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ABSTRACT

On 25 May 2014, a rain-on-snow-induced rock avalanche occurred in the
West Salt Creek valley on the northern flank of Grand Mesa in western Colo-
rado (United States). The avalanche mobilized from a preexisting rock slide
in the Green River Formation and traveled 4.6 km down the confined val-
ley, killing three people. The avalanche was rare for the contiguous United
States because of its large size (54.5 Mm?) and high mobility (height/length =
0.14). To understand the avalanche failure sequence, mechanisms, and mo-
bility, we conducted a forensic analysis using large-scale (1:1000) structural
mapping and seismic data. We used high-resolution, unmanned aircraft sys-
tem imagery as a base for field mapping, and analyzed seismic data from
22 broadband stations (distances <656 km from the rock-slide source area)
and one short-period network. We inverted broadband data to derive a time
series of forces that the avalanche exerted on the earth and tracked these
forces using curves in the avalanche path. Our results revealed that the rock
avalanche was a cascade of landslide events, rather than a single massive
failure. The sequence began with an early morning landslide/debris flow that
started ~10 h before the main avalanche. The main avalanche lasted ~3.5 min
and traveled at average velocities ranging from 15 to 36 m/s. For at least two
hours after the avalanche ceased movement, a central, hummock-rich core
continued to move slowly. Since 25 May 2014, numerous shallow landslides,
rock slides, and rock falls have created new structures and modified ava-
lanche topography. Mobility of the main avalanche and central core was likely
enhanced by valley floor material that liquefied from undrained loading by
the overriding avalanche. Although the base was likely at least partially lique-
fied, our mapping indicates that the overriding avalanche internally deformed
predominantly by sliding along discrete shear surfaces in material that was
nearly dry and had substantial frictional strength. These results indicate that

*Present address: Bureau of Land Management, Anchorage Field Office, Anchorage, Alaska
99507, USA

the West Salt Creek avalanche, and probably other long-traveled avalanches,
could be modeled as two layers: a thin, liquefied basal layer, and a thicker and
stronger overriding layer.

H INTRODUCTION

Rock and debris avalanches are extraordinary, gravity-driven agents of
rapid landscape change that are extremely hazardous because they move
large volumes of rock and debris at high velocities over long distances (e.g.,
Voight, 1978). Avalanches typically occur in extremely steep, remote areas that
are difficult to access. Eyewitness observations of avalanches are rare, and
when there are eyewitnesses, their views tend to be obscured by dust, clouds,
or rain. Therefore, the dynamics and evolution of avalanches are rarely ob-
served firsthand and the timing of avalanche events is rarely known.

The terms “rock avalanche” and “debris avalanche” have sometimes been
used interchangeably because they both describe rapid, granular landslides
from steep mountainous slopes. In this paper, we follow the terminology of
Hungr et al. (2014, p. 180 and 186) and discern a rock avalanche as an “ex-
tremely rapid, massive, flow-like motion of fragmented rock from a large rock
slide or rock fall,” and debris avalanche as an “extremely rapid shallow flow
of partially or fully saturated debris on a steep slope, without confinement in
an established channel” Using these criteria, we classified the landslide de-
scribed in this paper as a rock avalanche because it was a massive, flow-like
landslide of fragmented rock that initiated from a rock slide and traveled down
a well-established valley.

Questions often asked about rock avalanches, including the one described
in this paper, are: (1) What were the conditions and sequence of events that
allowed such a large zone of material to fail (apparently en masse) and travel
so far?, and (2) How can we better identify other locations where they may
happen in the future? There have been many mechanisms proposed to ex-
plain the high mobility of rock avalanches (see Hungr [2006] and Pudasaini
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and Hutter [2007] for a review), but recently, there has been some convergence
on the ideas that rock avalanches are highly mobile because of a reduction in
dynamic granular friction by liquefaction and entrainment of basal materials
(e.g., Sassa, 1988; Hungr and Evans, 2004), and/or increased pore pressures
from the presence of interstitial water (e.g., Legros, 2002; Kelfoun and Druitt,
2005) or crushed rock (e.g., McSaveney and Davies, 2007). Extensive horst and
graben structures (hummocks) preserved in many avalanche deposits sup-
port these interpretations because they form when relatively strong material
moves and spreads on top of a relatively weak underlying layer (e.g., Paguican
et al., 2014). Many researchers have noted that moving avalanches behave like
a fluid (e.g., Heim, 1932; Hsti, 1975; McSaveney, 1978; Davies, 1982; Iverson
and Denlinger, 2001; Hungr, 2006), and most numerical models developed to
simulate rock avalanches (as well as other types of granular flows) are based
on these observations.

Since the late 1970s, numerical models have made impressive progress in
predicting avalanche speed and travel distance, knowledge of both of which
is essential for properly evaluating avalanche hazards (e.g., Denlinger, 2014).
Many of these models are based on the pioneering work of Savage (1979)
and Savage and Hutter (1989). These models use shallow-flow models to
simulate rock avalanches as variably fluidized masses by varying viscosities
(e.g., Hungr, 1995; McDougall and Hungr, 2004) or by accounting for frictional
grain interactions (e.g., Denlinger and Iverson, 2001; Iverson and Denlinger,
2001; Kelfoun and Druitt, 2005). Although these models are able to accurately
predict the location and thickness of deposits, they do not fully account for
dynamic and evolving changes in pore pressure and grain arrangements that
can affect driving and resisting forces. These forces control the formation
of internal structures (e.g., faults, folds, hummocks) during flow movement.
Model results do not include structures or explicit sequencing of avalanche
components. Some recent models account for dynamic mechanisms by in-
corporating granular fluctuation energy (Bartelt et al., 2012) or the physics
of fluid-solid coupling (e.g., Kowalski and McElwaine, 2013; George and
Iverson, 2014; Iverson and George, 2014). Although these models now exist,
there are few detailed investigations of avalanches that provide field-based
maps of internal structures and precise timing and velocity information that
can be used as ground truth for continued model development, testing, and
application.

Existing maps of structures within avalanche deposits are typically at a
small scale (1:50,000 or smaller) and produced from remote sensing imagery
(Shea and van Wyk de Vries, 2008). Structures shown by these maps suggest
that many volcanic avalanches move with a surging motion and internally
deform (at least near the surface) along discrete shear surfaces. Iverson and
Vallance (2001) pointed out that rock avalanches should have complicated
time-dependent and spatially variable mechanical behavior that is dependent
on flow depth, grain concentration, and pore-fluid pressure. Given this rea-
soning, one would expect that a complex pattern of structures would develop
during the emplacement of an avalanche deposit. Large-scale (1:12,000 or
larger), field-based maps of avalanche deposits and structures are rare, but

such maps should help to constrain the timing and dynamics of avalanche
motion, as well as the sequence of pre- and post-avalanche events. In the one
example of large-scale (1:12,000) avalanche mapping of which we are aware,
Glicken (1996) concentrated on mapping geologic units (rather than struc-
tures), and was able to constrain the sequence of events for the avalanche
resulting from the massive rock slide-debris avalanche from Mount St. Helens
(Washington, United States) in A.D. 1980.

Historically, the timing of avalanche event sequences, including accurate
estimates of velocities, has been difficult to determine. However, over the last
few decades (beginning with Berrocal et al. [1978] and Kanamori and Given
[1982]), the application of seismic methods has begun to provide key ava-
lanche detection and timing constraints. Seismic analysis of mass movements
has become significantly more common over the past decade. This is likely
because increasingly open data sharing and denser seismic network cover-
age have made it more common to serendipitously record avalanches on
existing networks. One of the primary benefits of seismic analysis of mass
movements is that seismic data are recorded during the event, while most
other data are collected afterwards. Raw seismic data can provide precise tim-
ing (e.g., McSaveney and Downes, 2002) and even semi-automated detection
(e.g., Helmstetter and Garambois, 2010; Yamada et al., 2012). For large and
energetic events, seismic data can also sometimes be used to estimate source
characteristics, namely the forces the mass movement exerted on the earth.
This time series of forces, if correctly interpreted, can contribute significantly
to our understanding of the event dynamics (e.g., Allstadt, 2013a; Ekstrom and
Stark, 2013; Yamada et al., 2013; Hibert et al. 2014; Iverson et al., 2015). In some
cases, basal friction and other parameters can even be estimated either di-
rectly from seismically derived products (e.g., Brodsky et al., 2003; Allstadt,
2013a; Yamada et al., 2013) or by using seismic analysis in conjunction with nu-
merical landslide modeling (e.g., Favreau et al., 2010; Moretti et al., 2012, 2015).

Massive, energetic mass movements commonly radiate seismic energy in
two distinct bands attributable to different scales of motion. Large-scale co-
herent accelerations like the mobilization, deceleration, and propagation over
large features in the path generate long-period (low-frequency) seismic waves
with periods of up to several tens of seconds, while the same event will also
generate a separate band of high-frequency energy (~1 Hz and higher) attributa-
ble to more stochastic processes like individual impacts (Huang et al., 2007),
frictional processes (Schneider et al., 2010), and increased agitation (Moretti
et al., 2015). The high-frequency energy typically emerges gradually from the
noise, commonly significantly later than the first long-period pulses from initi-
ation. High-frequency energy is commonly highest during the propagation and
deceleration, and can become elevated due to propagation over topography or
bends in the path (e.g., Allstadt, 2013a; Hibert et al., 2014; Moretti et al., 2015).

In this paper, we use seismic data and a 1:1000-scale structural and geo-
logic map to interpret the dynamics of a rock avalanche that occurred on
25 May 2014, in the West Salt Creek valley on the northern flank of Grand
Mesa in western Colorado (United States) (Figs. 1 and 2). The rock avalanche
mobilized from the downslope face of a rock-slide slump block and traveled
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~4.6 km down the confined drainage of West Salt Creek, killing three people
working in the valley (White et al., 2015). According to the commonly used
landslide mobility index H/L, where H is the maximum elevation traveled
and L is the maximum length traveled, the avalanche was highly mobile with
H/L = 0.14 (L/H = 7.2). For our detailed field mapping, we used a novel combi-
nation of high-resolution unmanned aircraft system (UAS) imagery and lidar
data as base materials. We used our map, eyewitness accounts, and seismic
signals recorded during the event to show that the rock avalanche consisted
of a complex, cascading sequence of landslides that occurred throughout the
day of 25 May. Our interpretation of these data focuses on (1) what can be
inferred from the seismic signals and internal structures about the dynamics
of highly mobile rock avalanches, and (2) how this new information improves
our understanding of rock avalanche dynamics and can be used to constrain
numerical models and hazard assessments.

B GEOLOGICAL SETTING

Grand Mesa (Fig. 1) is a formerly glaciated upland in western Colorado that
has a maximum elevation of ~3450 m, with 1400-1800 m of relief from the top
of the mesa to surrounding river valleys. The mesa is underlain by Cretaceous
and Tertiary sedimentary rocks and partially capped by Miocene basaltic lava

flows (Yeend, 1969; Cole and Sexton, 1981; Ellis and Freeman, 1984; Kunk et al.,
2002; Aslan, et al., 2010). Tertiary rocks underlie the basalt cap and form the
northern flank of the mesa. These rocks consist of (from oldest to youngest)
the Wasatch, Green River, and Uinta Formations, and the informally named
Goodenough formation (Aslan et al, 2010; Cole, 2011). The Goodenough forma-
tion was previously known as an unnamed gravel and claystone unit (Yeend,
1969, 1973; Baum and Odum, 1996). The Wasatch, Green River, and Uinta For-
mations dip gently to the north, whereas the Goodenough formation is rela-
tively flat lying.

Numerous Pleistocene and Holocene landslides lie along the flanks of
Grand Mesa. In the western half of the mesa, most landslides are located on a
“landslide bench” created by retrogressive rotational failures of basaltic cap-
rock and subsequent transport of these basalt slump blocks by rotational and
translational sliding in the Goodenough formation (Yeend, 1969, 1973; Baum
and Odum, 1996, 2003). Some of these failures are probably ongoing, as Yeend
(1973) documented movement rates of 4-15 cm/yr at the scarps of incipient
basalt slump blocks.

In the eastern half of Grand Mesa where the West Salt Creek rock ava-
lanche is located (Fig. 1), the basalt cap is absent, with the exception of a few
remnants such as one underlying Leon Peak (Fig. 1; Aslan et al., 2010). The
stratigraphy exposed by the West Salt Creek drainage consists of the Wasatch
through Goodenough Formations (White et al., 2015), overlain by Pleistocene
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Figure 2. Photographs of the West Salt Creek rock avalanche. (A) View (to the south) of the avalanche in the West Salt Creek valley.
Photo taken 27 May 2014. The curvilinear distance along the rock avalanche travel path from the top of the headscarp to the toe of the
rock avalanche near the gas wells is 4.6 km. Photo courtesy of Mesa County Sheriff's Office. (B) Back-rotated rock-slide slump block
and sag pond at the head of West Salt Creek. Photo taken 30 May 2014. The relief from the surface of the pond to the top of the active

glacial till on top of the mesa, and Pleistocene and Holocene colluvium on the
flank of the mesa at the head of the drainage. A distinct red-colored, basalt-rich
colluvium is located along the eastern side of the head of the drainage.

The rock avalanche originated from the reactivation of a preexisting rock
slide (White et al., 2015) in the Parachute Creek Member (Bradley, 1931) of
the Green River Formation (R. Cole, 2014, personal commun.). The Parachute
Creek Member is the most economically important member of the Green River
Formation because the dominant lithology is oil shale (e.g., Cole et al., 1995;
Vanden Berg, 2008). However, at the head of West Salt Creek, the dominant
lithologies are lean shales and marlstones. Previous landslide mapping on the
north flank of Grand Mesa (Soule, 1988) identified the preexisting rock-slide
deposit at the head of the West Salt Creek drainage, along with a wide range of
other landslide types and ages originating from the Wasatch and Green River
Formations, and multiple, long-traveled Pleistocene(?) basalt-rich debris flows
that originated from Grand Mesa.

Data from interviews and aerial imagery indicate that the West Salt Creek
valley bottom is typically very wet during spring snowmelt seasons. Interviews

headscarp on the right is about 100 m. View is to the east.

with members of the Hawkins family, who own the lower half of West Salt
Creek valley, indicate that, prior to the rock avalanche, West Salt Creek was
a perennial stream with peak flows in the spring. Google Earth imagery ac-
quired in April 2012 shows at least a dozen ponds in the drainage, with one
cluster in the upper half of the valley and one cluster in the lower half of the
valley. Pre-avalanche, surficial geologic materials making up the valley floor
were not mapped on small-scale geologic maps of the area, but we expect that
the materials were a mixture of Quaternary alluvium, debris-flow and landslide
deposits, colluvium, and possibly glacial till or outwash.

B CLIMATIC SETTING AND METEOROLOGICAL
CONDITIONS ON 25 MAY 2014

The Grand Mesa area has a continental climate with air temperature and
precipitation correlated negatively and positively with elevation, respectively.
For example, data collected between 1979 and 2014 at a SNOTEL (SNOwpack

Coe et al. | Rock avalanche dynamics in western Colorado
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TELemetry) station at Park Reservoir near the top of Grand Mesa (Fig. 1; Table 1)
yield a mean annual temperature of 0.2 °C and mean annual precipitation of
1077 mm, whereas at a National Oceanic and Atmospheric Administration Co-
operative Observer Program (COOP) station in the town of Collbran (Fig. 1;
Table 1) on the north side of Grand Mesa (1161 m lower than Park Reservoir),
data collected between 1900 and 1999 show a mean annual temperature of
7.9 °C and mean annual precipitation of 377 mm. At both stations, precipitation
from November through March usually falls in the form of snow. On top of
Grand Mesa, the maximum snow-water equivalent (SWE; the amount of water
derived if snow on the ground were melted) usually occurs between 1 April
and 15 May. May and June are relatively warm, so snow melts quickly and is
completely gone by mid-May to 1 July.

An overview of the meteorological and hydrologic conditions in the area
during the spring of 2014 are provided by the Park Reservoir SNOTEL sta-
tion (snow depth and air temperature), a U.S. Geological Survey (USGS)
station at Vega Reservoir (rainfall), a privately operated weather station
near Collbran (station KCOCOLLB3; air temperature), and a USGS stream
gage on Plateau Creek (streamflow; Fig. 1; Table 1). The elevations of the
Park Reservoir and Vega Reservoir stations are closest (+176 m and -420 m,
respectively; Table 1) to the elevation at the head of the rock avalanche
(~2860 m; Table 1).

Records from the Park Reservoir and Plateau Creek stations indicate that
snowpack, cumulative precipitation, and runoff in the spring of 2014, when
the rock avalanche occurred, were all below historical averages. For example,
at Park Reservoir, the maximum SWE during the spring of 2014 was 683 mm
on 8 April, whereas the average annual maximum SWE for the 36 yr period of
record at the station was 813 mm. Cumulative water-year precipitation (both
snowfall and rainfall) through 25 May (i.e., the date of the rock avalanche) was
790 mm in 2014, whereas the long-term average was 846 mm. Peak discharge
at the USGS stream gage was 50.7 m¥s in the spring of 2014, whereas the aver-
age for the 79 yr period of record at the station was 51.6 m¥/s.

On 25 May, the snowmelt season was about three-quarters complete and
snow depth was dropping rapidly (Fig. 3). Air temperature data indicate that
the head of West Salt Creek was likely within the snowmelt-induced land-
slide season for the western United States identified by Chleborad (1998).
Chleborad (1998) used landslide records to empirically define the snowmelt
landslide season as the two-week period following the first occurrence of a
6 d moving average of daily maximum air temperature of 14.4 °C (58 °F). At
Park Reservoir on the top of Grand Mesa, the 14.4 °C temperature threshold
was exceeded on 1 June, ~6 d after the rock avalanche (Fig. 3). In Collbran,
the snowmelt landslide season occurred in late March. Based on the eleva-
tions of the Park Reservoir and Collbran stations (Table 1), the 14.4 °C thresh-
old was probably exceeded at the head of West Salt Creek during the week
prior to 25 May.

The only unusual meteorological phenomenon during the spring of 2014
was rainfall on 25 May (Table 2; Fig. 3). This rainfall was unusual not because
of total accumulation (~24 mm; Table 2) or intensity (~14.5 mm/hr; Table 2);
it was unusual because it fell on snow, during the core of the spring snow-
melt season on the north flank of Grand Mesa (including the head of West
Salt Creek where the rock avalanche occurred). The rarity of this rain-on-snow
event is difficult to assess given the lack of data available for the northern flank
of Grand Mesa. However, McCabe et al. (2007) noted an increasing trend of
rain-on-snow events in the southwestern United States at elevations above
2250 m, which includes the top and flanks of Grand Mesa.

B METHODS

The methods that we used to reconstruct the movement dynamics and
evolution of the rock avalanche consisted of three main elements: (1) gath-
ering and analyzing eyewitness accounts from local residents; (2) field map-
ping and volumetric analysis of the rock avalanche; and (3) analyzing seismic

TABLE 1. METEOROLOGICAL STATIONS NEAR THE WEST SALT CREEK ROCK AVALANCHE

Elevation difference with respect
to elevation* at headscarp

Distance from
head of rock

Elevation of rock avalanche avalanche Period of
Station name (m) (m) (km) record
SNOTEL station, Park Reservoir 3036 +176 14 1979—present
USGS station 09096100, Vega 2440 —420 7 2007—present
Reservoir
NOAA COOP station 051741, Collbran 1875 -985 13 1900-1999
KCOCOLLBS, personal automated 1812 -1048 15 2013—present
weather station near Collbran
USGS station 09105000, Plateau 1475 —-1385 36 1936—present
Creek

Note: See Figure 1 for locations. USGS—U.S. Geological Survey; NOAA—National Oceanic and Atmospheric Administration; COOP—

Cooperative Observer Program.
*2860 m.
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data that captured the event. For eyewitness accounts, we interviewed local
residents while doing emergency response work in the two-week period
immediately after the event, as well as during our mapping efforts later in
the summer of 2014. We also reviewed accounts contained in two separate
Mesa County Sheriff's Office reports of the incident. We used eyewitness ac-
counts to complement our interpretations derived from field mapping and
seismic data.

Field Mapping and Volumetric Analysis

Field work consisted of mapping rock avalanche structures, geologic
units, and hydrologic features (springs, creeks, and ponds) in the field using
orthorectified UAS imagery as a base map. All imagery was acquired using
high-resolution Sony cameras in fixed-wing UASs between 26 May and 15 July
2014 (Table 3). All UAS takeoffs were by hand or catapult launch bungees, and

TABLE 2. RAINFALL RECORDED AT VEGA RESERVOIR ON 25 MAY 2014

Rainfall Estimated average Estimated annual Estimated average Estimated annual

Time period Duration amount recurrence interval* exceedance probability* recurrence interval® exceedance probability*
of rainfall (hr) (mm) (yr) (%) (yr) (%)

00:00 to 23:59 24 24.38 <1 >50 <1 >50

11:30 to 17:30 6 17.27 <1 >50 <1 >50

13:30 to 15:30 2 16.51 1 50 1-2 20-50

14:00 to 15:00 1 14.48 1-2 20-50 1-2 20-50

14:00 to 14:30 0.50 (30 min) 10.41 1 50 1-2 20-50

14:15t0 14:30 0.25 (15 min) 5.33 <1 >50 <1 >50

Note: Times shown are Mountain Daylight Times (MDT). Estimates of recurrence intervals and exceedance probabilities for peak rainfall of various durations

are from the NOAA precipitation frequency atlas (Perica et al., 2013).
*At Vega Reservoir (39.2242°N, 107.8116°W).
At rock avalanche headscarp in West Salt Creek (39.1647°N, 107.8472°W).

Coe et al. | Rock avalanche dynamics in western Colorado
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TABLE 3. SPECIFICATIONS FOR UNMANNED AIRCRAFT SYSTEM (UAS) FLIGHTS IN 2014

Date; launch time; Type of UAS;

Nominal flying height (m);

Number of photos  Processing software;

duration of cruising speed; pilot; average ground Number of ground acquired; percent time required for

UAS flight number of flight observers UAS camera sampling distance (m) Area covered control points used photo overlap processing Products

26 May 2014; Falcon fixed wing; Sony NEX7 110; unknown Lower third of the rock None, post-flight ground 750; 75% Photoscan; several High-resolution
16:30 MDT; 51 km/hr; Chris Miser of Falcon 24.3 megapixel avalanche deposit control was from photo- hours orthophotograph mosaic;
35 min Unmanned, Inc.; 2 identifiable points DEM

29 May 2014; Trimble UX5 fixed wing; Sony 16.1 megapixel 75;0.10 Headscarp, slump block, 4, plus 4 photo- 990; 70% Trimble Business High-resolution
~15:00 MDT; 80 km/hr; Frank Kochevar of with custom and upper third of the identifiable points Center; several days  orthophotograph mosaic;
42 min Mesa County Public Works; 1 15 mm lens rock avalanche deposit DEM; DSM

8 July 2014; Trimble UXS5 fixed wing; Sony 16.1 megapixel 250; 0.10 Middle third of rock 7 990-1200; 60%  Trimble Business High-resolution
~12:00 MDT; 80 km/hr; Frank Kochevar of with custom avalanche deposit Center; 8-16 hours orthophotograph mosaic;
40 min Mesa County Public Works; 1 15 mm lens DEM; DSM

11 July 2014; Trimble UXS5 fixed wing; Sony 16.1 megapixel 250; 0.10 Lower third of rock 7 990-1200; 60%  Trimble Business High-resolution
~12:00 MDT; 80 km/hr; Frank Kochevar of with custom avalanche deposit Center; 8-16 hours orthophotograph mosaic;
40 min Mesa County Public Works; 1 15 mm lens DEM; DSM

15 July 2014; Trimble UX5 fixed wing; Sony 16.1 megapixel 150; 0.05 Upper third of rock 7 990-1200; 60%  Trimble Business High-resolution
~12:00 MDT; 80 km/hr; Frank Kochevar of with custom avalanche deposit Center; 8-16 hours orthophotograph mosaic;
40 min Mesa County Public Works; 1 15 mm lens DEM; DSM

Note: Imagery from July flights is shown in the Supplemental Figure (see text footnote 1). The structural, geologic, and hydrologic features (ponds, streams, springs) shown in the Supplemental Figure are as they existed in July
2014. MDT—Mountain Daylight Time; DEM—digital elevation model; DSM—digital surface model.
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nominal flying heights ranged from 75 to 250 m, with average ground sam-
pling distances between 5 and 10 cm. Between 1 June and 30 September 2014,
we spent 10 person-weeks in the field mapping on this imagery at 1:1000 scale
(e.g., Fig. 4). After field mapping, all map linework was transferred to a shaded-
relief lidar base map derived from 1 m lidar data acquired by the Colorado
Geological Survey during 1-3 June 2014.

For mapping of avalanche structures, we used terminology and classifica-
tions from structural geology. Previous work has shown that structures such as
back-tilted surfaces, thrust faults, and normal and strike-slip faults are created
by: (1) local variations in landslide speed, volume, and boundary geometry
(Fleming and Johnson, 1989; Parise et al., 1997; Fleming et al., 1999; Parise,
2003; Coe et al., 2009; Guerriero et al., 2013, 2014; Handwerger et al., 2015);
(2) variations in strengths of materials; and (3) driving and resisting elements
within landslides (Baum and Fleming, 1991) indicated by normal faults (areas
of extension) and thrust faults (areas of compression), respectively. We de-
fined major surges in landslide movement using the mapped distribution of
the structures within the avalanche deposit and rotated rock-slide block, as
well as relations between geologic units. For example, strike-slip faults defined
the lateral boundaries of a hummock-rich, central core of the avalanche that
moved near the end of the failure sequence, whereas debris-flow deposits on
top of this central core, but disconnected from their source area, indicated that
the flows happened very early in the failure sequence.

Because the locations of hummocks are often important for interpreting
mechanisms of avalanche movement (e.g., Paguican et al., 2014) and could
potentially be used to interpret the emplacement velocity of paleolandslide
deposits, we objectively mapped hummocks using 1 m contours of the post-

event lidar data. Individual hummocks were identified from convex-upward
bumps enclosed by 1 m contours. Where there were multiple closed contours
at an individual hummock, the hummock was defined and mapped using the
closed contour with the lowest elevation. This procedure was used for ~99%
of hummocks. For the remaining 1%, we could not use this procedure because
it was obvious that the closed contours with the lowest elevations defined
pre-avalanche topography, that is, hills and ridgetops that existed before the
avalanche occurred. In these locations, hummocks were mapped using
the closed contours with the highest elevation.

We estimated the geometry and depth of the basal and lateral slip surfaces
using two different methods, one for the back-rotated rock-slide block at the
head of West Salt Creek, and one for the downslope avalanche deposit area.
For the rock-slide block, we first constructed six two-dimensional profiles of the
slip surface along five equally spaced transects in the direction of downslope
movement and one transect perpendicular to the movement direction (Fig. 5).
We drew these profiles by matching the ends of profile lines to areas where we
knew that the slip surface intersected the ground surface. These areas included
the headscarp, the lateral margins, and the downslope end of the rotated block
where pre- and post-avalanche topographic data indicated that the avalanche
deposit thickness was at or very near zero. We constrained the curvature of the
profiles beneath the rock-slide block by making them flat-bottomed enough to
account for observed back rotation of the block (Fig. 5) while still maintaining
spiral shapes typical of landslide slip surfaces (e.g., Chen, 1975; Iverson et al.,
2015). To create a three-dimensional slip surface, we used elevations along the
profiles and the lateral boundaries of the block to interpolate a 1 m digital grid
of the slip surface. To estimate the volume of the rock-slide block, we created
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Figure 4. E of an d aircraft sy image at West Salt Creek with structures
from field mapping. See Figure 7 for location of image.

a difference grid by subtracting the slip-surface grid from the post-event lidar
data, and summed all of the cell values in the difference grid. For the avalanche
deposit area downslope from the rock-slide block, we created a separate differ-
ence grid by subtracting a pre-event USGS 10 m digital elevation model (DEM)
from the post-event lidar data to determine the avalanche thickness. We esti-
mated the volume of the deposit by summing all of the cell values in this dif-
ference grid.

We estimated errors for our volume estimates using two different methods,
one for the back-tilted rock-slide block, and one for the avalanche deposit. For
the rock-slide block, the primary volumetric error is associated with possible
variations in the geometry and position of the slip surface. We calculated vol-
umes based on our best estimate of the geometry and depth given available
constraints, but other configurations and depths are possible. On the basis of
these other slip surface configurations, we estimate that our rock slide volume
could have an error of up to +30%.

For the avalanche deposit, we estimated volumetric errors using an esti-
mate of elevation error for the pre-event 10 m DEM data. Gesch et al. (2014)
estimated that the overall root mean squared error (RMSE, equivalent to one
standard deviation) for elevations in USGS 10 m DEM data for a mixed forest
environment is 2.36 m. We consider the overall RMSE of post-event lidar data to
be negligible in comparison. Therefore, we estimated volumetric errors using
a two-standard-deviation value (4.72 m) and the number of 10 m DEM cells in
the area of the avalanche deposit (16,072), using equation 5 of Coe et al. (1997).

Seismic Analysis

We analyzed seismic data from 22 distant broadband seismic stations
(distances from the rock-slide source area ranged from 113 to 656 km; Fig. 6),
operated by a number of different seismic networks (USArray Transportable
Array [TA], United States National Seismic Network [US], University of Utah
Regional Seismic Network [UU], Intermountain West Seismic Network [IW],
Arizona Broadband Seismic Network [AE]), as well as data from a nearby
short-period network (North Fork Valley Seismic Network [NF] run by the Na-
tional Institute for Occupational Safety and Health). Though the short-period
stations only record high frequencies (>~1 Hz) well, they are located signifi-
cantly closer to the event (32-51 km) and thus contain valuable information
that is attenuated before reaching the more distant broadband stations.

Beyond examining raw seismic data for event timing, we also inverted the
broadband seismic data to estimate the force history, that is, the time series
of forces that the landslide exerted on the earth, using the methods of Allstadt
(2013a). This method exploits the theory pioneered by Kanamori and Given
(1982) and supported by others (e.g., Eissler and Kanamori, 1987; Dahlen, 1993;
Fukao, 1995) that the equivalent source mechanism of a landslide is a single
force. This force is approximately equal but opposite in direction to the mass of
the landslide times its acceleration. Accelerations include not only the mobili-
zation and deceleration of the mass, but also centripetal accelerations as the
mass moves through curves. In the latter case, the horizontal direction of
the force points toward the outside of the curve because the acceleration is
toward the center of the curve.

Seismic data used in the inversion were selected based on visual inspection
for good signal-to-noise ratios and the lack of long-period noise after removing
station response and converting from ground velocity to displacement. Noise
is typically much stronger on horizontal components. Data selected included
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22 vertical, eight transverse, and six radial channels. Ground displacement rec-
ords were bandpass filtered with corners of 20 and 150 s. Identical filters were
used on the Greens functions—the seismic waves that would be observed at
each station for an impulse response at the source. Greens functions were
computed using the Computer Programs in Seismology wavenumber integra-
tion method (Herrmann, 2002) with the ak135 velocity and attenuation model
(Kennett et al., 1995). We used the inversion methods of Allstadt (2013a) to esti-
mate the force history and methods described in Moretti et al. (2015), which are
similar to the jackknife technique (Quenouille, 1956; Tukey, 1958), to estimate
the uncertainties.
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Distance (m)

For a simple landslide, the force history can be used directly to approxi-
mate the trajectory if the mass is known and constant (e.g., Ekstrom and Stark,
2013; Hibert et al., 2014). However, in practice this simplification is complicated
when there are events that overlap in time, when material elongates and flows
rather than staying as a coherent block, and when the total moving mass
changes over time due to multiple subevents or to entrainment and deposition
(e.g., Allstadt, 2013a; Moretti et al., 2015). All of these factors are at play in this
study, particularly because the majority of the mass remained in the source
area, but we can still use the force history in conjunction with complementary
information to gain significant insights into the event dynamics.

GEOSPHERE | Volume 12 | Number 2 Coe et al. | Rock avalanche dynamics in western Colorado



http://geosphere.gsapubs.org

— Data
0O20A.BHZ..TA - 112.7 km —“/\/\v-m —  ModelH
S22A.BHZ..TA - 181.4 km ————'\/\/——-\,
ISCO.BHR.00.US - 204.9 km AN
ISCO.BHT.00.US - 204.9 km ——ﬁ/w‘
ISCO.BHZ.00.US - 204.9 km e Y
RDMU.HHZ.01.UU - 214.6 km
! T 0 ! MVCO.BHZ.00.US - 224.9 km
Wyoming 5 Q24A.BHZ..TA - 235.0 km A ——
N RWWYA N23A.BHR..TA - 251.7 km
TCU PHWYA N23A.BHT..TA - 251.7 km
A A ] 41°N
ELKA BGU Ly RDMU N23AA N23A.BHZ..TA - 251.7 km — N\
ABsu‘T A BRPU.HHR.01.UU - 252.0 km -
Nevad ol Colorado BRPU.HHT.01.UU - 252.0 km W
evada Utah  BR%Y IscoA BRPU.HHZ.01.UU - 252.0 km S~
39°N a AA
39on  SDCO.BHZ.00.US - 259.0 km ~ N _~—~_—~
A .
CVRU woy Q24A RWWY.BHT.00.IW - 285.5 km — A
- RWWY.BHZ.00.IW - 285.5 km A"\/\'—’\-—A
MTPUA A CVRU.HHR.01.UU - 289.4 km ————————
A spco CVRU.HHT.01.UU - 289.4 k Jv%
37°N J Myco S2A e Akm
A T25AA 37°N  CVRU.HHZ.01.UU - 289.4 km ~
TMU.HHR.01.UU - 290.8 km ~ S ———
U1sAA . km TMU.HHT.01.UU - 290.8 km W
A New Mexico * 100 TMU.HHZ.01.UU - 290.8 km ~—————
rzona
35°N | W]_SAA Py Short period BSUT.HHZ.01.UU - 292.3 tm A/V\¢-—N
] 35° PHWY.BHZ.00.IW - 312.7 km PN
AAA Broadband 3N
. , , . \ - JLU.HHZ.01.UU - 347.2 km ——\/ =
116°W 114°W 112°W 110°W 108°W 106°W TCU.HHZ.01.UU - 373.1 km VA e
T25A.BHZ..TA - 376.6 km ~—— N~~~
MTPU.HHZ.01.UU - 398.3 km e ——
W18A.BHZ..TA - 480.3 km —— N\
Figure 6. (Left) Map of seismic stations from which data were used in this study in relation to the West Salt Creek BGU.HHT.01.UU - 483.7 km VAO,.__A__,_—
rock avalanche (green star). (Right) Broadband data used in seismic inversion. Black lines indicate data, which are -
I grams filtered between 20 and 150 s. Red lines show the data predicted from the seismically BGU.HHZ.01.UU - 483.7 km A
derlved force history model (Fig. 13). The station labels indicate the station name, channel, location code (if ap- U15A.BHZ..AE - 496.1 km —_——
plicable), seismic network, and the distance from the source area. When there is no location code, two sequential ELK.BHR.00.US - 656.0 km e .= —
periods are shown in the station label. Time = 0 s corresponds with 23:41:40 UTC (17:41:40 local time). ELK.BHT.00.US - 656.0 km \A”
ELK.BHZ.00.US - 656.0 km - - NS
0 100 200 300 400
Time (s)

The force history represents the spatial integral of forces being exerted avalanche mass was chosen by comparing the fit of features of the force his-
on the earth at the source area at each point in time. Therefore, peaks in  tory to two potential paths: (1) the centerline of the depositional area, and
the force history should occur when the main portion of the moving mass  (2) the valley bottom with a starting point at approximately the center of mass
reaches distinct geometric locations along the travel path that would generate  of the source area. We found that the path that best explained the features of
strong accelerations, such as sharp curves. In order to exploit this deduction,  the force history used the deposit centerline for the initial descent down the
however, we need to estimate the central flow path. A central path for the  open valley, but then switched to the path that followed the valley bottom
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once the avalanche became constrained by ridges. We assume uncertainties
in the geographic locations tied to peak vectors of £100 m for curve fits and
+25 m for the starting and stopping location of the center of mass of the rock-
slide slump block.

In order to compare the timing of increased disruption and other small-
er-scale processes that generate high frequencies to the large-scale motions
represented by the force history, we adjusted the raw seismic data from a
nearby short-period station, WOY.ELZ.NF (North Fork Valley Seismic Network),
31.7 km away, for travel times so the arrival times line up approximately with
the force history. Due to the surface source, the wavefield is likely dominated
by surface waves, so we used the Rayleigh group velocity for waves of period
1.0 s for western Colorado from Herrmann et al. (2013), which is 1.8 km/s, to
estimate this time correction. To also simultaneously compare against the
long-period displacement seismogram, we adjust the time of the displacement
seismogram from the closest broadband station, 020A.BHZ.TA (Transportable
Array), 112.5 km away, so that the first peak in displacement aligns with the
first peak in the force history, which equates to a velocity of 2.6 km/s, similar to
the group velocities reported by Herrmann et al. (2013) for periods of 10-30 s.

Bl RESULTS
Eyewitness Accounts

Two reports by Mesa County sheriff's deputies (Fogg, 2014; Bridge, 2014)
document eyewitness accounts of landslide movement on 25 May. Three
primary accounts described landslide movement: (1) one from Melvin “Slug”
Hawkins, the father of one of the three people killed in the landslide and whose
house, which is located ~1 km northwest of the gas well pad shown in Figure
2A, has a view of most of the West Salt Creek drainage; (2) one from Tiffany
and Melvin Bracco and their children, whose residence is east of the junction of
West and East Salt Creeks; and (3) one from Eric Bruton, a member of the Pla-
teau Valley Fire Department who searched around the lower third of the rock
avalanche deposit for several hours immediately after it occurred.

The first indication that something unusual was happening in the West Salt
Creek valley came from Slug Hawkins’ account (Fogg, 2014). Between 0600
and 0700 h (local time) on 25 May he heard a “strange hissing noise” com-
ing from the valley. Between 0930 and 1000 h, he looked out his window and
noticed that “something didn’t look right” on the flank of Grand Mesa at the
head of West Salt Creek. About the same time, he heard from a neighbor-
ing rancher that the flow of water in an irrigation ditch originating in West
Salt Creek (see Fig. 2A) had been disrupted. At this point, Mr. Hawkins drove
to a ridge overlooking the West Salt Creek valley and noticed trees moving
from slow ground movement along the east side of the head of the valley.
Realizing that this movement was probably disrupting the irrigation ditch, he
returned to his residence and called his son, Wes Hawkins, the water manager
for the Collbran Conservancy Irrigation District. Between 1530 and 1630 h, Wes

Hawkins, Clancy Nichols, and Danny Nichols entered the West Salt Creek val-
ley to investigate the disruption of the irrigation ditch.

Between ~1730 and 1800 h, the Bracco family heard a loud rumbling sound
that rattled the windows of their house (Fogg, 2014). They described the sound
as “a low flying, large, military helicopter” (Tiffany), “a very long clap of thun-
der” (Melvin), and “a freight train coming” (children). From their residence,
they did not have a view of the landslide area, so they did not immediately
know the origin of the sound. About 10-30 min after hearing the sound, they
got a call from Slug Hawkins saying that he had just noticed deposits indi-
cating that a “massive slide” had occurred in the West Salt Creek valley. The
Braccos responded by driving to Mr. Hawkins’ residence, where Tiffany called
911 to report the landslide at 1817 h.

Eric Bruton was one of the first emergency responders to arrive at the land-
slide area. Between ~1830 and ~2030 h he conducted a search for Wes Hawkins
and Clancy and Danny Nichols in the area around the landslide toe. During
a 1 h period within this time window, he observed that a tree sticking out of
the toe of the landslide deposit moved ~12 m (40 ft) downslope (Fogg, 2014;
Bridge, 2014). Search operations continued the next day, 26 May, but were sus-
pended at the end of the day due to ongoing concerns about slope instability.
Search operations did not resume and the three people have not been found.

Field Mapping

Field observations during the last week of May 2014 (immediately after the
event) indicated that the surface of the deposit from the 25 May landslide event
was dry and that the event had two obvious components, a rock-slide block at
the head of the drainage and a rock-avalanche deposit that originated from the
northern downslope flank of the rock-slide block. The rock slide reactivated
the preexisting rock-slide deposit at the head of the valley and formed a new
headscarp at the base of the preexisting headscarp (Figs. 2 and 5). Lidar data
revealed a network of older scarps upslope from the headscarp that were not
activated during the May 2014 event (see Fig. 5 and White et al., 2015). The rock
avalanche that mobilized from the rock slide rode up three ridges, spilled over
two, and deposited material in the West Salt Creek drainage before terminat-
ing adjacent to a gas-well pad (Fig. 2A). The total curvilinear length (L) from the
top of the newly formed headscarp to the downslope-most part of the deposit
toe was 4590 m. The change in elevation (H) between the same two points was
636 m. The commonly used H/L and L/H mobility index values were 0.14 and
7.22, respectively, and the fahrbdschung angle (defined as the inclination of the
line connecting the top of the headscarp with the toe of the deposit) was 8°.

Our large-scale field mapping during the summer of 2014 revealed many
details regarding landslide components and dynamics that were not obvious
from preliminary field observations or from inspection of aerial photos and
remotely sensed imagery. A 1:6000-scale version of our original 1:1000-scale
map is shown in the Supplemental Figure'. A simplified version of the map is
shown in Figure 7 Mapped structures and deposits show that the landslide
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event was complex, with at least eight major phases. The eight phases (from
oldest to youngest) were: (1) a landslide/debris flow; (2) reactivation, enlarge-
ment, and rotation of the preexisting rock-slide deposit; (3) the catastrophic
rock avalanche; (4) movement of the central core of the rock avalanche, (5) a
second debris flow, (6) failures of thin avalanche deposits on the steep flanks
of the valley, (7) a rock slide on the steep, downslope face of the rock-slide
slump block, and (8) rock slides and rock falls from the headscarp. Phases 1
through 5 happened on 25 May, and it is possible that there was some tempo-
ral overlap between these phases. Phase 6 was probably ongoing for at least
several days after the event. Phase 7 occurred between 7 June and 18 August
2014, and phase 8 has been ongoing (as of September 2015) since 25 May.
Below, we describe our map evidence for each phase.

Phase 1: Landslide/debris flow. The most direct evidence for phase 1 came
from seismic data described in the Seismic Analysis section of this paper.
However, the seismic data are consistent with (1) Slug Hawkins’ description
of hissing noises and slow movement on the downslope face of the preexist-
ing rock slide deposit on the morning of 25 May, and (2) debris-flow deposits
located on the lower third of the avalanche deposit (Fig. 7). The debris-flow
deposits lie on top of avalanche deposits and are jumbled from traveling down
the valley on the surface of the avalanche (Fig. 8A). There are red- and gray-col-
ored deposits indicating that they had a source in both red basalt-rich collu-
vium and broken Green River Formation from within the preexisting rock-slide
deposit, respectively. The most likely source for the debris flows was the steep
downslope face described by Mr. Hawkins. Based on Mr. Hawkins’ descrip-
tion, the debris flows were likely mobilized from a larger landslide failure on
the face of the rock-slide deposit. However, the debris-flow deposits were the
only depositional evidence for this larger failure that survived the later rock
avalanche.

Phase 2: Rock slide. The fresh headscarp and the back-rotated and
stretched slump block are the evidence for phase 2. Movement of the slump
block is also obvious from topographic changes visible in pre- and post-
event cross sections completed for volumetric analyses (Fig. 5). The newly
created headscarp is ~100 m tall near the center of the rock-slide slump block
(Figs. 2 and 5). Numerous normal faults and cracks related to north-south
directed extension cut the surface of the slump block. These normal faults
formed extensive horst and graben structures, including the fourth-largest
horst (i.e., hummock, or in this case, a back-rotated block) in the valley (Fig.
8B). Overall back-rotation during movement ranged up to ~20°, which is the
amount measured near the sag pond near the center of the block (Fig. 7).
Local rotation of smaller blocks may have been >20°. Movement of the slump
block resulted in a strike-slip fault and graben along the east side of the val-
ley (Fig. 7). These structures are truncated by an oblique-slip (strike-slip and
thrust) fault from movement of the catastrophic rock avalanche (phase 3, next
section). These truncated structures, as well as continuous trim lines (i.e., de-
posits on the valley walls that mark the highest extent of the avalanche) ex-
tending from the lateral flanks of the block to the downslope deposit, indicate
that movement of the slump block initiated the rock avalanche, not the other

way around. The downslope and rotational motion of the rock slide provided
the kinetic energy needed to mobilize the rock avalanche from the steep,
downslope face of the block, which, because it was a preexisting rock-slide
deposit, was already broken and loose.

Phase 3: Catastrophic rock avalanche. The obvious deposits along nearly
the entire length of West Salt Creek and on adjacent ridges are the evidence
for phase 3. Prominent flow bands of red, basalt-rich colluvium formed during
movement of the rock avalanche (Fig. 8C). These bands are primarily in the
eastern half of the deposit because the source of red colluvium is on the east-
ern side of the rock-slide slump block. The orientation of the long axis of flow
bands in relation to movement direction is complex, with the long axis of
some bands oriented in the direction of flow and others oblique or perpen-
dicular to the direction of flow (Supplemental Figure; Fig. 8C). The elevations
of trim lines along both sides of the upper, straight reach of the West Salt
Creek valley indicate that the initial front of the avalanche was ~40 m above
the thalweg of West Salt Creek. The avalanche initiated from the steep front of
the slump block and left fault scarps where it broke away from the block. Flow
bands of basalt-rich colluvium high on the east flank of the valley, and elon-
gated in the downvalley direction, indicate that material was deposited along
the edges and backside of the front as it passed. On the valley flanks, this
material was generally <3 m thick. Following the passage of the front, cross-
cutting relations of nested strike-slip faults along the east flank indicate that
at least 11 internal movement stages (surges) occurred, with movement halt-
ing along the flanks first, and then progressively moving inboard toward the
center of the valley (Fig. 7). Interestingly, some strike-slip faults on the west-
ern side of the valley had very high-angle (nearly 90°) bends in areas where
there was no equivalent overall bend in the avalanche travel path (Fig. 7).
To our knowledge, this characteristic has not been previously observed in
strike-slip faults at slower-moving landslides (e.g., the Slumgullion earth
flow in Colorado: Fleming et al., 1999; the Montaguto earth flow in southern
Italy: Guerriero et al., 2013). Other structures associated with the avalanche
included nearly exclusively normal faults in the source area on the face of
the slump block, and normal faults and thrust faults in the middle portion
of the avalanche deposit indicating that numerous episodes of both extension
and compression occurred during the event.

Topographic ridges along the edges of the valley (Fig. 2) restricted the ava-
lanche as it traveled downslope and caused changes in flow momentum that
resulted in the avalanche changing direction. For example, at ridge 1 on the
east flank, the direction in avalanche movement changed from north to a more
northwesterly direction (Fig. 7 and 8C). This change in direction caused a dras-
tic change in the trim line along the west flank, where the avalanche turned
nearly 90° to the west, moved uphill (~20 m vertically), and spilled over ridge
2 (Fig. 7). Nested thrust faults on the west side of ridge 2 indicate that multiple
surges overtopped the ridge. Most of the avalanche kept moving downvalley
and rode over ridge 3 before turning back to the north and terminating near
the gas well pad. Deposits on ridge 3 contain very few structures, probably
because the deposit there is very thin.
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Figure 8. Photographs of mapped features.
(A) Debris-flow deposit from movement
phase 1. The visible part of the tree trunk
in the foreground is about 3.5 m long.
(B) Large hummock (2442 m? area, fourth
largest in West Salt Creek) on the surface
of the rock-slide slump block resulting
from movement phase 2. The relief visi-
ble is about 15 m. (C) Red, basalt-rich
flow bands (from movement phase 3) just
south of ridge 1, which is located just out-
side the field of view to the left (see Fig.
2A for location). Flow bands show change
in avalanche movement from a northward
to a northwestward direction. Headscarp
is visible at upper right. The length of the
rock avalanche visible (from lower left to
upper right) is about 2.5 km. (D) Strike-slip
fault along the western edge of the central
core. The diameter of the tree trunk in the
foreground is about 20 cm. (E) Hummock
in the central core. Large tree trunk visible
in center of image is ~10 m long.
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We did not observe any features (e.g., sand boils, mud splashes at the
edges of the avalanche) that indicated liquefaction of valley material beneath
the avalanche (not including the pre- and post-event debris-flow deposits).
However, in many rock and debris avalanches, it is not unusual for direct
evidence of basal liquefaction to be covered by rocks and debris (Hungr and
Evans, 2004). Also, we did not observe any evidence for a dust cloud associ-
ated with the event.

Phase 4: Movement of the central core. Nested strike-slip (e.g., Fig. 8D) and
thrust faults define a distinct central core that moved during phase 4 after the
main avalanche had stopped (Fig. 7). At least part of the movement of this cen-
tral core was witnessed by Eric Bruton during rescue operations on 25 May. As
with the main avalanche, the central core contains a wide variety of structures.
Strike-slip faults indicate at least five surges in movement of the central core,
whereas thrust faults and thrust lobes indicate at least 10 surges in movement,
although it is possible that some of these surges were occurring simultane-
ously. The head of the central core is at the steep, downhill face of the slump
block, but the rest of the core is aligned with the pre-avalanche valley bottom.
Hummocks dominate the topography of the central core (Fig. 8E).

Phase 5: Second debris flow. Debris-flow deposits high on the face of the
slump block are the evidence for phase 5. These deposits are draped on nor-
mal faults that formed during the catastrophic rock avalanche.

Phase 6: Shallow landslides in rock-avalanche deposits. Normal faults that
cut avalanche deposits (including flow bands) on moderate to steep (>~15°)
flanks of the West Salt Creek valley are the evidence for phase 6 (Fig. 7). These
steep slopes began failing after the central core stopped moving, and possibly
continued to do so for at least several days. We know that the central core had
stopped moving because some of the toes from the shallow landslides cover
strike-slip faults along the edges of the central core.

Phase 7. Rock slide on the downslope face of the slump block (Fig. 9).
Mapped structures define the moderately sized (~11,000 m?) rock slide of
phase 7, which cuts rock avalanche deposits on the western half of the face
of the slump block. The timing of this rock slide is constrained between two
DigitalGlobe WorldView-2 satellite images (http://global.digitalglobe.com/sites
/default/files/DG_WorldView2_DS_PROD.pdf), one acquired prior to the rock
slide on 7 June and the other after the rock slide on 18 August. A comparison
of DEMs derived from this imagery revealed that the rock slide had well-devel-
oped source and toe areas with negative and positive elevation changes up to
10 m (Fig. 9) that conform with mapped structures.

Phase 8: Ongoing rock slides and falls from the headscarp. We observed
numerous rock slides and rock falls from the headscarp (phase 8) during field
work in the summer of 2014. We also noticed that a portion of the center of the
headscarp (directly above the sag pond) retrogressed upslope by ~16 m (hori-
zontal distance) between mid-June and mid-July 2014. One large rock slide on
11 July 2014 fell into the south side of the sag pond and created a wave that
traveled ~5 m (vertical distance) up the south side of the slump block, dam-
aging a monitoring station, leaving small pools of water in depressions, and
flattening grass growing on the bank.

Thickness and Volume

For estimates of thickness and volume, we concentrated on the back-rotated
rock slide (phase 2) and the rock avalanche (with phases 1 and 3-7 lumped
together). Thickness is highly variable, with the rock slide having a maximum
thickness of ~155 m and the avalanche deposit ranging from negative and posi-
tive values near 0 at the head of the deposit to a maximum of ~38 m thick in the
central core above the toe (Fig. 10). The yellow color in Figure 10 shows areas
that are within the estimated vertical error of the 10 m DEM (+4.72 m). Negative
values <—4.72 m indicate that some erosion and entrainment of materials oc-
curred in the area near the head of the avalanche deposit, particularly along the
east flank, but also along the valley floor where ponds were located prior to the
event. Erosion and entrainment were also probable within the yellow areas, but
could not be confirmed from the DEM analysis or from field work.

The total volume of both the rock slide and rock avalanche is 54.5 +
13.0 Mm3, with 43.0 + 12.9 Mm?3 in the rock slide block and 11.56 + 0.1 Mm? in the
avalanche deposit. A comparison of these volumes combined with the previ-
ously described L/H mobility index value (7.22) versus volumes and L/H values
from other landslides indicates that the relative mobility of the West Salt Creek
rock avalanche was high (Fig. 11). We did not estimate a volume for ongoing
rock slides and rock falls from the headscarp because a large portion of rock
from these events was underwater in the sag pond.

Hummocks

Hummocks were formed along the length of the avalanche during phases 2
through 4 (Figs. 12A and 12C). The highest concentrations of hummocks were
on the slump block at distances between 200 and 600 m from the headscarp
and in the avalanche deposit between 1200 and 2000 m and between 2600 and
3600 m from the headscarp (Fig. 12C). The lowest concentrations were located
on the steep downslope face of the slump block, at the narrowest part of the
central avalanche core, and near the toe. The majority (~60%) of hummocks
had areas <20 m? (Fig. 12B). The largest hummock was in the central core and
had an area of 3112 m? (Fig. 8E). The majority (60%) of hummocks were on
slopes between 5° and 15° (determined from the pre-avalanche 10 m DEM;
Fig. 12D), and 78% of hummocks were in areas where the thickness of the
avalanche deposit was 35 m or less (Fig. 12E).

Seismic Analysis

Seismic waves were observed for phases 1 through 3, described above,
and provide additional constraints on the timing and dynamics of each phase,
as well as velocity estimates. The first seismic signals on 25 May were asso-
ciated with the early morning event described by Slug Hawkins as a “strange
hissing noise” (phase 1). Faint high-frequency signals lasting just over a
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minute were observable at short-period stations as far away as 141 km with a
start time of 13:19 UTC (07:19 local time). Weak long-period signals (period >
25 s) associated with the event were noted as far away as 181 km, but signal-
to-noise ratios were too low to invert the waveforms for a robust force history.
However, the fact that long-period signals accompanied by high frequencies
were observable at great distances, and lasted only a minute, indicates an en-
ergetic event that most likely had landslide and debris-flow components (i.e.,
phase 1). The energetic event was followed by the slow movements observed
by Slug Hawkins. The long-period signal shows up most clearly on the vertical
component of the closest broadband station, O20A (Fig. 6). The waveform is
similar to that of the main rock slide and rock avalanche later in the day (phases
2 and 3) but with peak velocity amplitudes two orders of magnitude smaller

—A— Thrust fault
100 } .
Meters —— Strike-slip fault L]

(3 nm/s versus 150 nm/s). If this initial event had a similar failure mechanism
and thus a similar acceleration time history to the main rock slide and ava-
lanche—a reasonable assumption given the similarity of the waveforms—this
would suggest that the landslide mass was about two orders of magnitude
smaller than that of the main rock slide and rock avalanche.

The rock slide and rock avalanche (phases 2 and 3) were recorded much
more broadly and with much higher amplitudes. The high frequencies re-
corded at the closest station (WOY.ELZ.NF at 31.8 km) emerged from the noise
at ~23:43:46 UTC (17:43:46 local time) and lasted just over 3 min. However,
because the high frequencies are emergent, i.e., take time to build, and are
delayed due to travel times, the best estimate of the start time and duration
comes from the landslide force history.
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Figure 11. Comparison of mobility index values (L is the maximum length
traveled, H is the maximum elevation traveled, and V is landslide vol-
ume) for the West Salt Creek rock avalanche with those of other fast-
moving landslides (modified from Iverson et al. [2015] using data from
Carasco-Nunez et al. [1993], Corominas [1996], Iverson [1997], Dawson
et al. [1998], Legros [2002], and Zanchetta et al. [2004]). Two dots for West
Salt Creek represent the total combined volume of the slump block and
mobilized rock avalanche (54.5 + 13.0 Mm?) and volume of the mobilized
rock avalanche alone (11.5 + 0.1 Mm?3). The recent Oso, Washington, debris
avalanche is shown for reference. Sensitive clay is a type of clay that is
prone to a sudden loss of strength when it is disturbed.

The landslide force history derived from seismic inversion is shown on Fig-
ure 13A, with the shading indicating uncertainties, and data and fit of the solu-
tion shown in Figure 6. The variance reduction of this solution is 64%. The zero
time of the force history is 23:43:32 UTC (17:43:32 local time). The segments of
the central avalanche path corresponding to each interval of the force history
(a—h) are shown in Figure 13C. The peak horizontal vectors are plotted at geo-
graphic locations of peak forcing. The horizontal azimuth of the peak force of the
first interval, interval a, points directly upslope from the source area (Fig. 13C)
with a vertical angle of ~10°. This is consistent with the initial acceleration of the
rock-slide slump block (phase 2). After ~20 s the horizontal azimuth flips ~180°
during interval b, to a direction consistent with deceleration of the slump block.

Coe et al. | Rock avalanche dynamics in western Colorado
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avalanche. (B-E) Hummock statistics.
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Figure 13. (A) Time series of forces exerted on the earth
(force history) due to landslide motion derived from seismic
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inversion. The best-fitting model is shown (solid lines) with
shading indicating the confidence limits. Dashed lines de-
lineate intervals corresponding approximately to segments
of the path shown on C and described in the text. Small ar-
rows show the interval peaks that are plotted as horizontal
vectors on C. Time = 0 s corresponds to the start time of the
rock slide (movement phase 2), 23:43:32 UTC (17:43:32 local
time). (B) Velocity seismogram from one of the closest seis-
mic stations, WOY.ELZ.NF, a short-period station located
31.7 km to the southeast, filtered to show just the highest
frequencies (>0.5 Hz, top) and just the lowest frequencies
(<0.5 Hz, bottom). Below that is the displacement seismo-
gram from the closest broadband station, 020A.BHZ.TA,
at periods of 10-150 s. The data are adjusted backward for
approximate travel times by 18 s and 43 s for stations WOY.
ELZ.NF and 020A.BHZ.TA, respectively, to roughly line up
with the force history as explained in the Methods section.
(C) Post-event lidar shaded-relief map showing the outline
of deposits, approximate path, and vectors corresponding
to peaks in the force history placed at their approximate
corresponding geographic locations. These force vector
peaks point opposite to the direction of acceleration (linear
or centripetal). Circles are plotted at the point of peak cur-
vature of the path with a radius equal to the radius of cur-
vature in order to find the appropriate geographic location
corresponding to the peak forces due to centripetal acceler-
ations around curves. The peak forces should point exactly
away from the center of the circle fit to the point of peak
curvature if the location fit is good (e.g., vectors in intervals
e and f), and they would not line up if the fit is less optimal

50

il L I
100 150
Time (s)

0 50 250

Some unusual features of the interval b force history (Fig. 13A) include an up-
ward vertical force (usually the vertical force is down for a deceleration), a peak
horizontal amplitude that is one-third lower than for acceleration, and a dip
in the horizontal peak amplitude at the same time as the upward peak in the
vertical force. One possible explanation is that while the slump block was de-
celerating, the rock avalanche that it spawned was mobilizing. This may have
overprinted an acceleration signal over the larger signal from slump-block
deceleration. The peak vectors for intervals a and b are plotted at the approxi-
mate location of the center of mass before and after the rock slide occurred,
respectively (Fig. 13C).

After interval b, the azimuth of the horizontal vector points directly up the
path for ~23 s (interval c), which is consistent with the acceleration of the rock
avalanche (phase 3) down the initial open and straight part of the path. This is
supported by the lack of significant deposition in this area (Fig. 10). The peak
force in interval ¢ is broad and consistent in azimuth and there is no specific
feature along the path that could provide a geographic point to tie a peak vector
to, so we placed the horizontal vector halfway down the length of the interval
(Fig. 13C) and do not use this vector location for any velocity calculations. After

(e.g., vector in interval g). Ridges 1-4 (r1-r4) mentioned in
the text are indicated with red lines.

interval ¢, the magnitude of force is near zero for ~14 s (interval d). In interval d,
the avalanche was not accelerating or decelerating significantly, nor traveling
through any bends in the valley. After interval d, there are two approximately
east-west peaks (intervals e and f) that likely correspond to the material turning
through two tight curves in the path. To tie the peak of each of these intervals of
the force history to a geographic location, we calculated the point of peak cur-
vature of the path and tied the peak forces for intervals e and f to these points.
In theory, because these forces are due to centripetal acceleration, which points
toward the center of the curve, the force should point directly away from the
center of the curve (i.e., directly away from the center of a circle fit to the point of
peak curvature). This is indeed the case within a few degrees for vectors e and
f (Fig. 13C), which validates their placement at the assigned geographic points.

The beginning of interval e starts with a northward force followed by an
upward force. Though uncertainties are high for these parts of the force his-
tory, this could reflect where the eastern part of the avalanche, moving at peak
speeds, impacts the ridge that forms the first curve (r1, Fig. 13). In this case, the
avalanche would have first decelerated horizontally (northward force) while
accelerating upward over the ridge (not clearly seen in Fig. 13), but would then

Coe et al. | Rock avalanche dynamics in western Colorado
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have decelerated vertically as the material overrode the ridge (upward force,
Fig. 13). Avalanche material also overrode the ridge at the second curve (r2,
Fig. 13), but there is no comparable signal accompanying the strong eastward
peak except a long-duration downward force followed by a long-duration up-
ward force. The avalanche was slowing and depositing material along this
path, so by interval g, the force amplitudes are low. By ~170 s after the start,
the force history is not significantly different from zero, as indicated by the
uncertainties (shaded regions, Fig. 13A), but the signal still remains elevated
until 207 s. The high-frequency seismic signal also does not return to pre-event
levels until about this point. So, for both reasons, 207 s (3.45 min) is our best
estimate of the duration of the main rock slide-avalanche sequence (phases 2
and 3). This marks the end of the high-energy part of the event. Based on Eric
Bruton’s eyewitness account and on detailed mapping of strike-slip faults de-
fining movement of the central core (phase 4), less-energetic motion occurred
after this point, but it was not seismogenic.

The path length from the center of mass of the rock slide (the starting lo-
cation of the southernmost vector in path segment a-b, Fig. 13C) to the end
of the deposits along the path shown in Figure 13C is ~4.3 km. Based on this
distance and our duration estimate for the high-energy avalanche, an estimate
for the average velocity of the rock slide and avalanche (phases 2 and 3) is
21 m/s, with a possible range of 20-26 m/s. However, this is a rough estimate
because it assumes that the entire avalanche travel distance was seismogenic,
which was likely not the case as suggested by Eric Bruton’s observations of
continued slower motion after the main rock avalanche. We computed more
accurate estimates of velocities for individual segments of the path between
well-constrained geographic points tied to force history peaks (Fig. 13). These
estimates and their possible ranges are shown in Table 4.

The average velocity from the center of the rock slide to the first curve is 26
m/s (a range of 24-28 m/s), but that includes the rock slide starting from zero. If
we isolate just the rock avalanche before it enters the curves and assume that
it starts at the north end of the b vector (the northern vector in path segment
a-b, Fig. 13C), the average velocity is 36 m/s (32-41 m/s). The peak velocity,
which would be >36 m/s, would have occurred within this segment. Once the

material enters the curves, average velocities drop to 20 m/s (10-31 m/s) be-
tween the first two curves, e and f, and to 17 m/s (15-33 m/s) from curve f to
the end of the path. The geographic location of the peak force of interval g is
poorly constrained, but if we use it, it gives estimates of 25 m/s (14-39 m/s)
between f and g. It is unlikely that the velocity actually increased here, so this
suggests that the geographic location we use for the peak of interval g may be
too far down the path, and the actual average velocity was probably closer to
the lower end of the range (i.e., 14 m/s).

Figure 13B shows that interval a (the rock slide, phase 2) was not accom-
panied by any observable high-frequency energy; this interval is dominated
by long-period energy. This trait is typical for initial acceleration (e.g., Allstadt,
2013a; Hibert et al., 2014) because it takes time for the momentum, agitation,
and frictional work rate to build—all factors that are thought to contribute to
the generation of high-frequency energy (e.g., Huang et al., 2007; Schneider
et al., 2010; Hibert et al., 2014). The high frequencies start to appear during
interval b as the slump block decelerates, but only in the >0.5 Hz frequency
range. The peak in high-frequency energy corresponds to acceleration and
propagation of the main avalanche (phase 3) along the initial straight path
(interval c-d, Fig. 13C). The reason for the high-frequency energy could be
that velocities are highest (more energy, individual impacts), or that frictional
processes started to become more prevalent toward the end of interval ¢ and
into d, where material is starting to be deposited. The high-frequency energy
increases again as it passes through interval e, potentially due to increased
agitation of avalanche material as it impacts topography in this curve (e.g.,
Moretti et al., 2015). High-frequency energy then decreases through interval g,
indicating a loss of volume as material is deposited.

H DISCUSSION

Our detailed forensic work at West Salt Creek shows that the rock ava-
lanche was a cascading sequence of landslide events, rather than a single
massive failure. Individual landslide phases modified previous structures,

TABLE 4. ESTIMATED ROCK-AVALANCHE VELOCITIES

Start Possible End Possible Possible Distance Possible Average Possible

time range time range Duration range along path range velocity range
Segment (s) (s) (s) (s) (s) (s) (m) (m) (m/s) (m/s)
Entire path 0 —2to1 207 170-209 207 169-211 4300 4175-4425 21 20-26
Start to peak E 0 —-2to1 91 90-92 91 89-94 2350 2225-2475 26 24-28
Peak B to peak E 30 28-33 91 90-92 61 57-64 2195 2070-2320 36 32-41
Peak E to peak F 91 90-92 114 113-115 23 21-25 450 250-650 20 10-31
Peak F to peak G 114 113-115 136 134-138 22 19-25 550 350-750 25 14-39
Peak F to end 114 113-115 207 170-209 93 55-96 1600 1400-1800 17 15-33
Peak G to end 136 134-138 207 170-209 71 32-75 1030 830-1230 15 11-38

Note: Peaks in the first column refer to peaks in each interval of the force history as shown by small arrows in Figure 13A. Possible range indicates the range of possible values

based on confidence limits shown by shading in Figure 13A.
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deposits, and morphology, and in the case of movement of the central core,
modified the apparent travel distance of the main rock avalanche. Attributing
all deposits and structures to a single massive failure would be inaccurate and
could yield misplaced interpretations of avalanche mechanics, dynamics, mo-
bility, and hazards.

Our interpretation of structures from the main avalanche indicates that the
avalanche had the mobility of a fluid but, at least at the near surface, deformed
by both distributed and discrete shearing in frictionally strong material. For
example, the initial avalanche front was thick (~40 m), rapidly moving (~36
m/s), and left “flow” bands indicative of distributed shear and fluid-like be-
havior. This front traveled ~3500 m (~75% of the total length of the avalanche)
along the valley floor with slope gradients <10°. However, all structures on the
surface of the avalanche that formed after the passage of this initial front indi-
cate that the avalanche internally deformed predominantly by sliding along
well-defined, discrete shear surfaces in material that was dry and had sub-
stantial frictional strength. The broad distribution of structures (Supplemen-
tal Figure) and back-tilted hummocks indicates that frictional strength existed
throughout multiple phases of movement, including the main avalanche, cen-
tral core of the avalanche, and subsequent landslide and rock-slide failures in
the avalanche deposit.

These observations suggest that mobility of the main rock avalanche (and
the central core) was likely enhanced by liquefaction of material along the val-
ley floor caused by undrained loading (Hutchinson and Bhandari, 1971; Sassa,
1985; Sassa,et al., 2004; Hungr and Evans, 2004) by the overriding avalanche.
Three pieces of evidence support this interpretation: the pre- and post-ava-
lanche debris flows, the presence of the pre-event stream and ponds along the
valley floor, and the occurrence of the avalanche during a rain-on-snow event
at the peak of the snowmelt and surface-water runoff season. Buss and Heim
(1881) suggested a similar mechanism at the EIm avalanche in Switzerland, as
have numerous authors thereafter (Voight and Sousa, 1994; Hungr and Evans,
2004; Huggel et al., 2005; Evans et al., 2007; Xu et al., 2012). This interpretation
is in agreement with the conclusion of Hungr and Evans (2004) that the mobil-
ity of many avalanches is enhanced by liquefied basal materials. These results
suggest that the West Salt Creek avalanche, and many other avalanches, could
ideally be modeled as two layers: a liquefied basal layer and a much thicker
and stronger overriding layer. Most avalanche modeling studies have used one
layer and either (1) performed scenario simulations to investigate the effects
of varying material conditions on avalanche mobility (e.g., Crosta et al., 2009;
Iverson et al., 2015) or (2) varied the rheology of the layer along the flow path to
correspond with areas of basal liquefaction (e.g., Hungr and Evans, 2004; Evans
et al., 2007). Any new two-layer modeling effort should consider the constraints
for two-layer models recently outlined by Iverson and Ouyang (2015).

Our estimates of average avalanche velocities from the seismically derived
force history can be compared to the independently estimated velocities of
White et al. (2015). White et al. (2015) used several different conventional meth-
ods to estimate velocities, including an often-used theoretical method based
on field measurements of super-elevation (i.e., the forced vortex equation of

Chow [1959]). Though their velocities are not directly comparable with ours
because their method estimates peak velocity at a point along the path and
ours estimates the average velocity along intervals of the path, the velocities
should still be compatible if both methods are valid. This is largely the case.
For example, their peak-velocity estimate for the peak curve within interval e
(Fig. 13) is 37 m/s. This is nearly identical to our estimate of the average veloc-
ity along the path prior to this point (b to e, 36 m/s, Table 4). The actual peak
velocity based on our interpretation is probably higher than their estimate of
37 m/s because our average includes the initiation of the rock avalanche from
near 0 m/s. However, velocities probably started decreasing before reaching
interval e because the avalanche was likely slowed by the first ridge (r1 on Fig.
13) and deposition started prior to this interval. Their peak-velocity estimate
within interval f (Fig. 13) is 19-29 m/s depending on two possible interpreta-
tions of deposits. Our estimate of average velocity for e to f is 20 m/s. Finally,
White et al. (2015) estimated speeds of 9 m/s within interval g. This is much
lower than our estimate of average velocity from fto g (25 m/s), or even from g
to the end of the deposit (15 m/s). It is difficult to say which estimate is more re-
liable at this location. The super-elevation method may yield inaccurate results
at this location because ridge 3 (r3, Fig. 13) may have influenced super-eleva-
tion heights. Our estimates may be too high because we do not know where
the end of the seismogenic part of the path is located and we suspect that our
methods place the geographic location for the peak force of interval g too far
down the path. The lower end of our velocity range for f to g (14 m/s, Table 4)
is probably most realistic.

Our results also have implications for mapping and interpreting paleoland-
slide deposits. In these deposits, many of the original structures will no longer
be visible or could be inaccurately grouped and interpreted as a single mas-
sive failure. Other landslide researchers have noted how fast field evidence in
avalanche deposits disappears (e.g., Carey et al., 2015). Our visits to West Salt
Creek over the winter and spring of 2014-2015 indicate that the topographic
distinctness of many structures is rapidly degrading due to degradation (slak-
ing) of broken shale clasts of the Green River Formation and that vegetation
is beginning to reestablish itself. These observations highlight the importance
of using caution when interpreting structures in paleolandslide deposits and
conducting field work as soon as possible after an avalanche event. At West
Salt Creek in semi-arid Colorado, the window of mapping opportunity lasted
~6 mo after the event.

That said, if avalanche topography or deposit characteristics were long
lasting, then detailed structure and deposit maps such as ours could poten-
tially be used to interpret emplacement characteristics of paleolandslides. For
example, our map might be useful for interpreting whether emplacement ve-
locities of paleolandslide deposits were fast or slow. From a hazard point of
view, the key question should be: Did the paleolandslide travel at a velocity
faster or slower than humans can run (~6 m/s)? This can be a very difficult
question to answer because there are few guidelines that can be used to in-
terpret the emplacement velocity of paleolandslide deposits. Commonly used
mobility indices (e.g., H/L or L/H) are not necessarily useful for interpreting
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landslide velocity. For example, there are many long-traveled earth flows
that moved at slow (centimeters to meters per day) velocities (e.g., the Slum-
gullion earth flow: Fleming et al., 1999, Coe et al., 2003; the Montaguto earth
flow: Guerriero et al., 2013, 2014). A comparison of structures and deposits at
West Salt Creek, for which we have seismically constrained velocity ranges,
to structures mapped at these slow-moving earth flows could provide guide-
lines for estimating velocities of other long-traveled paleolandslide deposits.
A preliminary comparison suggests that the high-velocity West Salt Creek
avalanche contained the following features (Figs. 7 and 12; Supplemental Fig-
ure) that the slow-moving earth flows did not: (1) internal strike-slip faults
(topographic furrows) and lateral deposits with abrupt changes in their strike
direction; (2) an extensive field of back-rotated, concentric- to oblate-shaped
hummocks on the lower half of the deposit; (3) elongated tongue-shaped in-
ternal deposits; (4) extensive “flow” banding; (5) extensive thin (0-2 m) de-
posits cut by normal faults along valley flanks and on preexisting ridges along
and within the travel path; and (6) no trees that survived the rapid movement
intact and abundant piles of downed trees on the surface of the deposit. Addi-
tional detailed mapping of fast- and slow-moving landslides will be needed
to confirm these observed differences. If the observations are consistent, they
may serve as an initial set of guidelines to at least crudely estimate the veloc-
ity of paleolandslide deposits.

Additionally, from a hazard point of view, the West Salt Creek avalanche
gave off warning signs prior to the catastrophic failure. Specifically, the land-
slide and debris flow that occurred ~10 h before the main rock avalanche were
a precursor of the larger event. Although precursor events are commonly not
detected, we are confident that other rock and debris avalanches have such
events. One such event was the 2009 Nile Valley landslide in Washington State
(United States), where seismically observable precursory landslides occurred
the day prior to a rapid 10’ m® landslide. No landslide monitoring system ex-
isted, but fortunately residents heard and saw precursory rock falls and safely
evacuated before the event destroyed several of their houses (Allstadt, 2013b).
Another example is lliamna volcano in Alaska (United States), where frequent
rock and ice avalanches are commonly preceded by several hours of precur-
sory seismicity (Caplan-Auerbach and Huggel, 2007). In the United Kingdom,
repeat laser scanning of coastal cliffs revealed precursor rock-fall activity prior
to large rock-slope failures (Rosser et al., 2007). If precursory events, or even
the initiation of events with long travel distances, could be seismically identi-
fied and placed in the proper context, they could potentially be used for early
warning purposes.

Our results beg the question: How many other existing and/or future
rock-avalanche deposits and accompanying seismic recordings could be
studied to better understand avalanche mechanisms, dynamics, and mobil-
ity? Smaller-scale mapping at numerous volcanic debris avalanches by Shea
and van Wyk de Vries (2008) and at earthquake-triggered rock avalanches
by Schulz et al. (2008) suggest that most rock-avalanche deposits probably
contain structures and/or flow banding, and that maps of these features are
important in deciphering avalanche sequencing and dynamics. At this point,

however, there are very few structure maps that can be used to compare and
contrast avalanches with varying styles of failure and differing levels of mo-
bility. More field-based maps are needed so such comparisons are possible.
Recent analyses of seismic signals from rock and debris avalanches (e.g.,
Deparis et al., 2008; Ekstrom and Stark, 2013) indicate that the number of seis-
mic records of avalanches is large and continually increasing. The potential for
new and insightful analyses of these data, when integrated with field mapping,
modeling, and other analyses, seems unlimited.

B CONCLUSIONS

Our detailed mapping and seismic analysis at the West Salt Creek rock ava-
lanche lead us to the following conclusions.

The rock avalanche was induced by a rain-on-snow event on 25 May 2014
during the peak of the spring snowmelt season. The rainfall was not excep-
tional; 0.25, 0.5, 1, 2, 6, and 24 h accumulations of rainfall had estimated return
periods of <2 yr. Snowpack, cumulative precipitation, and runoff were also not
exceptional, as all were below historical averages. The rainfall was unusual
simply because it fell on snow at high elevations (2750-2900 m) at the head of
West Salt Creek.

The rock avalanche was a series of eight landslide movement phases that
began ~10 h before the main rock avalanche occurred and are still ongoing (as
of September 2015). These phases, in chronological order, include a (1) land-
slide/debris flow, (2) a rock slide/back-rotated slump block that spawned the
main rock avalanche, (3) the main rock avalanche from the downhill face of
the slump block, (4) slow movement of the central core of the rock avalanche,
(5) shallow landslides in steep rock-avalanche deposits, (6) a second debris
flow, (7) a rock slide on the steep downhill face of the slump block, and (8) on-
going rock slides and rock falls from the oversteepened headscarp of the rock
slide/slump block. Hummocks formed along the length of the avalanche during
landslide movement phases 2 through 4.

The main rock avalanche lasted ~3.5 min and traveled ~4.3 km at estimated
velocities ranging from 11 to 41 m/s (40-148 km/h). The total volume of the
slump block and mobilized rock avalanche was 54.5 + 13.0 Mm?3, with 43.0 +
12.9 Mm? in the slump block and 11.5 £ 0.1 Mm? in the avalanche deposit.
About 75% of the travel path had slope gradients <10°.

The avalanche had the mobility of a fluid, but mapped structures indicate
that it deformed at and near the surface by both distributed and discrete shear-
ing in frictionally strong material. The mobility of the rock avalanche was likely
enhanced by liquefaction of wet valley floor sediments. Additionally, pre- and
post-event DEM differencing indicated that material immediately downslope
from the face of the slump block was entrained by the avalanche. Entrainment
of material at other locations along the flow path was possible, but could not
be verified.

The implications of our work are that: (1) the West Salt Creek avalanche,
and probably many other avalanches, could ideally be modeled as two layers,
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a liquefied basal layer and a much thicker and stronger overriding layer; (2) de-
tailed structure maps such as ours could be useful for interpreting the velocity
characteristics of paleolandslides; and (3) if precursor events, such as the one
at West Salt Creek that occurred ~10 h before the main avalanche, could be
seismically detected and placed in the proper context, they could possibly
be used for avalanche warnings.
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