13.7 7.4 2  

0.50 7.6 7 8.7 2.2  

0.75 9.1 9.1 19.7 20.6  

0.84 2.2 6.2 15.6 28.3  

0.90 5.1 2 3.5 36.6  

0.95 10.7 29.9 2.5 34  
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Appendix Table 6 

The χ2 values obtained from two-sample chi square goodness-of-fit tests. The tests were 

carried out on full GSDs for methods used in Tredegar, Luoquan and Liusha as well as 

truncated GSDs in Tredegar. Pebble count refer to a Wolman pebble count in the table. 

Tredegar 

Entire GSDs 

Method 1 Method 2 
Degrees 

of 
Freedom 

χ² χ²₀․₀₅ χ²₀․₀₁ 

Null 
hypothesis 

where  
p < 0.05 

Sieving 
Survey Tape 

Counts 
5 13.03 11.07 15.09 Reject 

Sieving 
Pebble 
Count 

3 64.14 7.82 11.35 Reject 

Sieving pyDGS 5 25.95 11.07 15.09 Reject 

Sieving 
Manual 

Photo Count 
3 28.95 7.82 11.35 Reject 

Survey Tape 
Counts 

Pebble 
Count 

4 27.38 9.49 13.28 Reject 

Survey Tape 
Counts 

Manual 
Photo Count 

3 11.54 7.82 11.35 Reject 

Survey Tape 
Counts 

pyDGS 5 83.55 11.07 15.09 Reject 

Manual 
Pebble Count 

pyDGS 3 62.04 7.82 11.35 Reject 

Truncated GSDs 

Sieving 
Survey Tape 

Counts 
3 6.44 7.82 11.35 Not Reject 

Sieving 
Pebble 
Count 

3 29.91 7.82 11.35 Reject 

Sieving pyDGS 3 1.01 7.82 11.35 Not Reject 

Sieving 
Manual 

Photo Count 
3 12.64 7.82 11.35 Reject 

Survey Tape 
Counts 

Pebble 
Count 

3 21.07 7.82 11.35 Reject 

Survey Tape 
Counts 

Manual 
Photo 
Counts 

3 8.02 7.82 11.35 Reject 

Survey Tape 
Counts 

pyDGS 3 5.45 7.82 11.35 Not Reject 

Manual Photo 
Count 

pyDGS 3 22.21 7.82 11.35 Reject 

Luoquan 

Sieving 
Manual 

Photo Count 
5 69.53 11.07 15.09 Reject 

Sieving 
pyDGS (x = -

0.5) 
5 762.42 11.07 15.09 Reject 

Sieving 
pyDGS (x = 

1) 
5 22.01 11.07 15.09 Reject 

Liusha 

Sieving 
Manual 

Photo Count 
5 248.04 11.07 15.09 Reject 
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Sieving 
pyDGS (x = -

0.5) 
5 159.13 11.07 15.09 Reject 

Sieving 
pyDGS (x = 

1) 
4 14.85 9.49 13.28 Reject 
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