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1 | INTRODUCTION
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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 signif-
icant challenge because they are often difficult to access, are heterogeneous in plan-
form and with depth, contain grain sizes from clay (<63 pm) 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 paper compares five common methods for determin-
ing mass movement deposit GSDs to assess how their accuracy may affect their
applicability to different research areas. We applied an automated wavelet analysis
(pyDGS), Wolman pebble counts, survey tape counts, manual photo counts and siev-
ing to three different mass movement deposits (two debris flows, one rockslide) in
Tredegar, Wales and the Longmen Shan, China. We 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 over-estimated grain sizes in the
lower 80% of the distribution relative to the other four methods used. We demon-
strate that method choice can introduce significant uncertainties, particularly at the
edges of the distributions, such that D14 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 minimize these chal-
lenges, the methods chosen should be both carefully reported and consistent with
the research question.
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can extend up to eight orders of magnitude (from <1 um to >10 m),
and vary spatially and with depth. These GSD characteristics reflect

Mass movement deposit grain-size distributions (GSDs) can 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 & DiBiase, 2020; Sklar et al., 2017,
2020). Mass movement deposit GSDs are typically heterogeneous,

source properties, such as lithology or fracture spacing (Attal &
Lavé, 2006; Marc et al., 2021) and processes occurring during transit,
including winnowing (Crosta et al., 2007; Dufresne & Dunning, 2017,
Locat et al., 2006). There remains no single method that can record
GSDs over the range and scale of most mass movement deposits
(Table 1). Hence, different approaches or combinations of approaches

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

Earth Surf. Process. Landforms. 2022;1-16.

wileyonlinelibrary.com/journal/esp | 1


https://orcid.org/0000-0002-6167-9438
https://orcid.org/0000-0002-3330-3302
https://orcid.org/0000-0003-2371-0534
mailto:harveyel1@cardiff.ac.uk
https://doi.org/10.1002/esp.5337
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/esp
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fesp.5337&domain=pdf&date_stamp=2022-02-25

2 | WILEY_IE28

HARVEY ET AL.

TABLE 1 A summary of the key advantages, limitations and resolutions of the methods used to measure mass movement deposit GSDs and
key references for the use of these methods

Method

Volumetric sieving
Frequency/volume

Pebble count and survey
tape
Frequency/number

Manual photo analysis
Frequency/number

Advantages

e Can collect subsurface

GSDs by digging pits or
using vertical
exposures.

e Can constrain the

proportion of grains
<1 mm.

e Can record all three
axes of a grain, which is
useful when working
with non-spherical
grains.

o Sampling typically
involves >100 grains.
This is quick relative to
other methods (~1 h)

e Requires considerably
less time in the field in
comparison to other
methods.

Limitations

Limit to the maximum
grain size obtained
using sieving directly
(typically 80 mm).

Time consuming, which
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.

Only used to collect
surface GSDs.

Field intensive.

Bias towards sampling
only visible grains.

Only used to collect
surface GSDs.

Bias towards sampling
coarser grains.

Sampling range and size

<0.063-80 mm. We use a

maximum limit of

80 mm and record
grains >80 mm by hand
in the field.

We found a

1m x 1m x 0.5 m pit
took ~6-8 h to dig and
sieve. As such, only a
small proportion of the
deposit can be
sampled. Here, we
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.

The smallest detectable

grain size is typically
gravel as this is easily
visible. Studies typically
give a minimum grain
size of 4-5 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 &

Abt, 2001a).

The number of grains

measured can be as low
as 100, however this
value increases with
more heterogeneous
deposits. We used a
sample size of 300 for a
small, heterogeneous
landslide deposit.

The minimum grain size

depends on the
resolution of the image
and the maximum grain

Key references

Attal and Lavé (2006),

Bunte and Abt (2001a,
b), 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,
2015)

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)

Attal and Lavé (2006),

Casagli et al. (2003),
Crosta et al. (2007),
Genevois et al. (2001),

(Continues)
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Key references

A texture-based approach
which uses the spatial
and spectral
properties of an image
to generate a GSD

Frequency/number

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.

UAV imagery can be
used in less accessible

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
similar in colour.

HARVEY ET AL.
TABLE 1 (Continued)
Method Advantages Limitations Sampling range and size
e Does not disturb the e Can only measure size depends on the
surface of the deposit visible axes and some extent of the photo.
(this allows the method grains may overlap and This technique can be used
to be compared directly therefore the b-axis will across large surface
to sieving for the same be measured areas, for example by
area). incorrectly. using UAVs. In this
e UAV imagery can be study, photos were
used in less accessible taken with a
locations. 50 cm x 50 cm frame
e The results can be for reference with
reproduced. resolution >0.12 mm
pi L.
pyDGS e Does not require e Only used to collect Minimum grain size is

determined by photo
resolution and number
of pixels required to
clearly identify a grain.
Based on v4.0, pyDGS
detects grains ~6 pixels
in length.

Maximum grain size is

dependent on maxscale
parameter. Whilst
UAVs can be used to

Ibbeken et al. (1998),
Kellerhals and

Bray (1971), Zhang
et al. (2015)

Buscombe (2013)
Beach GSDs (Prodger
et al., 2017)
Dryland basin GSDs
(Michaelides
et al.,, 2018)

locations.
e Does not disturb the
surface of the deposit.

have been used (e.g. Attal & Lavé, 2006; Attal et al., 2015; Casagli
et al,, 2003; Crosta et al., 2007; Dunning, 2006; Zhang et al., 2015).
These approaches typically involve measuring the b-axis of grains
using two methods, one of which can capture the finest grains, such
as sieving, and another for the coarsest grains, such as Wolman peb-
ble counts or photo-based techniques, and combining these to pro-
duce a new distribution (Attal & Lavé, 2006; Casagli et al., 2003;
Fripp & Diplas, 1993).

Mass movement deposits often segregate by grain size during
transit, which results in the development of facies within deposits
(Attal & Lavé, 2006; Dufresne & Dunning, 2017; Dunning, 2006; Marc
et al., 2021; Vallance & Savage, 2000). For example, flowing mass
movements create coarse fronts and levees within their deposits due
to kinetic sieving and shear driven size segregation (Attal &
Lavé, 2006; Johnson et al., 2012; Marc et al., 2021). Similarly, rock ava-
lanche deposits often have a finer core and coarse carapace associated
with high shear at the landslide base (Dufresne & Dunning, 2017). As a
result, bimodal and multimodal distributions are often observed in
landslide dams and rock avalanches where comminution and shear are
prevalent (Casagli et al., 2003; Crosta et al., 2007). In these cases,
process-based studies of the emplacement of these deposits may
require high spatial sampling resolutions across all three dimensions
(Casagli et al., 2003; Makris et al., 2020). It is therefore important to
ensure methods can readily characterize spatial and vertical changes

across a range of grain sizes from clay to boulders.

survey large surface
areas, to measure
grains 10 mm in size,
photo resolution would
need to be 1.66 mm
pi~ L. Here, we use
photos with at least
0.12 mm pi~*
resolution.

Wide and multimodal GSDs also limit the applicability of single
grain size metrics like D5 to characterize 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 & 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 Ds, Dq¢, Dso, Dgs and Dgs, as opposed to a single metric to
characterize the entire GSD for mass movement deposits (Folk &
Ward, 1957; Purinton & Bookhagen, 2021). The higher percentiles,
such as Dgs and Dgg, 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 & 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 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 2;
Purinton & Bookhagen, 2021). These methods include both image
(Table 2).

segmentation and texture-based approaches Image
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TABLE 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

Image segmentation

These techniques aim to
isolate and measure
the visible axes of the
individual grains in an
image

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

Advantages

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.

Do not require user
intervention, which
reduces operator bias.
Obtain measurements
for each individual
grain, from which
interpolation is not
required to obtain
percentiles.

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
homogeneous fluvial
environments to obtain
GSDs.

Does not disturb the
surface of the deposit.
Once the photos are
taken and the model is
running, larger areas can
be sampled quicker.

Limitations

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.
Limited by image
complexity, such as
vegetation, variations in
colour and texture (e.g.
veins) and imbrication.

Only used to collect
surface GSDs.
Requires very high-
resolution DEMs or
images to measure the
finest grains.

UAV:s to generate 3D
point clouds have not
worked well in poorly
sorted environments
(Westoby et al., 2015).
Typically requires high
computer processing
power.

Bias towards coarse
grains.

Coarsest grain size is
determined by photo
window size.
Generally, 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
or train the algorithm.

Sampling range and size

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 &
Bookhagen, 2019).
Purinton and
Bookhagen (2021) use
automated
PebbleCounts with
minimum grain size of
2.5cm.

Automated image
segmentation methods
can use cameras on
tripods or UAVs to
survey large areas. For
example, Purinton and
Bookhagen (2021)
surveyed areas
between 944 and 3470
m? for sand- and
gravel-bed rivers in the
South-Central Andes.

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
high-resolution imagery
is required to detect
the finest grains.

Key examples and
references

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 &
Weitbrecht, 2012)

PebbleCounts (Purinton &
Bookhagen, 2019,
2021)

Semivariance (Carbonneau
et al., 2004, 2005)

Autocorrelation
(Rubin, 2004)

Wavelet transforms
(Buscombe, 2013)

Convolutional neural
networks
(Buscombe, 2020; Lang
etal., 2021)

3D-based roughness

(Brasington et al., 2012;
Neverman et al., 2019;
Vazquez-Tarrio
et al,, 2017; Westoby
et al., 2015)

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 &
Shukla, 2018;
Saunders, 2014)

segmentation techniques isolate and measure the visible axes of indi-
vidual grains (e.g Graham et al., 2005; Purinton & 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 digital elevation model (DEM).
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Traditional methods used to measure GSDs are often limited by
sampling size, inaccessibility and time constraints, as described in
Table 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 uncertainty associated
with comparing different methods has been widely discussed for flu-
vial GSDs (e.g. Bunte & Abt, 2001a,b; 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 deposi-
tional 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 (i.e. surface or subsurface). Here we compare and com-
bine GSDs generated for three different deposits using five different
methods. We compare the methods using D14, Dso and Dg4 percen-
tiles as well as statistically using chi-square tests.

2 | STUDYSITES

We chose mass movements from three field sites, a rockslide deposit
south of Tredegar, Wales and two debris flows in the Longmen Shan,
China (Figure 1).

In Tredegar the rockslide was triggered within the Carboniferous
Deri Formation, a sedimentary unit of interbedded sandstone, mud-
stone 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 as 26.5 m long and 15 m at the widest point
(Figure 1A).

We sampled two large post-seismic debris flow deposits triggered
during a monsoonal storm in 2019 in the Luoquan gully and Liusha
gully, Longmen Shan, China (Figures 1B and C). The abundance of sed-
iment in the channel prior to these events was a result of previous
debris flows and landslides generated during and after the 2008
Wenchuan earthquake. The Luoquan gully consisted mainly of
Mesoproterozoic granitoids of the Penguan massif (Figures 1C and D).
The Luoquan debris flow had a slope of 9° and average width of 42 m
when averaged across the length of the debris flow (~8 km). The
Liusha gully includes both Mesoproterozoic granitoid material and
Palaeozoic greywacke and shale (Figures 1B and D; Ma, 2002). The
Liusha debris flow had a slope of 23° and average width of 8 m across
the 1.5 km length of the debris flow.

3 | METHODS
We applied five methods (Figure 2) to the three different field sites:
sieving, survey tape counts, Wolman pebble counts, pyDGS and man-

ual photo counts.

HEE WILEY L °

3.1 | Volumetric sieving

We sieved each deposit using a protocol previously used for fluvial
sediments, landslide deposits and debris flow deposits (Attal &
Lavé, 2006; Attal et al, 2015; Bunte & Abt, 2001a; Zhang
et al., 2014). We 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. The shallower depth
in Tredegar was due to the steeper slope and smaller apparent grain
size and failure. We used square sieves to separate the remaining sed-
iment into the following size fractions: >4 cm, 2-4 cm, 1-2 cm and
<1 cm. We 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 & Lavé, 2006; Hubert & Filipov, 1989).
We sieved approximately 1000 kg of sediment per pit to fulfil the 5%
of total weight limit for the largest grain set out by 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 & Abt, 2001b). We
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, we were able to quantify grain shape as
well as size. Where large grains covered multiple layers (e.g. >10 cm
on at least one axis), we consistently sampled the grain from the low-
est layer to avoid disturbing layers unnecessarily. We adjusted our
sieving GSDs to account for this by averaging the weight of grains
with a b-axis >10 cm across the appropriate number of layers. In the
lab, we wet sieved the 8, 4, 2, 1, 0.5, 0.25, 0.125 and 0.063 mm frac-
tions. For samples containing a large proportion of gravels (>2 mm),
we used a sieve shaker to separate the first four fractions. Manual
endpoint tests were carried out to ensure all grains had passed
through each sieve (Dufresne & Dunning, 2017). The tests involved
briefly shaking the sieve into a clean, dry sieve pan to see if any grains
still passed through. We noticed that there were still grains passing
through the five smallest sieves, so we also wet sieve the fraction
<1 mm.

A square sieve correction (Attal & Lavé, 2006) of the form

2km kv2

\/1+k2: 14 k?

S D

where S is the sieve mesh size and k is the ellipse eccentricity, or the
ratio between the b-axis and the c-axis of grains, was applied to our
data. There were a large range of values obtained for k within both
pits, with the sieves potentially over-estimating the b-axis of each
grain by a maximum of 41% in Liusha and 35% in Luoquan. The mean
b-axis over-estimate in Liusha and Luoquan was 21% and 17%,
respectively. This equated to an approximately 0.7 cm difference

between the adjusted size of a 4 cm sieve.

3.2 |
counts

Wolman pebble counts and survey tape

We conducted a Wolman (1954) pebble count and survey tape peb-
ble 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, we
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FIGURE 1 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

decided that rather than choose a particular number of samples, we
would measure grains until the mean value converged (i.e. any addi-
tional grain measured did not change the mean beyond 0.1 mm).
We found the mean, Dso and Dg4 converged when measuring
300 grains, while Dyg did not.

The survey tape method involved placing three 50 m tapes hori-
zontally across the deposit and one tape from the scar of the failure
to the toe. We measured the b-axis of the grain directly below the
tape 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 & Bray, 1971). If grains were too small to be mea-
sured, the nearest grain was chosen instead (de Scally &
Owens, 2005; Hubert & Filipov, 1989). If grains were too large the
same protocol would apply, however we did not encounter this in
Tredegar. For this method, we 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. We included grains as
small as 1 mm (survey tape) and 3 mm (Wolman count) as they were
visible in the field.

3.3 | Manual photo counts

Manual photo counts involved measuring the apparent b-axis of grains
using photos taken parallel to the surface (Attal & Lavé, 2006; Casagli
et al., 2003; Crosta et al., 2007; Genevois et al., 2001; Ibbeken
et al., 1998; Kellerhals & Bray, 1971; Zhang et al., 2011, 2015). We
conducted manual photo counts in all three locations by taking photos
using a smartphone camera (Figure S4, image resolutions ranged from
0.12 mm pi~! in Tredegar to 0.39 and 0.46 mm pi~* in Liusha and
Luoquan). We 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 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. We
conducted manual photo counts on six images in Tredegar, measuring
a total of 300 grains. In Longmen Shan, we took photos of the surface
of the pit and used these photographs to conduct a grid-by-number
analysis (Figures 5 and 6). The width and height of the grid were
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10 mm to 20 mm fractions

the image and draw a of the individual images

Sieving Pebble Count/Survey Tape Photos
Field [ Dig 1 mx 1 mx 0.5 m pit. ] Measure the b-axis of 300 Take photos parallel to the
| grains randomly or measure surface at shoulder height.
N - the b-axis of grains along a Use a 50 cm x 50 cm frame
[ Sieve fractions >1 cm. ] survey tape. for reference.
Lab Sieve fraction <1 cm in the
lab using de|on|sed water.
[ Dry and weigh samples. ] Man ual ’7—‘ pyDGS
I - . ,
Desk s Merge 8 mm to 10 mm and ~ Input the resolution of [ Calculate the resolution J

into a single bin (8 mm to 20
mm) to remove field and
\_ laboratory discrepancy. )

Apply square sieve
correction.

Correct for largest grains

\_ grid across the photo. |

| ( 3

4 o Usg the x parameter to
Measure the b-axis of adjust the shape of the

the grains that lie where | output GSD. )
the grid lines meet

| ( If necessary, combine

the best fit pyDGS
output for upper and
lower percentiles using

Correct for possible
overlaps between the

across the pit. \ grains. / Fripp and Diplas
I | (). )
Plot the distribution. Plot the distribution. Plot the distribution. !
Volume-by-weight Grid-by-number Grid-by-number [ Plot the distribution. ]

FIGURE 2 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 randomized 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

determined by the largest grain in the photo to ensure no grain was
counted twice (Bunte & Abt, 2001b).

3.4 | Automated photo analysis (pyDGS)

We 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 coarse, well-sorted grains, where the
brightness of the grains is 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 & Abt, 2001b; Cuttler et al., 2017;
Diplas & Fripp, 1992; Diplas & Sutherland, 1988). For example, a neg-
ative value of x (—1) can represent poorly sorted coarse gravels with
low porosity and a high sand content, whereas a value of O is indica-
tive of well-sorted gravel (Bunte & Abt, 2001b). We tune the shape
parameter in this paper based on our sieving data. In Tredegar, a single
shape parameter consistently represented the GSD obtained using
sieving (Figure 3). However, in the Longmen Shan, a single pyDGS

shape parameter did not fit the GSD obtained using sieving or manual

photo counts (Figures S1 and S2). Therefore, for Liusha and Luoquan
we combined two pyDGS runs with different shape parameters to

obtain a GSD that captured both the finest and coarsest grains
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FIGURE 3 The surface GSDs of the Tredegar rockfall 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 six 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 by Fripp and Diplas (1993) and
briefly in the main text. We used sieving and survey tape GSDs as
these provided the minimum and maximum grain sizes, respectively
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measured using sieving (Figures S1 and S2). 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).

We ran a sensitivity analysis to test how the choices of these
three parameters affect the output. For this paper, in Tredegar we use
the average GSD obtained by running 60 photos in pyDGS and using
an average resolution of 0.12 mm pi~1. We vary the shape parameter

and maxscale throughout.

3.5 | Combining GSDs

We combined distributions 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, 0.063-0.125, 0.125-0.25, 0.25-0.5,
0.5-1, 1-2, 2-4, 4-8, 8-20, 20-40, 40-80, 80-100 and 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
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 represents the coars-
est percentiles and a shape parameter of O best fits the finest percen-
tiles. In Luoquan we combine runs with a shape parameter of 1 and —1
(Table S5). We 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 Dso values across
the combined GSDs.

3.6 | Comparing the different methods

We compared the grain size for the 5th, 10th, 16th, 25th, 50th, 75th,
84th, 90th and 95th percentiles (for all individual methods and com-
bined GSDs) using the normalized 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 con-
sider it as the measured value. We calculated NRMSE as outlined in
Buscombe (2013):

(dheas—li)”
+ %100 2)

meas

NRMSE (%) =

where n is the number of observations, g'meqs is the percentile grain
size from sieving and st is the percentile grain size for the method
that we are comparing.

For continuous datasets (manual photo counts, Wolman pebble
counts and survey tape counts) we also calculated the percentile
uncertainty using the QuantBD function (Eaton et al, 2019;
Purinton & Bookhagen, 2021). The output from QuantBD is a mini-
mum and maximum grain-size range for each percentile based on a
95% confidence interval, which we refer to as percentile uncer-
tainty. Finally, two-sample goodness-of-fit chi-squared (y?) tests

allowed pairwise comparison of different distributions.

4 | RESULTS

For all deposits, the grain-size range varies with measurement method
(Figures 3, 5 and 6). 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 to 170 mm
and 0.5 to 45 mm, respectively. Wolman pebble count and manual
photo count GSDs recorded an order of magnitude, 3 and 90 mm and
1 and 77 mm, respectively.

Common percentiles used to describe GSDs, D44, Dso and Dgg, all
varied by at least an order of magnitude across the different methods
(Tables 3 and 4). In Tredegar, the D44 values obtained varied by the
most compared to Dsg and Dg4, as demonstrated by higher NRMSEs
for lower percentiles (>50% error for percentiles smaller than Dsg)
(Table 3). The D44 value for Wolman pebble counts (7 mm) was five
times larger than the D, value obtained using pyDGS (1.4 mm) and
sieving (2.2 mm), and exceeded all other D, values and upper limits
based on percentile uncertainty (Table 3). D1¢ values for the debris
flow deposits also varied by over a factor of two across the different
methods (5-13 mm in Liusha and 5.9-56 mm in Luoquan) (Table 4).
Dsq values differed by over a factor of two in Tredegar (4.5-13 mm)
and over a factor of three in the Longmen Shan (Liusha: 19-83 mm,
Luoquan: 23-150 mm) (Tables 3 and 4). In Tredegar, pyDGS and siev-
ing also obtained the lowest Dsq and D4 values. Survey tape counts
and manual photo counts produced similar measurements for both
D1¢ (4 and 4.1 mm) and Dsp (10 and 8.8 mm). Wolman pebble counts
obtained the largest Dsg value. In the Longmen Shan, when only con-
sidering the combined pyDGS GSDs, Dsg values were largest for siev-
ing GSDs (77 and 100 mm). The variation in Dsq values coincides with
the minimum resolutions for each of the respective methods. Larger
percentiles, such as Dg4, and the maximum grain size obtained also dif-
fered across methods (Figures 3, 5 and 6; Tables 3 and S1). Photo-
based grain-size techniques (both manual and pyDGS) Dg, values were
consistently smaller than the other methods in all locations. In Liusha
and Luoquan, manual photo count and pyDGS GSDs under-estimated
the upper 20% of the distribution relative to sieving (Figures 5 and 6,
Table 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 S1, Table S1).

The GSDs measured were significantly different from the sieved
distributions in Tredegar: Wolman pebble counts (y? = 64.14, d.f. =
3, p-value < 0.05); survey tape counts (y? = 13.03, d.f. = 5, p-value <
0.05); manual photo counts (y? = 28.95, d.f. = 3, p-value < 0.05); and
pyDGS (42 = 25.95, d.f. = 5, p-value < 0.05) (Table S6). To infer the
magnitude of methodological uncertainty in these values, we trun-
cated the individual distributions in Tredegar to the grain size range
covered by all methods (3-34.4 mm, Figure 4; 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: 42 = 1.01, d.f. = 3, p-value > 0.05; survey tape
and pyDGS: y? = 5.45, d.f. = 3, p-value > 0.05) (Figure 4, Table S6).
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 (y? = 8.02, d.f. = 3, p-value < 0.05; y* = 21.07, d.f. = 3, p-value
< 0.05). Wolman pebble count GSDs over-predicted grain sizes in the

lower 50% of the distribution when compared with all other methods.
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TABLE 3 The D44, Dsg and Dg4 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 the three different methods indicated

Tredegar entire GSD (mm)

Percentile 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) 14(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 (3-34.3 mm) (mm)
Percentile 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)

2Each 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.

PThese 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
by Buscombe (2013) for GSDs measured manually and pyDGS GSDs for individual images.

TABLE 4 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

Liusha (mm)
Percentile 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 (82-130) 65 (49-81) 130 (98-163) 122 (92-153)
Luoquan (mm)
Percentile 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 1009 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)

2Each 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.

PThese 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
by 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 O 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.

9No range is given for this percentile as the surrounding grains also have the same b-axis.

5 | DISCUSSION

51 | Sampling method uncertainty

There are several uncertainties inherent in each sampling method that
can lead to systematic bias in the reported results (Table 1). Bias in
the sieving GSDs may be introduced as each sample integrates the
subsurface and surface grains into a single GSD (Bunte & Abt, 2001b;
Dufresne & Dunning, 2017; Johnson et al., 2012). Where deposits are

vertically stratified, this will lead to under-estimation of coarse

(or fine) surface fractions. We mitigated this issue by choosing sam-
pling locations that showed no evidence of vertical stratification. We
found no systematic change in the grain size with depth, suggesting
that differences in GSD are more likely to reflect primary variability in
the deposits rather than vertical stratification (Figure S5). For exam-
ple, while D¢, Dsg and Dg,4 values for the uppermost three layers in
Luoquan ranged from 30 to 56 mm, 100 to 137 mm and 248 to
306 mm, respectively, there was no evidence of stratification with
depth. Additionally, the D14 and Dsq values obtained for sieving were

consistently lower than the values obtained using Wolman pebble
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FIGURE 4 Comparison of truncated field-derived GSDs and
pyDGS-derived GSDs for the Tredegar rockslide. We found that the
range 3-34.4 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 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 3 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 by Fripp and Diplas (1993) and briefly in the main text. We
used sieving and survey tape GSDs as these provided the minimum
and maximum grain sizes for the location based on their

generated GSDs

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 Dg,4 values in Luoquan and Liusha were
also larger than all other surface Dg4 values. Further bias could be
introduced if the pit is not constructed correctly, which we avoided
by consistently measuring the width and depth of the pit when dig-
ging. Whilst sieving presents challenges in terms of 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 our statistical comparisons we use sieving as
the test statistic due to its larger sample sizes and widest GSDs, mak-
ing it most likely to be representative of the true distribution across
its sampling range.

Photo-based techniques can be limited by photo extent, imbrica-
tion, overlap and mistakenly measuring the c-axis as opposed to the
b-axis (Attal & Lavé, 2006; Casagli et al., 2003; Kellerhals &
Bray, 1971). These limitations can result in GSDs that under-estimate
the coarse end of the distribution (Tables S2 and S3). Furthermore,
small sample sizes can also lead to under-estimating the Dg,4 values.

Despite using the same photos, we found significant differences when

comparing manual photo count and pyDGS GSDs in Tredegar
(Table Sé; full GSD: )(2 = 62.04, d.f. = 3, p-value < 0.05; truncated
GSD: 42 = 22.21, d.f. = 3, p-value < 0.05). pyDGS with a shape param-
eter of 1 also under-estimated the proportion of grains between 5 and
40 mm relative to manual photo counts in Liusha (Figure 6). The dif-
ferences 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 dif-
ficult to differentiate, resulting in the individual grains being consid-
ered as single larger grains (Buscombe, 2013; Figures 6, S3 and S4).
This effect may be enhanced by wet grains in Figures S4A and 6
(Buscombe, 2013).

pyDGS was not well suited to the application of mass movement
deposits as it requires calibration and multiple shape factors to cap-
ture complex GSDs (Figures 5 and 6; Tables S2, S3 and S4). Even
when calibrated, the GSD obtained using pyDGS was statistically dif-
ferent from the full GSDs obtained using sieving in all three locations
(Tredegar: ;{2 = 2595, 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).
We acknowledge that 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. However, for
complex, large mass movement deposits, pyDGS-generated GSDs rely
too heavily on the use of another method for calibration that does not
increase efficiency.

Wolman pebble counts and survey tape counts cannot measure
the finest grains and have minimum grain sizes of 3 and 1 mm for each
method, respectively (Figures 3 and 4, Table 3). The statistically differ-
ent, coarser, GSD for random Wolman pebble counts when compared
to survey tape counts (y? = 21.07, d.f. = 3, p-value < 0.05) is possibly
due to fine pebbles being overlooked by the technique as a result of
operator bias (Fripp & Diplas, 1993; Strom et al., 2010). Operator bias
may be even more pronounced in heterogeneous, multimodal mass
movement deposits towards the extreme small or large grains
(Daniels & McCusker, 2010; Strom et al., 2010). A limitation of our
approach is the fact that we sampled grains <2 mm using the survey
tape method and <4 mm using the Wolman count method (Bunte &
Abt, 2001a). Whilst these are below the expected minimum grain sizes
in Table 1, we wanted to provide the full GSD of grains visible in the
field. The minimum GSDs often used, 4-8 mm, are dictated by work
on fluvial GSDs, which are likely to be inundated by shallow water
(e.g. Bunte & Abt, 2001a; Kellerhals & Bray, 1971). In a mass move-
ment deposit, the smaller grains on the surface are more likely to be
visible, which may allow for the sampling of smaller grains. The higher
potential to exclude fine grains when conducting pebble counts, par-
ticularly randomly through a Wolman pebble count, will result in mass
movement GSDs, which exclude any silt, sand or clay.

5.2 | Methodological uncertainty, sample size and
sample type

No single method accurately measured the full GSD in any of the
mass movement deposits studied (Figures 3, 5 and 6). In Tredegar, we

combined two GSDs collected using different methods to obtain a full
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FIGURE 5 Sieving, manual and automated photo analysis-based
surface GSDs for the Luoquan (Figure 1c) 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
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FIGURE 6 Sieving, manual and automated photo analysis-based
surface GSDs for the Liusha (Figure 1b) 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
manual photo counts and pyDGS. In total, 84 grains were measured
using a manual photo grid sampling technique

GSD. When selecting which methods to combine, it is important to
consider the differences in the distribution produced based on meth-
odological uncertainty, sample size and sampling method. To identify
differences in the GSDs associated with methodological uncertainties,
we 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 signifi-
cantly different distributions across this restricted grain size range,
suggesting that these methods are the least comparable to sieving
and survey tape counts, and therefore the least reliable. Survey tape
counts and pyDGS GSDs were consistent with sieving GSDs over a

restricted grain-size range (Table Sé), implying that they are strong
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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 peb-
ble 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 & Bray, 1971). Consequently, any statistical differ-
ences 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, sur-
vey tape counts, manual photo counts and Wolman pebble counts all
over-estimated D,¢ relative to the sieving D44 value, due to their
inability to sample grains smaller than gravel (Table 1; Casagli
et al., 2003; Wolman, 1954). 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.

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; Purinton &
Bookhagen, 2021; Storz-Peretz & Laronne, 2013). 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. Eaton et al., 2019; Fripp & Diplas, 1993;
Graham et al, 2010; Kellerhals & Bray, 1971; Purinton &
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 & Bookhagen, 2021). For the finer mass movement
deposit in Tredegar, the 84th percentile converged after 300 measure-
ments, which took approximately 1-2 h of sample time. This timescale
is not significantly different from that required to construct and sieve
a pit in a fine deposit.

Photo counts have a recommended areal coverage of 100-200
times the D, to obtain <10% errors (Eaton et al., 2019; Graham
et al, 2010; Purinton & Bookhagen, 2021; Storz-Peretz &
Laronne, 2013). In the Longmen Shan, where the D, from the
images used were 189 and 552 mm, respectively, this would require a
photo with a width of 11 m (an area of >100 m?). Such a photo could
only be taken with an unmanned aerial vehicle (UAV) and would sub-
sequently compromise the resolution of the finest grains (unless com-
bined with a higher-resolution photo) (Graham et al., 2010; Storz-
Peretz & Laronne, 2013). This example highlights the primary chal-
lenges of sample size, as it is common to find grains >500 mm in mass
movement deposits that may be smaller than 100 m? 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 larg-
est grain (Church et al., 1987). Occasionally, boulders >50 kg were still
recorded in the debris flow deposit pits, which meant this criterion
was not always achievable. Where deposits are small or only a frac-

tion of the deposit needs to be sampled, sieving may be a more
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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 optimized to sample certain
grain-size ranges (Attal & Lavé, 2006; Casagli et al., 2003; Fripp &
Diplas, 1993).

Whilst we chose areas of the deposits that were spatially uniform,
we note that each method has slightly different sampling frequencies
and depths. We refer to the uncertainty associated with differences in
the location of the sample as the sample type. Our field sites were
chosen to minimize differences in sample type. Within the three pits
sampled, there was no vertical stratification by grain size across the
top 50 cm (which we sampled at 10 cm intervals) (Figure S5). Thus,
there is no evidence that a surface sample would be significantly dif-
ferent from a sieved sample (Attal & Lavé, 2006). We combined the
sieving and survey tape GSDs to produce a full distribution. We
assumed that sieving and survey tape GSDs could be merged due to
the fact that they do not produce statistically different distributions
over a truncated range of grain sizes (Figure 4, Table S6). Whilst the
combined GSD will produce the widest GSD, we note that the uncer-
tainties associated with combined methods are likely to be propa-
gated 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 complementary 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.

5.3 | 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 movement (Blair, 1999;
Cruden & Varnes, 1996; Kaitna et al., 2016; McKenna et al., 2012;
Wang & 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 characterization 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 & Sassa, 2003).

Measurements of deposit GSDs have been used to infer the
source of the material mobilized from the relationship between bed-
rock 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 mobilized material. For example, in Califor-
nia, finer, sandier debris flows were hillslope triggered, whereas the
coarser debris flows mobilized 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 5 and 6).
As the fracture spacing of metasediments is smaller than the granit-
oids found in Luoquan (Figure 1D), this difference may have been
overlooked 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, frag-
mentation and segregation (Crosta et al, 2007; Dufresne &
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 & 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 segrega-
tion in an experimental setting for dry granular flows, which includes
rock avalanches (Gray & Ancey, 2011). Here, a higher proportion of
fine grains resulted in a longer distance being required for medium
and large particles to segregate (Gray & Ancey, 2011). The 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 under-estimate.
Hence, whilst broad patterns can be well captured using more accessi-
ble, 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 contri-
bution to rockfall hazard and fluvial bedload transport. In rockfalls,
deposited grain volume can predict runout hazards better than the ini-
tial volume, which tends to over-estimate 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 to which the runout will travel, which is most important
for hazard models. Depending on the nature of the hazard, using a sin-
gle 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 flu-
vial 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 depending
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 & Lavé, 2006).

The methodological uncertainties associated with comparing
GSDs and percentiles obtained using different methods can have con-
sequences for accurate process interpretation. For example, the factor

of two difference in grain-size percentile estimates from survey tape
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counts relative to sieving for a fine deposit could shift the Dsq 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 influ-
ential (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 used increasingly 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 that mass movement-
derived sediment is an essential component in these problems
(Sklar & Dietrich, 2006), improvements are needed in our ability to
characterize this material to provide robust conclusions about the

timescales and rates of bedrock incision and sediment transport.

6 | CONCLUSION

Measurements of mass movement GSDs present concerns over accu-
racy, 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 we show that these choices about methodology can intro-
duce up to a factor of five difference in simple metrics like D14 and
Dso. This results in GSDs and grain-size percentiles that are not
directly comparable to GSDs measured using different methods, espe-
cially when the same grain-size range is not considered. We demon-
strate 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, we were 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 maxi-
mum resolution measured using sieving. We were 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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