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Conversion Factors

International System of Units to U.S. customary units

Multiply By To obtain

Length

millimeter (mm) 0.03937 inch (in.)

meter (m) 3.281 foot (ft)

kilometer (km) 0.6214 mile (mi)

Area

square meter (m?) 10.76 square foot (ft?)

square kilometer (km?) 0.3861 square mile (mi?)
Volume

cubic meter (m?) 35.31 cubic foot (ft)

cubic meter (m?) 1.308 cubic yard (yd3)
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Distribution of Large Boulders on the Deposit of the West
Salt Creek Rock Avalanche, Western Colorado

By Adrian C. Lewis, Rex L. Baum, and Jeffrey A. Coe

Abstract

On May 25, 2014, a 54.5-million cubic meter rock ava-
lanche in the West Salt Creek valley, Mesa County, Colorado,
traveled 4.6 kilometers, leaving a deposit that covers about
2.2 square kilometers. To check the particle-size distribution
of the deposit for information about the high mobility of the
avalanche, we estimated boulder distribution density for the
entire deposit by counting 1-meter (m) or larger diameter
boulders of sedimentary rock derived from the Green River
Formation that are visible in high-resolution imagery collected
from the area in July 2014. Basalt boulders were excluded
from the count because field observations indicated that they
generally stayed intact as the avalanche moved downslope,
whereas sedimentary boulders showed evidence of fragmenta-
tion during downslope movement. Variable clarity, contrast,
and resolution of the imagery precluded mapping smaller
boulders. Experimentation with 5-, 10-, and 20-m resolution
grids indicated that a 20-m resolution grid showed the spatial
pattern of boulder density across the deposit at a scale that
allowed statistically meaningful variations to be determined.
In addition to counting the boulders in each 20x20-m grid
cell, six categories of successively increasing boulder distribu-
tion density were created to help visualize variations in the
distribution of 1 meter or larger boulders across the avalanche
deposit. Analysis indicates that boulder distribution density
gradually decreases with increasing distance from the ava-
lanche source.

Introduction

On May 25, 2014, the West Salt Creek valley, located
east of Mesa, Colorado (fig. 1), experienced a 54.5-million
cubic meter rock avalanche (Coe and others, 2016a). The
avalanche traveled 4.6 kilometers, leaving a deposit that cov-
ers about 2.2 square kilometers (fig. 2). Following the original
mapping and mechanical analysis of the West Salt Creek rock
avalanche (Coe and others, 2016a), we studied this area using
high-resolution images to determine the distribution of boul-
ders that were 1 meter (m) or larger in diameter on the surface
of the avalanche deposit. Based on studies of rock avalanches

elsewhere, others have hypothesized that rock fragmentation
may contribute to avalanche mobility (Davies and McSaveney,
2009). Although field observations seemed to indicate that
deposits at the toe of the avalanche might be finer grained,
with fewer boulder-sized (greater than [>] 264 millimeters
[mm]) and cobble-sized (64—264 mm) clasts than elsewhere in
the avalanche, the large range of particle sizes makes conven-
tional methods for evaluating size distribution impractical.
Thus, we mapped the spatial pattern of boulder distribution
density using high-resolution imagery to assess the abundance
of the largest particles throughout the deposit.

Methods

Following the May 25 avalanche, high-resolution (about
0.1 m) unoccupied aircraft system (UAS) imagery was col-
lected from the area in July of 2014 (Coe and others, 2016b).
The imagery taken for the West Salt Creek rock avalanche
deposit consisted of three parts that were merged into one
image (fig. 3). The three separate images can be distinguished
in figure 3 by the different tones in the mosaic image. The
lower third of the avalanche imagery in figure 3 covers
557,000 square meters (m?), the middle third covers an area of
1,021,000 m?2, and the upper third covers 757,000 m?.

To begin our analysis of boulder distribution density, the
UAS imagery was imported into ArcMap (Esri). We exam-
ined the imagery in different parts of the deposit, considered
the variable quality (contrast, resolution, and clarity) of the
images, and determined that 1 meter was a reasonable lower
limit for identifying boulders on the surface of the deposit.
Next, a fishnet (square mesh) was created using the Create
Fishnet tool in ArcMap. Originally, we tried to use 5x5-m
or 10x10-m cells; however, after creating these fishnets, we
determined that these sizes were too small to provide mean-
ingful data. The smaller cell sizes did not show enough varia-
tion in the boulder distribution density in an area to provide a
useful representation of the difference in distribution density
across the entire avalanche area. Additionally, the smaller cell
sizes would have taken an extensive amount of time to input
and analyze data. To balance the resolution of the boulder
distribution density map against the required time and effort to
produce it and the need for a statistically meaningful sample
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Figure 1.
white polygon.

size, 20x20-m cells were created for the entire UAS imagery

area of the avalanche. Then, cells that did not contain any part
of the avalanche deposit were deleted manually. The final fish-
net consisted of 5,387 cells, where each cell is 400 m? (fig. 4).

To log the number of boulders greater than or equal to
1 meter (=1 m) in size in each cell, two new fields were added
to the fishnet shapefile attribute table in ArcMap (Lewis and
others, 2022). These fields were BoulderNum, which was used
to input the number of boulders >1 m (as determined by com-
paring visible boulder faces against a 1-m square in ArcMap)
that were counted for each cell, and BoulderTH, which was
used to assign a boulder-count range to each cell. The thresh-
old limits for the ranges were greater than or equal to (>) 0,
>5,>10, >20, >40, and >80 boulders per cell, so that boulder
count thresholds increase by powers of two for counts >5.

For a visual representation, each range was assigned a differ-
ent shade of red that becomes progressively darker as higher
thresholds are reached.

Boulders within the West Salt Creek valley avalanche
were sourced from either a red, basalt-rich colluvium or
derived from bedrock of the Eocene Green River Formation,
which is primarily shale in this area (Ellis and Gabaldo, 1989)
and is exposed in the head scarp (fig. 4) and underlies much of

Satellite image showing the location of West Salt Creek valley area, Colorado, with the rock avalanche area outlined by a

the avalanche deposit. We observed in the field that few basalt
boulders that had been transported by the avalanche were
fractured. Basalt boulder surfaces were rounded and weath-
ered, with few nicks, scrapes, or other signs of fragmentation
during transport. The boulders derived from the Green River
Formation were brittle and weaker than the basalt boulders,
contained bedding, were blocky with angular surfaces; and
many contained networks of fine cracks. Thus, the only
boulders that were counted were those derived from the Green
River Formation. Boulders from the Green River Formation
were distinguished in the imagery from the basalt boulders by
their color and shape. The Green River Formation boulders
are light in color and more angular than the basalt boulders,
which are red and rounded. To determine which Green River
Formation boulders were >1 m, boulders in the imagery were
compared to a 1x1-m square that was made using the drawing
feature in ArcMap. By placing the square over each boulder,
each boulder that was enclosed by the square or touched it on
opposite sides was counted as >1 m. Boulders in each cell of
the fishnet were manually counted in ArcMap.

After the fishnet was created and the reference square
was drawn, six square sections (5x5 cells) were spaced out
along the centerline of the avalanche deposit for analysis.



Figure 2. Photograph of the West Salt Creek rock avalanche
deposit taken on May 30, 2014; view to the south. Labels
indicate the head (top), toe (terminus), and a spillover lobe
where part of the avalanche ran over the crest of a high ridge.
The avalanche deposit is about 210 meters wide along the line
marked in the photograph. Photograph by Jeff Coe.

These sections provided a basic overview of the deposit and
were used to determine if there was a boulder distribution den-
sity pattern. After confirming that a pattern existed, boulders in
all remaining cells were counted. Once the number of boulders
in each cell was determined and the corresponding count range
was assigned to each cell, areas that appeared to have artificial
or sharp boundaries were examined again to ensure accuracy.
The final map product showing the count range distribution

of boulders >1 m on the surface of the avalanche deposit is
shown in figure 5.

Discussion 3

Results

After completing all mapping of the distribution density
for boulders sourced from the Green River Formation and >1
m (fig. 5; Lewis and others, 2022), we divided the avalanche
deposit into thirds and calculated the relative abundance of the
boulder-count ranges in each third. Analysis of the cell attri-
butes (Lewis and others, 2022) from the map (fig. 5) yielded
the total number of 20x20-m cells in each third of the map
and the number of cells in each boulder-count range for each
third. Dividing the number of cells in each range by the total
number of cells in each third indicated the relative abundance
(expressed as a percentage) of each boulder-count range for
boulders >1 m within each third of the mapped deposit area
(fig. 6). For count ranges of 40—79 and 80 and greater boulders
per cell, the upper third of the deposit has the highest percent-
age of cells (fig. 6). This is somewhat masked by the many
low-count (<10 boulders per cell) cells near the head, but the
relative abundance of high-count cells in the upper third of
the avalanche deposit is apparent in figure 5. For cells having
10 to <40 boulders per cell, the middle third of the avalanche
deposit has the highest percentages of cells. The lower third of
the avalanche deposit has the highest concentrations of cells
for count ranges <10 boulders per cell. These patterns are con-
sistent with the hypothesis that boulder concentrations on the
surface of the deposit decrease with increasing distance from
the head. Concentrations of large boulders are also found in
known drainage paths along the entire avalanche deposit.

Discussion

The quality of the imagery collected and the possibility
of human error while virtually counting the number of large
boulders in each grid cell introduced minor uncertainty in
number of boulders counted. However, we are confident that
the relative abundance of boulders in each cell is accurate.
Boulders were most difficult to count in areas of high reflec-
tance and low contrast (lighter toned areas of the avalanche
deposit image) because boulders sourced from the Green
River Formation are primarily light in color. A few large
boulders might have been overlooked because they blended
into the surface, or they could have been overestimated in a
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few locations where it was difficult to distinguish boulders
from artifacts in the imagery. The edges of some boulders
were obscured by shadows of fallen trees, shadows from large
rock outcrops, or imperfections in the UAS imagery. Thus,

the uncertainty about the true edges of such boulders indicates
that some boulders could have been miscounted during the
mapping process. These factors could contribute to the mis-
counting of large boulders in the mapping area; however, we
expect that errors in boulder counts within any 20x20-m cell
would usually be less than £5 percent, and in most cells, the
errors likely are considerably less. Areas of differing boulder
concentrations are readily distinguishable in the imagery even
if relatively few boulders or boulder edges may be obscured or
partially obscured as noted above. Two of us (Coe and Baum)
walked over the entire surface of the deposit in the months
following the avalanche while using the imagery to conduct
detailed mapping of avalanche structural features (Coe and
others, 2016a). Although we did not map individual boulders
at that time, we observed patterns of boulder distribution and
are confident that the distribution is well-expressed in the UAS
imagery (fig. 3) and final map of boulder distribution density
(fig. 5). The boulders sourced from the Green River Formation
were rapidly disintegrating into rock chips and clayey soil dur-
ing the summers of 2014 and 2016 when we were conducting
fieldwork. Thus, any attempt to field-check the boulder count
or to repeat it using future high-resolution imagery would find
small heaps of soil and rock chips instead of boulders.

By setting the lower limits of boulder-count ranges to
increase by a factor of two (except for the first range of 0 to 4),
we ensured that even with substantial errors, the ranges would
correctly portray the boulder density distribution. Using these
limits, boulder counts are usually assigned to the correct range
or, at worst, to one of the nearest-neighbor ranges. If boulders
were undercounted by less than 50 percent, the count would
be assigned to either the correct range or the range below.

For example, if the correct boulder count was 28 and it was
undercounted by 50 percent (14), the cell would be assigned
to the 10—19 range rather than the correct 20-39 range. If
undercounted by 25 percent (21 boulders), the 28 boulders
would be assigned to the correct 20-39 range. Similarly, if
boulders were overcounted by less than 100 percent, the count
would be assigned either to the correct range or the range
above. Continuing the example above, if the 28 boulders are
overcounted by 100 percent (56 boulders), the count would be
assigned to the 40—79 range, but if overcounted by 40 percent
(39 boulders) the count would still be assigned to the correct
20-39 range. Despite imperfections in the imagery and other
sources of uncertainty described previously, we are confident
that counting errors are much smaller than those in the exam-
ple above. Also, as noted previously, areas with apparently
sharp boundaries were recounted to ensure greater accuracy.
Consequently, the count-range limits used enable the final
map (fig. 5) to provide a realistic representation of the boulder
distribution density on the surface of the avalanche deposit.
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Base map unoccupied aircraft system imagery of the West Salt Creek valley
avalanche

Figure 3. Merged image created from three unoccupied
aircraft system (UAS) images of the West Salt Creek valley
avalanche deposit. The three separate images can be
distinguished by the different tones in the mosaic image and are
labeled with the date each was acquired. A distinct contrast
in color of the avalanche deposit occurs at the boundary
between adjacent images. The lower third of the combined
avalanche imagery (acquired 12 p.m. MDT July 11, 2014) covers
557,000 square meters (m2), the middle third (acquired 12 p.m.
MDT July 8, 2014) covers an area of 1,021,000 m2, and the upper
third (acquired 12 p.m. MDT July 15, 2014) covers 757,000 m2.
Labels indicate the head (top), toe (terminus), and a spillover lobe
where part of the avalanche ran over the crest of a high ridge.
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Figure 4. Merged image from three unoccupied aircraft
system (UAS) photographs with a fishnet overlay for the
West Salt Creek valley avalanche deposit. The images were
acquired at 12:00 p.m. MDT on July 8, 11, and 15, 2014. Labels
indicate the head (top), toe (terminus), and a spillover lobe
where part of the avalanche ran over the crest of a high
ridge. No boulder count was performed for the head scarp
and top of the slide block, which was covered by a pond. The
approximate location of the head scarp is indicated; see Coe
and others (20164, b) for greater detail.
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Figure 5. Merged image from three unoccupied aircraft
system (UAS) photographs with boulder count ranges for
counts of surface boulders sourced from the Green River
Formation that were greater than or equal to 1 meter imposed
on the West Salt Creek valley avalanche deposit. The images
were acquired at 12:00 p.m. MDT on July 8, 11, and 15, 2014.
Labels indicate the head (top), toe (terminus), and a spillover
lobe where part of the avalanche ran over the crest of a
high ridge.
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Conclusion

Analysis of the aerial imagery and the corresponding
count range abundance (fig. 6), support the original hypothesis
that 1-m-sized and greater boulders are less abundant near the
toe than at the head of the avalanche. The general patterns of
decreasing boulder abundance with increasing distance from
the head depicted in figures 5 and 6 are consistent with field
observations (Baum and others, 2016; Coe and others, 2016a).
However, additional studies on other rock avalanche deposits
would be beneficial to confirm the observations of this work.
Additional studies could be used to determine the likely
cause(s) of the observed pattern of boulder distribution.
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