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Rock avalanches can trigger destructive associated hazards following the initial collapse
and fragmentation of a rock slope failure. One of these associated hazards occurs when
the material derived from the initial collapse of the source zone impacts and mobilizes a
mass flow composed of sediment from along the travel path. These mass flows can be
grouped into radial impact areas that occur on relatively flat, open terrain (typically a
floodplain), and more linear impact areas that occur in channelized terrain. Rock
avalanche-generated sediment mass flows are an important consideration because
they can significantly increase the area impacted by an event, thereby increasing the
hazard area, especially in valley bottoms where there are likely more elements at risk.
Existing runout prediction methods do not consistently account for the increase in the
impact area from rock avalanche-generated sediment mass flows. Thus, there is a need for
a simple data-supported method for estimating the extent of mass flow impacts resulting
from an initial rock avalanche event with sediments along the potential travel path. This
paper presents data from 32 rock avalanches and 23 rock avalanche-generated sediment
mass flows from around the world, described using a consistent set of quantitative and
qualitative attributes. A wide range of mass flow impacts were observed, with the sediment
mass flow impact area or runout length exceeding the impact of the coarse, rocky debris in
some cases. The area and length impacted by the coarse, rocky debris is estimated using
multiple linear regressions considering the event volume and topographic features. The
sediment mass flow dataset is used as input to develop an exponential distribution of the
area or runout length of the sediment mass flow over that of the coarse, rocky debris. A
decision tree framework is presented for estimating the extent of potential rock avalanches
and potential rock avalanche-generated sediment mass flows for hazard and risk analysis,
which is demonstrated by comparing the stochastic empirical predictions to those from
numerical runout modeling.
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INTRODUCTION

Rock avalanches are mass flows that can initiate complex hazard cascades. They are defined by
their dominant characteristics: high velocity flow-like motion of a large volume (typically greater
than 1 million m3) of fragmenting rock that can travel several kilometers and run up opposing
valley slopes (Hermanns, 2013; Hungr et al., 2014). A range of associated hazards must also be
considered when making predictions about the potential impacts of a rock avalanche, such as air
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blasts (e.g., Mathews and McTaggart, 1978; Zhuang et al.,
2019) and floods caused by landslide dam impoundment
and/or breach (e.g., Evans et al., 2011). A particularly
destructive associated hazard involves the mobilization of
surficial material from the travel path. When rock
avalanches encounter sediments, open water or snow/ice
along their path, a relatively fluid and mobile flow of these
materials can be generated that extends beyond the margins of
the coarse rocky flow. We refer to this process generally as a
rock avalanche-generated mass flow (Figure 1). This paper
specifically focuses on mass flows involving sediments.

One of the factors that can influence the mobility and
impact area of rock avalanches is the mobilization of path
sediments. In their report on the 1903 Frank Slide, McConnell
and Brock (1904) described extensive “mud flats” fringing the
deposit, derived primarily from alluvium that was “splashed”
out of the valley floor. Heim (1932) observed similar zones
(now often referred to as splash zones) surrounding rock
avalanche deposits in the Alps, which he likened to the
lateral moraines of a glacier and attributed to a “snowplow”
style mechanism. Abele (1997) linked the apparent high
mobility of some of these features, including the far-
reaching Bonaduz Gravel deposits associated with the Flims
rockslide, to the mechanism of rapid undrained loading of
saturated path sediments. Other workers have expounded on
this hypothesis (e.g., Hungr and Evans, 2004; Orwin et al.,
2004; McDougall and Hungr, 2005; Crosta et al., 2009) and a
large number of supporting case studies have been presented
(see case study compilation and associated references later in
this paper). Some laboratory flume and centrifuge experiments
have also been carried out that shed further light on this
mechanism (e.g., Steers, 2018; Furuya et al., 2019).

While these types of mass flows can be highly destructive,
evidence of their presence is not as well preserved in the
geomorphic and stratigraphic record as that of the coarse
rocky debris. In their reexamination of the Frank Slide,
Cruden and Hungr (1986) noted dense vegetation cover in
the relatively fine-grained splash zones described by
McConnell and Brock (1904). Another striking example of
this sort of masking over time can be seen at the site of the 1965
Hope Slide (Figure 2). Panel A in Figure 2 shows the northern
distal splash zone of the 1965 Hope Slide (southwestern British
Columbia) deposit. Panels B and C in Figure 2 show aerial
views of the site in 1965 and 2019, respectively; the splash zone
is entirely overgrown in the 2019 imagery.

Since the evidence for rock avalanche-generated mass flows
can be subtle and short-lived, it has led to inconsistencies in the
ways that rock avalanche runout lengths and impact areas are
measured. For example, the commonly used concept of the
fahrböschung, or angle of reach, defined as the ratio of the
difference in elevation from the highest point on the scarp to
the toe of the deposit (H) to the horizontal path distance between
those points (L), has long been used as a metric of rock avalanche
mobility, and has been shown to be related to the volume of the
rock avalanche (see Mitchell et al., 2020 for a summary).
Inconsistencies in the inclusion or exclusion of rock-avalanche
generated mass flows when assessing H and L can lead to multiple
authors assessing different angle of reach values for the
same cases.

This inconsistency is problematic when assessing rock
avalanche hazard and risk because many empirical and
numerical runout prediction methods that are used for this
purpose (e.g., McDougall, 2017) are based on statistical
analyses or model calibration approaches that implicitly rely
on consistent case study data. Runout prediction methods that
use case study datasets that include prehistoric events where
distal mass flow impacts were not recognized, or datasets that
are based exclusively on the mapped extents of coarse rocky
deposits (e.g., Mitchell et al., 2020), may underestimate
potential rock avalanche impacts unless suitable
adjustments are made to the predictions. Furthermore, there
is little information currently available in order to make a well
constrained estimate of the likelihood of a mass flow occurring
due to a rock avalanche.

To help address this issue, the objectives of this study were to:

• Highlight the importance of mass flows in rock avalanche
hazard and risk assessment;

• Develop a consistent methodology for describing key
quantitative and qualitative attributes of rock avalanche-
generated mass flows involving sediments;

• Compile a dataset of case studies using the new
methodology;

• Develop a probabilistic hazard assessment framework and
preliminary statistical relationships to predict mass flow
likelihood, impact areas and runout lengths.

A hypothetical mass flow runout prediction case is used to
demonstrate the application of the new methodology.

FIGURE 1 | Potential mass flows generated by rock avalanches. Note
that multiple types of mass flows are possible in a single event (e.g.,
Bussmann and Anselmetti, 2010), depending on the nature and distribution of
materials along the path.
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METHODOLOGY

Definitions
To describe rock avalanche and associated sediment mass flow
characteristics, we define three impact zones, as shown below.
These zones can be identified based on their sedimentology,
emplacement mechanism and relationship to the initial failed
mass, and are based on concepts originally presented by Abele
(1997) and Hungr and Evans (2004).

• Zone 1 Impact Area: The spatial area impacted by coarse,
rocky debris. This area extends from the source, through the
transport zone to the distal extent of continuous fragmented

rock debris (Figure 3). In cases where a rock avalanche
overrides sediments, the Zone 1 impact area may include
continuous coarse debris rafted on top of the sediments.
Typically, the Zone 1 impact area is all that is observable in
aerial or satellite imagery of prehistoric events.

• Zone 2 Impact Area: The spatial area impacted by a rapid to
extremely rapid (Hungr et al., 2014) mass flow generated by
a rock avalanche impact (Figure 3). Zone 2 impacts occur
coincidently with the deposition of the Zone 1 material;
essentially they are different parts of the same event. In cases
where a rock avalanche encounters sediments, the Zone 2
impact area may include discontinuous coarse debris rafted
on top of the sediments, but these isolated blocks are

FIGURE 2 | (A) Rock avalanche-generated mass flow impact area (splash zone) at the northern margin of the Hope Slide [photo taken shortly after the event in
January 1965, courtesy of British Columbia Ministry of Transportation and Infrastructure (BC MoTI)], (B) orthorectified airphoto of the impact area from 1965, and (C)
orthorectified satellite image of the same area from 2019 (Planet, 2020). The approximate area shown in Panel (A) is indicated by the yellow rectangles in Panels (B) and
(C). The yellow oval highlights the revegetation of the Zone 2 impact area at the southern margin of the deposit.
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considered a minor portion of the flow. Rock avalanches
may also encounter coarse colluvium that is entrained into
the flow, however these impacts will generally be
indistinguishable from the Zone 1 impact area.

• Zone 3 Impact Area: The spatial area impacted as a result of
a rock avalanche, but not triggered by the emplacement of
fragmented rock debris and may be separated from the Zone
1 and Zone 2 impacts in time. For example, they may
include the formation of a landslide dammed lake or
aggradation/erosion of a downstream channel. These

impacts may occur suddenly (e.g., through breach of a
landslide dam) or over the course of many years.

Zone 2 impacts can be further subdivided into end-member
events that have a radial impact zone (Figure 4A) or a linear
impact zone (Figure 4B). Often mass flows have elements of the
idealized radial and linear impact zones shown in Figure 4, which
are examined in the Hypothetical Example and Summary and
Discussion sections. Linear impact zones are sometimes referred
to as debris flows or debris avalanches (Hungr et al., 2014). The

FIGURE 3 | Definition sketch showing Zone 1 and Zone 2 impacts from a rock avalanche.

FIGURE 4 | Definition sketch showing (A) a radial Zone 2 impact zone, and (B) a linear Zone 2 impact zone.
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special term rockslide-debris avalanche was previously proposed
for events with an entrainment ratio (ratio between entrained
volume and initial failure volume) greater than 0.25 (Hungr and
Evans, 2004).

As shown in Figure 1, mass flows involving water or snow and
ice may also be generated by rock avalanches. Air blasts could also
be considered a form of mass flow, just one involving a low
density, low viscosity fluid. These impacts could be considered as
part of Zone 2, however, the focus of this study is on mass flows
primarily involving sediments. Likewise, systematic descriptions
of Zone 3 impacts are beyond the scope of the present study; the
definition of Zone 3 is included above for completeness, its
relationship to landslide dam work referenced later in this
paper, and for the potential future expansion of the general
hazard assessment approach we propose.

Two “type case” examples are provided to illustrate the typical
behavior of radial and linear rock avalanche-generated mass
flows: the Hope Slide (Figures 2, 5) and the McAuley Creek
rock avalanche (Figure 6), respectively.

Hope Slide–Radial Impact Type Case
The Hope Slide occurred on January 9, 1965 in the Cascade
Mountains of southwestern British Columbia and was described
in detail byMathews andMcTaggart (1978). The event originated
with a mass of rock releasing on a steeply dipping felsite sheet.
The rock then fragmented and impacted the valley floor, burying
approximately 3 km of BC Highway 3 and causing four fatalities
(Figures 5A,C). The coarse rock avalanche debris deposited
primarily at the base of the source slope, creating a series of
irregular curved ridges near the middle of the deposit and

FIGURE 5 | Hope Slide (A) ortho image generated from aerial photographs taken in 1965, (B) bare-earth lidar hillshade from 2014 (data courtesy of BC MoTI), (C)
oblique view of the slide, (D) oblique view of the west margin of the deposit area, and (E) view of the south side of the debris field showing the transition from Zone 1 to
Zone 2 deposits (photos C through E courtesy of BC MoTI).
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irregular mounds elsewhere. The coarse debris was fringed by
what was described as mud-rich debris (Figures 5B,D,E).
Evidence of an air-blast was also noted, such as snow being
dislodged from the branches of trees or the snow being covered by
air-borne sediment, primarily near the mid-line of the landslide
along the main direction of travel (Mathews and McTaggart,
1978).

The broad valley relative to the size of the Zone 1 deposit led to
the formation of a radial fringe of sediment-rich debris in the
Zone 2 area. However, the event did exhibit some characteristics
of a linear Zone 2 impact, such as the opposite wall of the valley
limiting the spread of debris to the west. A “mud flow” extending
5 km down the Nicolum River was also described by Mathews
andMcTaggart (1978). This area was not included in the estimate
of the Zone 2 area given in Table 2, as it is not visible in the
available imagery and we did not want to introduce inconsistency
in the mapping methodology, described in detail in the Dataset
Compilation section. While this flow was contained in the
channel of the river, it did cause a bridge to become blocked,
resulting in flow over Highway 3 at that location (Mathews and
McTaggart, 1978). Further discussion on the applicable spatial
resolution of this technique is included in the Summary and
Discussion.

Since the event in 1965, vegetation has re-established over the
Zone 2 impact area and Highway 3 has been reconstructed
(Figure 2). Although much of the visual evidence has been

lost in that 55-year period, there is evidence of the Zone 2
impact in the lidar hillshade image, where a rougher surface is
visible relative to the surrounding valley floor (Figure 5B).

McAuley Creek–Linear Impact Type Case
The McAuley Creek rock avalanche occurred in an
uninhabited area of southern British Columbia in late May
or early June 2002 and was described in detail by Brideau et al.
(2012). The basal failure surface and lateral release surfaces are
thought to have developed from faults and shear bands present
in the rock. The coarse rock avalanche debris deposited
primarily at the base of the source slope, with the material
thinning toward the distal edge of the deposit, and a more
mobile lobe of material extending down the McAuley Creek
valley (Figures 6A,B) (Brideau et al., 2012). The coarse debris
formed a landslide dam that created a small, temporary lake
upstream of the coarse deposit area (Figure 6C). The area the
slide overran was a mature forest and many displaced trees
were visible on the surface of the deposit (Figure 6D). Review
of photographs from field investigations following the event
showed there were progressively fewer large boulders in the
deposit, and the surface texture visible in the aerial imagery
became less rough toward the distal end of the flow. Vegetation
regrowth visible in the 2019 satellite imagery (Figure 6A) was
also used to help distinguish the transition from a primarily
coarse, rocky deposit where slower vegetation regrowth is

FIGURE 6 | McAuley Creek rock avalanche (A) impact area delineations on a satellite image from August 6, 2019 (Planet, 2020), (B) oblique view of the main
deposition area with the tongue of more mobile material extending into the background from August 21, 2002 (photo courtesy Réjean Couture), (C) oblique view of the
deposit area showing the transient landslide dammed lake from June 10, 2002 (photo courtesy Scott Paddington), and (D) a photo of the north margin of the deposit
near the transition from what was mapped as Zone 1 and Zone 2.
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expected, to the finer sediment deposits where faster regrowth
is expected.

The narrow valley relative to the size of the deposit and the
formation of a linear lobe of sediment and organic-rich debris led
to this event being classified as confined in the Zone 2 area. The
lake visible in Figure 6C, but not in the 2019 imagery
(Figure 6A), is an example of a transitory Zone 3 impact.

Dataset Compilation
A dataset of 32 historical and prehistoric rock avalanche events
was compiled in order to derive statistical relationships to predict
the length and area of Zone 2 (see subsequent sections for further
details of this methodology). The cases included in this study were
compiled from a literature review of rock avalanche case histories
that overran sediments for a significant portion of their travel
length (as opposed to bedrock or glacial ice/snow). Where
available, pre- and post-event satellite images, aerial
photographs, lidar topography, and published maps of
deposits were used in the mapping. Published references were
used to obtain information on the event volumes, source
characteristics, substrate characteristics and deposit
descriptions. Visible changes in deposit material and surface
texture, along with published information, were used to
determine if a Zone 2 impact was present, and if so, to map
its extent. This dataset included a subset of cases where there is no
strong evidence of a mass flow. The literature review attempted to
collect all English language peer-reviewed case histories of events
after 2010 to provide an unbiased sample for the estimation of the
likelihood of a mass flow occurring given a rock avalanche
occurring with sediment in the travel path. The cases without
mass flow generation from before 2010 were described when
there was sufficient information in the literature and air or
satellite photos from a short time after the event to
confidently determine there was not a mass flow associated
with the rock avalanche. Cases of any age with insufficient
data for detailed descriptions or mapping were excluded from
the dataset.

Pre- and post-event satellite images of rock avalanches that
occurred after 2010 were obtained from RapidEye (5 m pixel size)
or PlanetScope (3.25 m pixel size) orthorectified images (Planet,
2020). DigitalGlobe satellite imagery was also accessed for all
cases to examine recent land cover. The ASTER GDEM v2 was
used for all elevations. For cases where the event pre-dated
satellite imagery and aerial photographs were available,
orthorectified images were generated using Agisoft Metashape
v1.5 software (Agisoft, 2019). Where detailed deposit maps were
available in the literature, they were used to aid in the mapping.
Lidar imagery was available for some cases, for which it was also
used for geomorphic interpretation of the different deposit zones.

The quantitative and qualitative attributes used in this study to
describe the Zone 1 impact areas are consistent with the terms
used in Mitchell et al. (2020). The attributes used to describe the
Zone 1 and Zone 2 impact areas are shown in Table 1. For
laterally confined events, the travel distance and fall height were
mapped along the flow path, and for unconfined events the
maximum distance was measured perpendicular to the margin
of the Zone 1 deposit. There is some uncertainty in both the

spatial extent of the deposits and the boundary between different
deposit zones. This uncertainty is mainly controlled by the quality
of available imagery and how soon after the event the imagery was
collected. To qualitatively describe the degree of confidence in the
mapped attributes, three spatial uncertainty classes were defined
(ranging from well to poorly constrained), as shown in Table 1.

Hazard Assessment Framework
A statistical methodology for predicting the Zone 2 impact area
has been developed based on the compiled rock avalanche
dataset. As shown in Figure 7, the occurrence of a Zone 2
impact area of a given size is conditional on a number of
factors described below, such as the Zone 1 impact area, and
the probability of generating a mass flow given that a rock
avalanche has occurred. Typically, a range of potential
outcomes is examined, and continuous random variables are
discretized using values chosen as representative for a range of
probabilities. While the continuous random variables could
theoretically be used, creating hazard maps and other practical
tools for risk communication requires discrete values. This range
of outcomes is represented as an event tree in Figure 7.

The event tree analysis requires the values of Zone 1 and Zone
2 impact areas (AZ1 and AZ2) span the range of potential
outcomes. The range of potential areas can be binned so each
representative value, aZ1,i and aZ2,j is within one of the bins. For
each of the n × m branches of the event tree shown in Figure 7,
given a failure volume, v, and a runout path that encounters
sediments, the probability of a certain representative Zone 2
impact area, aZ2, being within a range of Zone 2 areas is:

P(aZ2, i,j) � P(E) × P(aZ1,i∣∣∣∣E) × P(EZ2

∣∣∣∣E, az1,i)
× P(aZ2,j∣∣∣∣E, aZ1,i, Ez2) (1)

where P(E) is the probability of a rock avalanche event with a
volume ofV � v occurring; P(aZ1,i|E) is the probability of a certain
Zone 1 impact area, aZ1,i being within the range of the ith bin of
the plausible range of Zone 1 impact areas, given the rock
avalanche occurs; P(EZ2|E, aZ1) is the probability of a mass
flow occurring given the rock avalanche occurs and has a
certain value of aZ1; and, P(aZ2,j|E, aZ1,i, EZ2) is the probability
of a certain Zone 2 impact area, aZ2,j, being within the range of the
jth bin of the plausible range of Zone 2 impact areas, given the
rock avalanche occurs and has a certain value of aZ1, and given a
mass flow occurs.

An equivalent formulation for the probability of a certain Zone
2 runout distance, lZ2, can be made by substituting lZ1 and lZ2 for
all values of aZ1 and aZ2 in Equation 1. The choice of the number
of representative values for the areas and lengths at which
probabilities are estimated will depend on the desired
granularity of the analysis, with more values providing more
refined estimates, at the expense of increasing the number of
branches on the event tree. The choice of values may also be
informed by the locations of elements at risk (e.g., refining the
estimates where smaller changes in runout length and impact area
have a greater effect on the risk).

The methods used to estimate the above terms, with the
exception of P(E), are given in the following section.
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TABLE 1 | Attributes used to describe the Zone 1 and Zone 2 impact areas for events in the dataset.

Attribute Units/descriptor Source/comments

Quantitative Volumea 106 m3 Published references
Fall height m ASTER GDEM v2
Travel distance m Digitized path
Total impacted area m2 Digitized deposit

Qualitative Path topography Unconfined Visual interpretation of deposit shape and topographic features in
the impacted areaLaterally confined

Frontally confineda

Path substrate Saturated Published references, if available, or visual interpretation of
landforms from aerial/satellite imageryUnsaturated

Bedrocka

Source geologya Weak/weathered Published references, if available, or estimated from publicly
available geological mapsStrong/fresh

Spatial uncertainty Well constrained Historical event with well-preserved deposit, high resolution
imagery from less than one year post-event and/or any lidar
topographic data and/or field mapping

Moderately constrained Historical event with well-preserved deposit, high resolution
imagery from more than one year post-event, and/or any lidar
topographic data and/or field mapping

Poorly constrained Prehistoric event with overgrown/eroded deposit and/or lidar
topographic data and detailed field mapping

Temporal uncertainty Known Date of event from eyewitness reports, daily satellite imagery and/
or seismic signal

Well constrained Year of event from eyewitness accounts or aerial photographs
Moderately constrained Approximate age from radio carbon or cosmogenic nuclide dating
Approximately constrained General geologic/geomorphic evidence available (e.g., post-

glacial)

aIndicates attributes or descriptors that are only used for Zone 1 Impacts.

FIGURE 7 | Event tree for the estimation of Zone 2 impact areamagnitudes. Note that only the top branch of the event tree is expanded. Terms shown are defined in
the text.
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Statistical Methods
The approach taken in this study is to work from an estimate of
the Zone 1 impact area to estimate the potential Zone 2 impact
area. The estimates of Zone 1 impacts are made using multiple
linear regression of the dataset. The linear regression on a
logarithmic transform of the variables is equivalent to a
power law, which is consistent with previous research on
rock avalanche impact area (e.g., Li, 1983; Hungr and Evans,
1993; Griswold and Iverson, 2008). The regression model for the
Zone 1 impact area is:

logAZ1 � β0 + β1logV + β2logHZ1 + ε (2)

where AZ1, HZ1 are the Zone 1 total impact area and fall height,
respectively; V is the event volume, in 106 m3; β0, β1, β2 are the
regression coefficients; and, ε is the error term, assumed to be
normally distributed with zero mean, ε ∼ N(0, σ2).

The runout length is also estimated using multiple linear
regression of the dataset. The path topography in the Zone 1
area was considered as an indicator variable, consistent with
Mitchell et al. (2020). The regression model for Zone 1 runout is:

logLZ1 � β0 + β1logV + β2logHZ1 + β3C + ε (3)

Where: LZ1 is the Zone 1 runout length; C is an indicator variable
with a value of 1 if the Zone 1 path topography is laterally
confined, 0 otherwise; and, All other terms are as defined before.

For hazard and risk assessment purposes, it is often useful
to calculate runout exceedance probabilities (either as a runout
length or an impact area). This can be achieved by expressing
the results of the multiple linear regression in the form of
survival functions. Assuming that the models in Eqs 2 and 3
capture the range of potential outcomes of future events, and
using the normally distributed error term, ε, the linear
regressions can be rearranged as:

P(AZ1 ≥ aZ1|V � v, HZ1 � hZ1)

� 1 − Φ(logaZ1 − β0 − β1logv − β2loghZ1
σ

) (4)

P(LZ1 ≥ lZ1|V � v, HZ1 � hZ1, C � c)

� 1 − Φ(loglZ1 − β0 − β1logv − β2loghZ1 − β3c
σ

)
(5)

Where: aZ1, lZ1, hZ1 and c are given values for Zone 1 area, Zone 1
runout distance, Zone 1 fall height, and Zone 1 lateral
confinement (true or false), respectively; v is a given value of
the event volume; and Φ is the cumulative distribution function
for a standard normal variable.

The probability of a certain representative value of Zone 1
impact area or runout length, e.g., P(aZ1,i|E) in Eq. 1, can be found
by calculating the difference between the probability of
exceedance for the minimum and maximum value of the bin
in which the representative value belongs. For example, if a Zone
1 impact area of 150,000 m2 is selected as the representative value
for the range from 100,000 to 200,000 m2, then P(aZ1 � 150,000|E) �
P(AZ1 ≥ 100,000|. . .) − P(AZ1 ≥ 200,000|. . .).

The next consideration is whether or not a rock avalanche-
generated mass flow will occur. As part of compiling the dataset
for this study, a literature review was conducted to find cases of
rock avalanches that likely encountered sediments during the
time in which we have high quality satellite imagery, to evaluate
the surface conditions post-event. As a preliminary estimate of
the probability of mass flow occurrence, P(EZ2|E, aZ1) in Eq. 1,
the total number of events with published case histories that
occurred after 2010 with an observable Zone 2 deposit was
divided by the total number of events from the same time
period in the dataset.

The estimates of P(aZ2|E, aZ1, Ez2) in Eq. 1 were made by
examining the ratio of the Zone 2 area to Zone 1 area for all cases
with an observed Zone 2 impact. Several univariate distributions
were fitted to the data using the maximum likelihood estimation
method, implemented in the “fitdistr” function in R (R Core
Team, 2020). The applicability of the univariate distributions
tested was assessed using a Kolmogorov-Smirnov (KS) test. The
KS test is used to assess if the fit distribution was different than the
empirical distribution at a 95% confidence level. The same
process was repeated with the ratio of Zone 2 runout length
over Zone 1 runout length. The exponential distribution was then
chosen for both the area and length ratios, as it meets the KS test
criteria and it has the fewest number of parameters. The resulting
probability density function for a given ratio of aZ2 over aZ1 is:

f(aZ2
aZ1

) � λpexp( − λ × aZ2
aZ1

) (6)

Where: λ is the scale parameter.
This equation can also be expressed as a survival function (Liu,

2012), which provides the probability of a ratio of Zone 2 to Zone
1 area, AZ1/AZ2, exceeding a given value, aZ2/aZ1. The survival
function has the form:

P(AZ2

AZ1
≥
aZ2
aZ1

) � exp(− λ × aZ2
aZ1

) (7)

Estimates for the Zone 2 runout distance can be obtained by
substituting LZ1, LZ2, lZ1 and lZ2 for all AZ1, AZ2, aZ1 and aZ2 in
and 7.

As with the Zone 1 impact estimation, the probability of a
certain representative value can be estimated by calculating the
difference between the minimum and maximum value of the bin
in which the representative value belongs.

RESULTS

Dataset
Zone 1 and Zone 2 impacts were mapped, and descriptive
attributes were assigned to 32 cases. A summary of the
quantitative attributes is provided in Table 2. The complete
dataset with measurements and attributes for all events is
included as Supplementary Material. Additional references
and data sources for each event are also provided in the
Supplementary Material, and shapefiles for each of the
mapped deposits are available through the DesignSafe-CI
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repository (https://www.designsafe-ci.org/data/browser/public/
designsafe.storage.published//PRJ-2830).

The spatial extents of Zone 2 impacts vary widely, with impact
areas ranging from unobservable at scale of imagery available to
2.23 m2 × 107 m2, and runout lengths up to 14,600 m. In one case
(Santa Lucia) the Zone 2 impact area exceeds the Zone 1 impact,
and in three cases (Zymoetz River, Bondo, and Flims) the Zone 2
runout length exceeds the Zone 1 runout. These observations
highlight how considering only the impacts within Zone 1 could
significantly underestimate the spatial extent of the hazard
associated with a rock avalanche.

Statistical Analysis
The linear regression results for Zone 1 impact area and runout
length are summarized in Table 3. The multiple linear regression
for area predicted from volume and fall height (Figure 8A) shows
a stronger association relative to the regression only using volume
as the predictor, so the multiple linear regression results are used
in the following analysis. The regression model for the Zone 1
runout distance (Figure 8B) shows a strong association between
the runout distance, volume, fall height and whether or not the
topography is laterally confined. These results are consistent with
those reported in Mitchell et al. (2020). The effect of topographic

confinement on the Zone 1 impact area was tested, but the
uncertainty on the estimate was too high to be used for the
regression equation (see Supplementary Material).

In the rock avalanche dataset, 13 events that ran out over
sediment deposits were identified since 2010 that have satellite
imagery and event descriptions (cases marked b in Table 2).
These events were used for the preliminary assessment of the
probability of a rock avalanche generating a mass flow of
sediment, P(EZ2|E, az1) in Eq. 1. Mass flows were noted in 9
of 13 events considered, giving a probability of approximately 0.7
based on this very limited dataset.

The ratios of Zone 2 area to Zone 1 area and Zone 2 runout
length to Zone 1 runout length were calculated for all cases where
a Zone 2 impact was mapped. The ratios between Zone 2 and
Zone 1 impact areas range from 0.01 to 1.1, and the runout length
ratios range from 0.08 to 2.3 (Figure 9). An exponential function
was fitted to the data for the impact area and runout length ratios.
Results of the KS tests are included in the Supplementary
Material to confirm the applicability of the exponential
function. The exponential survival functions of the Zone 2 to
Zone 1 relationships are shown in Figures 9A,B for the impact
area and runout length ratios, respectively. The calculated
probabilities for the distributions fitted to the data are

TABLE 2 | Summary of case histories.

Event (main reference) Volume (106 m3) Zone 1 Zone 2

A (×104 m2) L (m) H (m) Ca A (×104 m2) L (m) H (m) Ca

McAuley Creek (Brideau et al., 2012) 7.4 46.2 1,600 500 0 2.75 340 50 1
Zymoetz River (Boultbee et al., 2006) 1 45 1,220 610 0 19.7 2,820 610 1
Pink Mountain (Dufresne and Geertsema, 2019) 1 39.2 1,950 450 0 0 0 0 0
Mosque Mountain (Lu et al., 2003) 5 23.2 1,260 520 0 45.2 110 7 1
Mount Meager (Guthrie et al., 2012) 49 707 8,950 1,720 1 72.7 750 8 0
Harold Price (Dufresne and Geertsema, 2020) 1.6 63.7 2,660 730 1 9.68 2,010 110 1
Sutherland (Dufresne and Geertsema, 2020) 3 34.4 1,450 270 0 0 0 0 0
Little Salmon Lake (Brideau et al., 2010) 2 33.1 1,620 490 0 7.08 420 67 0
Nomash River (Hungr and Evans, 2004) 0.7 27.7 1,930 460 1 1.57 400 14 1
Mt Cayley Debris Avalanche 1984 (Evans et al., 2001) 0.7 59.7 3,460 1,180 1 18.2 3,130 370 1
Frank Slide (Cruden and Hungr, 1986) 37 341 3,080 760 0 57.0 400 2 0
Hope Slide (Mathews and McTaggart, 1978) 48 253 2,630 1,080 0 168 1,610 15 0
Cheam (Orwin et al., 2004) 180 117 6,420 1,050 0 583 1,690 15 0
Joffre Peak May 13, 2019 (Friele et al., 2020)b 1.9 127 4,000 1,200 1 1.75 420 37 1
Joffre Peak May 16, 2019 (Friele et al., 2020)b 3.1 115 3,650 1,300 1 17.7 2,190 130 1
Eagle Pass (Hungr and Evans, 2004) 0.1 12.9 950 570 0 0 0 0 0
Xinmo (Scaringi et al., 2018)b 4.5 154 2,600 1,120 0 0 0 0 0
Nayong (Zhu et al., 2019)b 0.8 219 640 270 0 2.85 170 20 0
Bondo (Walter et al., 2020)b 3.3 119 3,240 1,420 1 26.1 3,540 560 1
Santa Lucia (Duhart et al., 2019)b 7.2 209 5,890 1,050 1 229 3,800 180 1
Flims/Bonaduz (Calhoun and Clague, 2018) 11,000 6,369 13,650 1,670 0 223 14,640 31 1
Baige October 11, 2018 (Li et al., 2019)b 24 128 1,890 780 0 57.7 1,050 16 1
Baige November 3, 2018 (Li et al., 2019)b 9.1 76.8 1,950 790 0 34.3 1,230 20 1
Gaunling (Zhu et al. 2019) 1.8 17.1 1,260 380 1 1.02 280 38 1
West Salt Creek (Coe et al., 2016)b 55 236 4,530 670 1 0 0 0 0
Preonzo (Loew et al., 2017)b 0.21 36.4 1,820 1,240 0 0 0 0 0
Su Village (Ouyang et al., 2019)b 0.4 20.4 1,080 460 0 0 0 0 1
Round Top (Dufresne et al., 2010) 45 448 3,980 670 0 106 420 6 0
Matakitaki (Hancox et al., 2016) 18 164 1,690 390 0 62.3 280 2 0
Madison Canyon (Wolter et al., 2016) 20 110 1,600 400 0 0 0 0 0
Val Pola (Govi et al., 2002) 50 340 3,000 860 0 0 0 0 1
Goldau (Bussman and Anselmetti, 2010) 38 490 4,870 1,030 0 210 1,710 75 0

aLateral confinement (1 � true, 0 � false).
bRepresents case histories that were considered for the calculation of P(EZ2|E, az1) (Eq. 1).
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relatively insensitive to the choice of distribution, except for small
Zone 2/Zone 1 ratios. An exponential distribution has been used
at this time as it is the simplest distribution that fits the data, and
exponential distributions have been used previously to represent
other natural geological processes/features, such as bed thickness
(Straub et al., 2012) and joint spacing (Rives et al., 1992). As new
data are added to this dataset in the future, the choice of
distribution should be re-examined.

The data were also used to examine the potential effects of the
descriptive topographic attributes on the Zone 2 impact area and
runout distance. No strong associations could be found between
the topography and either the impact area or runout distance
within this dataset, however the number of data are limited (n �
14 and n � 9 for laterally confined and unconfined topography,
respectively), and as such these results should be treated with
caution. Details of the statistical comparisons are provided in the
Supplementary Material, along with a cross validation to
determine if any single case significantly affects the fitted
distributions. As new data are added to the dataset it may be
possible to fit separate distributions based on the descriptive
attributes.

HYPOTHETICAL EXAMPLE

The application of the methodology presented in this paper for
predicting potential impact areas is demonstrated here using a
hypothetical case. The same case, a hypothetical rock avalanche
site in Canada, was used for a numerical runout model
benchmarking exercise in 2018 (Pastor et al., 2018). The
potential rock avalanche scenario modeled had a volume of
8.3 m3 × 106 m3, the relief between the crest of the source
zone and the valley bottom is approximately 1,380 m, and the
valley bottom has potentially saturated fluvial and glaciofluvial
deposits (Pastor et al., 2018).

The probabilities of the Zone 1 impact area of the event
exceeding any value in a range of plausible impact areas were
estimated using Eq. 4, the coefficients from Table 3, and the
volume and fall height given above. Estimates of the probability of
exceedance associated with a range of Zone 1 areas are shown in

Figure 10A. From this information, representative values of the
Zone 1 impact area can be selected, for example, points B, C, and
D on Figure 10A, and using Eq. 7, the probability of exceedance
for the Zone 2 impact areas associated with these representative
Zone 1 impact areas can be estimated (Figures 10B–D).

The estimates shown in Figure 10 can be used with the
decision tree shown in Figure 7 to calculate the probabilities
of each Zone 1 and Zone 2 impact area scenario. For
demonstration purposes, a conservative assumption can be
made that the probability of the rock avalanche occurring and
the probability of a mass flow being generated are 1. If the values
for the Zone 1 and Zone 2 impact areas at the 0.9, 0.5 and 0.1
probability of exceedance levels shown in Figure 10 are used as
representative values for events with probabilities within the
ranges of 1–0.8, 0.8–0.2, and 0.2–0, respectively, probabilities
can be calculated for each branch on the decision tree, as shown in
Table 4.

The estimated areas shown in Table 4 can be mapped onto the
topography by using the calculated representative values and by
estimating the deposit width based on a geomorphic
interpretation of the runout path. For example, considering
the branch ending at aZ2,2,2 in Table 4, the predicted Zone 1
area is 2.1 m2 × 106 m2. Since the topography below the source
area is primarily unconfined, one can infer the deposit will spread
laterally from the source, however a ridge along the upper part of
the path on the west side of the travel path would limit spreading
in that direction. For the purpose of this example, it was assumed
that the widest point on the deposit would be approximately 50%
greater than the source width, and the downslope end of the
deposit would form a semi-circle, as shown in Figure 11A. For
the prediction of potential Zone 2 impacts, a key question would
be whether or not the flow could become channelized. Although
the Zone 2 data could not be grouped by confined or unconfined
cases (i.e., the topography was not a good predictor of the total
Zone 2 impact area), the distribution of that area could vary
substantially. For example, continuing along the branch ending at
aZ2,2,2 in Table 4, if the predicted Zone 2 impact area of 4.6 m2 ×
105 m2 is distributed as a radial fringe around an approximately
1.2 km distance along the floodplain (Figure 11A), it would map
as a 300 m wide area. Conversely, if the flow were to follow the

TABLE 3 | Regression summary for Zone 1 impact area and runout and comparison to the estimates from Mitchell et al. (2020).

Zone 1 impact area Zone 1 runout length

Simple linear regression Multiple linear regression Multiple linear regression

This study Mitchell et al.
(2020)

This study Mitchell et al.
(2020)

This study Mitchell et al.
(2020)

Adjusted R2 0.82 0.76 0.92 0.82 0.87 0.80

Coefficients Estimate (standard
error)

Estimate (standard
error)

Estimate (standard
error)

Estimate (standard
error)

Estimate (standard
error)

Estimate (standard
error)

log(V) 0.547 (0.046) 0.516 (0.042) 0.472 (0.033) 0.441 (0.041) 0.168 (0.024) 0.139 (0.023)
log(H) NA NA 0.897 (0.145) 0.709 (0.171) 0.627 (0.098) 0.640 (0.098)
C NA NA NA NA 0.183 (0.045) 0.169 (0.037)
Intercept 5.582 (0.059) 5.537 (0.053) 3.081 (0.406) 3.617 (0.464) 1.405 (0.269) 1.412 (0.262)
σ 0.253 0.233 0.166 0.200 0.101 0.105

Note: Volume reported in 106 m3, fall height reported in m, impact area reported in m2, and runout length reported in m, NA indicates “not applicable”.
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approximately 70 m–200 m wide river (flowing to the right on
Figure 11A), the impact area would extend approximately 4 km
downstream (flowing beyond the extents of the topography
shown in Figure 11A).

Another application of these predictions is in the evaluation of
numerical model results. This hypothetical benchmarking
example was modeled using the Dan3D numerical model
(Mitchell et al., 2018). The model was run using a range of
rheological parameters sampled from a dataset of back-analyzed
cases to represent a range of potential mobilities (Aaron and
McDougall, 2019). The predicted impact areas from these model
runs, shown in Figure 11B ranged from 4.1 m2 × 106 m2 to 5.2 ×
106 m2 (Mitchell et al., 2018). These areas correspond to

probabilities of exceedance of 0.04 and 0.01, respectively, for
the Zone 1 impact area using Equation 4. The impact area near
the source was also greater than would be expected due to the
assumption of the slide mass instantaneously fluidizing, leading
to rapid spreading and some of the material descending into a
neighboring valley, also increasing the modeled impact area.

The prediction of the Zone 1 runout length (Figure 11C)
shows the probability of the event reaching the end of the “low
mobility” numerical model result being approximately 0.7, and
the probability of the event reaching the “high mobility”
numerical model result being approximately 0.4. These
probabilities are significantly higher than those from the area
prediction, which is interpreted to be related to the fact that this

FIGURE 8 | Regression plots for (A) Zone 1 total impact area as a function of volume and fall height, plotted to show the variation in the measurements (top), and
rotated to show the magnitude of the residuals (bottom), and (B) Zone 1 runout length as a function of volume, fall height, and lateral confinement, where C � 1 denotes
laterally confined andC � 0 denotes laterally unconfined path topography, plotted to show the variation in the measurements (top), and rotated to show themagnitude of
the residuals (bottom).
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FIGURE 9 | (A) Relationship between Zone 2 and Zone 1 areas for events where a mass flowwas observed, and survival function for the Zone 2 over Zone 1 areas,
(B) relationship between Zone 2 and Zone 1 runout distance for events where a mass flowwas observed, and survival function for the Zone 2 over Zone 1 runout lengths.

FIGURE 10 | Estimated probabilities of exceedance for a range of potential Zone 1 and Zone 2 impact areas for the hypothetical case, where points B, C, and D
indicate representative Zone 1 impact areas for which Zone 2 impacts are estimated.
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hypothetical case study had an anomalously large fall height for a
case without topographic confinement, compared to the other
cases in the database. This issue is examined further in the
Summary and Discussion section.

SUMMARY AND DISCUSSION

The spatial extents of impacts from rock avalanches can be
amplified by mass flows of sediments along their travel path.
These mass flows tend to have a finer texture than the deposit
from the initial rock slope failure, so the evidence of their impacts
is generally not as well preserved in the geomorphic and
stratigraphic record (e.g., Figure 2). The impacts of these mass
flows have not always been rigorously documented in the
literature, and a consistent set of terminology and descriptive
attributes has not been used to describe them. We have
introduced a three-zone system to classify the different types
of impacts resulting from a rock avalanche. Zone 1 refers to
coarse rocky, debris, Zone 2 refers to mass flows associated with
the immediate impact from the rock avalanche, and Zone 3 refers
to impacts associated with a rock avalanche, but not generated
directly from the impact, such as the formation of landslide
dammed lakes or downstream channel aggradation/erosion as a
result of the rock avalanche. The definition of a distinct mass flow
impact area is a unique feature of this system, and the three-zone
system provides the basis for the general rock avalanche hazard
assessment system we propose. This work is complementary to
recent work on landslide dams (a Zone 3 impact in our
classification system), where researchers have described global
datasets of landslide dams with consistent attributes (Fan et al.,
2020; Oppikofer et al., 2020).

One of the outcomes of this study is a preliminary estimate of
the likelihood of a sediment mass flow occurring. Sediment mass
flows were generated in 9 of 13 cases from the post-2010 dataset,
but given the limited size of this subset of cases, this preliminary
result should be treated with caution. More generally, mass flow
events of sediment, water or snow/ice are shown in Figure 1 as
distinct branches, however, these phenomena exist on a
spectrum, with events potentially running out over multiple
path materials (e.g., relatively small amounts of snow in the
Hope Slide event, as described by Mathews and McTaggart,

1978), or multiple hazards occurring in a chain (e.g., the mass
flow of the Goldau rock avalanche triggering a displacement wave
in Lake Lauerz, as described by Bussman and Anselmetti, 2010).
Within the hazard assessment framework proposed in this paper,
the occurrence of a mass flow is assumed to be binary (Eq. 1). This
may in reality be a more nuanced factor, where the degree of
saturation, available surface or ground water, and velocity of the
rock avalanche debris may result in substantial material
entrainment and transformation into a mass flow (e.g., Hungr
and Evans, 2004). The effect of slide impact velocity, a key
consideration for the formation of landslide-generated impulse
waves (e.g., Heller and Hager, 2010; Evers et al., 2019), is another
potential area of future investigation. Other factors that could be
investigated further are the depth of sediments (analogous to the
still water depth for landslide-generated impulse waves, e.g.,
Heller and Hager, 2010) and the geotechnical properties of the
sediment. Future work involving numerical modeling (e.g.,
Crosta et al., 2009) or physical modeling (e.g., Steers, 2018;
Furuya et al., 2019) could help to better understand the
mechanics of this process, and what distinguishes events
without entrainment, with entrainment, and with entrainment
and generation of a mass flow. The insights on physical controls
for mass flow generation from physical and numerical modeling
could help guide future field investigations by highlighting key
information to be gathered in the field.

A classification system for the description of the Zone 2 impact
area, which results from sediment mass flows, is proposed based
on imagery, topography and field mapping (Table 1). This allows
for a consistent mapping methodology to be applied across all
cases. The attributes chosen to describe the events are meant to be
simple, yet provide a meaningful division of the events. One
challenge with this approach is determining a “representative”
descriptor for each event, as there may be multiple descriptors
that are applicable. For example, there were elements of confined
and unconfined topography in the Hope Slide case, meaning
judgment was required to determine which descriptor was most
applicable to that case. As it will often be the case that multiple
descriptors could apply, this application of judgment will be
required by landslide practitioners.

Modern satellite imagery presents an opportunity to map
future events systematically and track the changes within the
different impact zones over time. With this approach, there are

TABLE 4 | Summary of event tree calculation. Ranges of values corresponding to each representative value are given in brackets.

Zone 1 impacts Zone 2 impacts

P(E) � 1 P(aZ1,1 � 1.3 × 106 m2)
� 0.2 (0 < AZ1 ≤ 1.5 × 106 m2)

P(EZ2) � 1 P(aZ2,1 � 4.3 × 104 m2| aZ1,1) � 0.2 (0 < AZ2 ≤ 9.1 × 104 m2) P(aZ2,1,1) � 0.04
P(aZ2,2 � 2.8 × 105 m2| aZ1,1) � 0.6 (9.1 × 104 m2 < AZ2≤ 6.5 × 105 m2) P(aZ2,1,2) � 0.12
P(aZ2,3 � 9.4 × 105 m2| aZ1,1) � 0.2 (6.5 × 105 m2<AZ2) P(aZ2,1,3) � 0.04

P(aZ1,2 � 2.1 × 106 m2)
� 0.6 (1.5 × 106 m2 < AZ1 ≤ 2.9 × 106 m2)

P(EZ2) � 1 P(aZ2,1 � 7.0 × 104 m2| aZ1,2) � 0.2 (0 < AZ2 ≤ 1.5 × 105 m2) P(aZ2,2,1) � 0.12
P(aZ2,2 � 4.6 × 105 m2| aZ1,2) � 0.6 (1.5 × 105 m2<AZ2≤ 1.1 × 106 m2) P(aZ2,2,2) � 0.36
P(aZ2,2 � 1.5 × 106 m2| aZ1,2) � 0.2 (1.1 × 106 m2<AZ2) P(aZ2,2,3) � 0.12

P(aZ1,3 � 3.5 × 106 m2)
� 0.2 (2.9 × 106 m2 < AZ1)

P(EZ2) � 1 P(aZ2,1 � 1.1 × 105 m2| aZ1,3) � 0.2 (0 < AZ2 ≤ 2.5 × 105 m2) P(aZ2,2,1) � 0.04
P(aZ2,2,2 � 7.7 × 105 m2| aZ1,) � 0.6 (2.5 × 105 m2<AZ2≤ 1.8 × 106 m2) P(aZ2,2,2) � 0.12
P(aZ2,2,3 � 2.5 × 106 m2| aZ1,3) � 0.2 (1.8 × 106 m2<AZ2) P(aZ2,2,3) � 0.04
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limitations to what can be seen from aerial or satellite imagery.
This issue was highlighted by the 2019 Joffre Peak case described
by Friele et al. (2020), in which the extent of the Zone 2 area
estimated from the post-event PlanetScope ortho imagery was
different from that observed during field mapping. This
discrepancy was because there were areas where the mass flow
of saturated sediments and organic material did not entirely
remove the trees present in the impact area, meaning the full
impact could not be observed clearly in the satellite images. This
also demonstrates the variability in the intensity of Zone 2
impacts; whereas the vulnerability of an element at risk to a
Zone 1 impact is generally assumed to be 1, the impact intensity
may be more relevant to Zone 2 impacts. It is possible that mass
flows were generated in more cases than reported here, however,
the areal extent of the impacts was not observable with the
resolution of imagery available (generally 3–5 m pixel sizes for
satellite imagery). Hyperconcentrated flows that remain confined
within a channel downstream of the Zone 1 and/or Zone 2 impact
areas are especially challenging to identify from imagery. The
methods for predicting Zone 2 impacts in this paper are relevant
for impacts on the order of tens of meters or greater. The 2017
Bondo event highlights the limitations on the temporal resolution
of this data, with several events occurring in quick succession
following the main rock avalanche (Walter et al., 2020). The
deposit area mapped from the first clear imagery following the
event is in fact the accumulation of several events, meaning in this
case we have somewhat over-estimated the Zone 2 impact area.

All cases were used to fit regression models to the observations
of Zone 1 total impact area and runout length. The resulting
regression models were consistent with the regression models for
a dataset of 51 rock avalanches from the Canadian Cordillera
(Mitchell et al., 2020). It should be noted that 14 of the cases
included in the present dataset were also included in the Mitchell
et al. (2020) dataset, however, the fact that the cases added for this
analysis did not cause a statistically significant change in the
regression coefficients (see Table 3) suggests that the regression
methodology is generally applicable to rock avalanche runout.
The relationship between total impacted area and debris volume
found for this dataset (Table 3) shows a positive correlation with
a strong linear association. The slope of the best-fit regression line
for the simple area-volume relationship differs from previously
published relationships that assume a slope of 2/3 for the
regression analysis (based on geometric scaling relationships
described by Hungr and Evans (1993) and Griswold and
Iverson (2008). However, the geometric scaling relationships
were developed using the deposit area as opposed to the total
impacted area used in this study and, as a result, the assumptions
used for the geometric scaling are not valid in the present case.
Adding fall height as an additional independent predictor
variable produced a stronger statistical relationship (Eq. 2;
Table 3), consistent with the relationship for runout length.

Zone 2 impact areas were related to the Zone 1 impact areas
for the statistical analysis using exponential functions fitted to the
ratios of Zone 2 to Zone 1 impact area and runout length. With
the data available, the descriptive attributes were not found to
have a strong effect on the relationships, whichmay be in part due
to the limited size of the dataset. Additional well constrained

FIGURE 11 | (A) Interpreted Zone 1 and Zone 2 impact areas, with

alternative Zone 2 impact areas considering radial or linear cases. (B)

Topography of potential rock avalanche area with the maximum andminimum

mobility cases from numerical modeling (Mitchell et al., 2018) and (C) the

runout profile used for the empirical analysis, showing the probability of runout

exceedance results along the travel path.
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cases, especially cases that have well described substrate
conditions, may allow for more refined predictions using more
attributes. With additional well described case histories both the
choice of distribution, and the potential to fit separate
distributions for subsets of the dataset to incorporate
descriptive attributes, should be re-examined. This is
consistent with the findings of Mitchell et al. (2020), where
the Zone 1 runout length was not found to be strongly
influenced by substrate type, but more data may allow for
these weaker effects to be quantified.

The application of the empirical runout prediction methods here
requires geomorphic interpretation of the potential travel path for a
rock avalanche and mass flow. To estimate the Zone 1 impacts,
features such as topographic confinement, ridges or other barriers to
flow need to be considered when selecting flow paths and expected
deposit distributions for a given area estimate. Geomorphicmapping
will also be required to evaluate if sediments are present to
potentially form a mass flow. The analysis shown in Figure 10
assumes a mass flow could occur at any of the representative values
for the Zone 1 area estimates, however, evaluation of the potential
travel path may reveal a minimum Zone 1 impact before a
substantial volume of sediments would be encountered. Even in
the absence of a strong statistical association between the Zone 2
confinement and impact area or runout length, the potential for a
mass flow to have elements of confinement, even in generally
unconfined topography, should be considered in a forward
analysis. In the hypothetical example presented, when considering
the spatial extent of the impacts, a practitioner would likely consider
both a potential radial impact onto the flood plain and a linear
impact following the river channel, and recognize that even if the
impact zone is primarily radial, there could be downstream impacts
extending kilometers beyond the distal end of the coarse, rocky
debris, as an intermediate case between those shown on Figure 11A.

The potential for flooding resulting from a landslide dam, the
potential for the breach of that dam (e.g., Fan et al., 2020;
Oppikoffer et al., 2020), and downstream river bed
aggradation/erosion could also be expected, and would result
in a Zone 3 impact area.

The empirical-statistical analysis presented in this paper can
also be used to evaluate numerical modeling results. The
predictions from numerical models are subject to three main
sources of uncertainty: the simplifications in the representation of
the physical processes that are inherent in the model, errors in
measurements of properties used for model definition or
calibration, and the uncertainty regarding the parameters used
in the model. One application of the empirical analysis presented
here is evaluating the plausibility of sets of model parameters,
considering the limitations of both the empirical and numerical
analyses, for example, the calibration cases used for the regression
and numerical models and the effects of model assumptions (e.g.,
instantaneous fluidization) on the results. Coupling the empirical
and numerical analysis can also help constrain some of the
uncertainties around the analyses. The empirical runout
predictions for the hypothetical example suggest that the
runout distance could be plausibly much further than the
numerical model results indicate, however, the impact area
estimates suggest that the numerical model results indicate

cases with a low probability of exceedance. Our interpretation
is that the combination of the high valley relief joining a low angle
floodplain is unusual relative to the cases included in the dataset;
most cases with similar fall heights entered more confined, gently
sloping valleys, leading to narrower, longer deposits (e.g., Mount
Meager, Joffre Peak, Bondo; Table 2). The numerical modeling
helps by explicitly considering the 3D topography in the model to
simulate the energy loss and spreading when the material
encounters the valley bottom. It also provides insights on the
likelihood of the flow becoming channelized. In this case, with the
low incision of the rivers and the nearly 90° angle at which the
flow intersects them, the presence of the rivers does little to affect
the direction of the flow, which could lead to a higher likelihood
being assigned to a radial impact as opposed to a linear one. The
interpretation required to assess and synthesize the results of
these analyses again highlights the continued importance of
sound professional judgment.

Finally, it should be noted that the first term in Eq. 1, the
probability of a rock avalanche occurring, is likely the biggest
source of uncertainty in the entire hazard assessment framework
presented (e.g., Oppikofer et al., 2018). This study has not
addressed that uncertainty, and it remains an extremely
important area for future research.

CONCLUSIONS

The potential for rock avalanches to generate mass flows of
sediments has been recognized for a long time, but quantitative
methods to estimate the impacts of these events have been lacking.
We have proposed a methodology for consistently describing rock
avalanches and the mass flows resulting from them, and compiled a
dataset using the new methodology. The compiled data show that
the impacts from mass sediment flows can have an even greater
extent than the area impacted by coarse, rocky debris. The impact
zone definitions presented in this work provide a framework for the
consistent description and cataloging of rock avalanche events,
particularly those that result in mass flows of sediment. Physical
and numerical modeling may provide additional insights on the
controlling factors for mass flow generation, which would in turn
help guide refinements to the descriptive attributes defined in this
study. Describing future events in a similarly consistent manner will
allow for more refined estimates of the impact probabilities, and
potentially reveal the effects of the qualitative factors. The
development of a universal database of rock avalanche case
histories is therefore an important subject of ongoing work.

A probabilistic hazard assessment framework has been presented
and preliminary statistical relationships have been developed for the
quantitative, probabilistic prediction of rock avalanche-generated
mass flow likelihood, impact areas and runout distances. We
propose survival functions developed from multiple linear
regression for predicting Zone 1 impact areas and runout lengths,
and survival functions developed from exponential distributions to
predict the Zone 2 impact areas and runout lengths associated with a
given Zone 1 prediction. The methodology uses an event tree
approach to discretize the continuous survival functions associated
with Zone 1 and Zone 2 impact areas to provide predictions that span
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the range of plausible impact areas for an event, while discrete
predictions can be used to produce hazard area estimates or
compare to numerical runout model results. The application of
these relationships is appropriate for high-level screening exercises,
and professional judgment is required in defining scenarios to be
examined, such as when to consider potential channelized or
unconfined flows. Future research will also be required to better
define the probability of a rock avalanche occurring, as opposed to
ongoing slow deformation or a rockslide that does not fail en masse,
after a potential source zone is identified.
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