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Abstract

Historical patterns of debris flows have been reconstructed at the town of Forest Falls in the San Bernardino Mountains using a
variety of field methods (mapping flow events after occurrence, dendrochronology evidence, soil chrono sequences). Large flow
events occur when summer thunderstorms produce brief high-intensity rainfall to mobilize debris, however the geomorphic system
exhibits properties of non-linear response rather than being a single-event precipitation-driven process. Previous studies contrasted
the relative water content of flows generated by varying intensity summer thunderstorms to model factors controlling their velocity
and pathway of deposition. We hypothesize that variation in sediment discharge also results from complexity in this geomorphic
system, and this paper presents ongoing empirical field studies focused on sources of complexity in three formative components of
recently monitored debris-flows at Snow Creek Canyon: 1) thresholds of sediment delivery from sources at the higher reaches of
bedrock canyons; 2) storage effects in sediment transport down the bedrock canyons; and 3) feedbacks in deposition and transport
of sediment as flows from the bedrock canyon collect into a single active channel on a fan landform downslope. An example of the
first component occurred in March 2017, when snow melt generated a rapid translational landslide/debris slide of about 80,000 m?;
this sediment was deposited in the bedrock canyon, but moved no further down-gradient. A second component has been observed
when accumulation of meta-stable sediments in the active channel remain in place until fluvial erosion or subsequent debris flow
created dynamic instability to mobilize the mass downslope. The third component occurred in the active channel where low-water
content debris flows deposited sediments that filled the channel, raising the channel grade level to levy elevation, allowing for
subsequent spread of non-channelized flows onto the fan and new scouring channel pathways down fan. Assessment of spatial and
temporal complexities in a debris-flow system can improve risk prediction.
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1.0 Introduction

Debris flows entail considerable spatial and temporal uncertainties that complicate efforts to predict hazards.
Geomorphic systems that exhibit non-linear dynamics are said to be ‘complex’ and multiple sources of complexity
have been recognized in geomorphology studies (Temme et al. 2015, Murray and Fonstad 2007, Phillips 2003). This
paper reports an ongoing empirical field study to explore sources of complexity in a debris-flow system spanning from
a canyon catchment to fan landform, located in the Transverse Range of Southern California.

1.1 Site Description

The Transverse range is a west-east oriented mountainous physiographic region of California associated with
the transform boundary of the Pacific and North American tectonic plates (Harden 1998). The San Andreas Fault
Zone makes the “Big Bend” step-over in Southern California, resulting in regional transpressional tectonic stress
which has uplifted the San Bernardino Mountains (Yule and Sieh 2003). The study site is Snow Creek Canyon (Lat.
34.0669° N, Long. 116.9103° W), located on Yucaipa Ridge at the southeastern escarpment of the San Bernardino
Mountains in the San Bernardino National Forest (place names after GNIS 2018).

Snow Creek Canyon originates on the north side of Yucaipa Ridge at 2,657 m, and flows into Mill Creek at
1,663 m elevation, over a horizontal distance of 2.6 kilometers. Snow Creek flows through the community of Forest
Falls, among several other drainages that form a bajada along the base of Yucaipa Ridge. The bajada trends downbhill
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in a northward direction to the grade level of Mill Creek Valley (Fig. 1a and 1b). The California Geological Survey
and County of San Bernardino classified the northern and southern flanks of Mill Creek Valley as a landslide hazard
zone (Tan, 1990; San Bernardino County, 2010). The only ingress to the town is along Valley of the Falls Drive, a
two-lane paved, county-maintained road built upon the bajada and intersected by numerous active flow channels.

Forest Falls has a Mediterranean-type climate with warm, dry summers and cold, wet winters. Yucaipa Ridge
results in significant orographic enhancement of precipitation. Winter season precipitation occurs during the passage
of mid-latitude cyclones, and summer monsoonal rainfall occasionally occurs in thunderstorms with brief intense
showers. Flood-intensity rain events infrequently occur in late summer or fall if the region is impacted by the remnants
of a dissipating tropical cyclone, as well as in winter if a Pacific atmospheric river circulation pattern develops. A 12-
year record of precipitation (2006-2018) is provided by the San Bernardino County Flood Control District that has
operated a remote automated weather station (RAWS) with tipping-bucket rain gauge for alert of hazardous rainfall
atop Yucaipa Ridge at 2753 m elevation (San Bernardino County Flood Control District, Meteorological Sensor ID:
2900). The rain gauge registers a mean annual precipitation of 85.8 cm + 24.9 SD for the October to September
hydrologic year. Approximately 84% of precipitation occurs from October through June. On average, the wettest
month of the year is December (21.7 cm) and the driest month is June (0.4 cm).

Historically, the study site has experienced several debris and hyper-concentrated flows. Within the last two
decades, debris and hyper-concentrated flows have damaged structures, caused one fatality, and produced numerous
closures of the only road into this valley (Morton et al., 2008); these flows occurred during summer months. The area
has also experienced extensive tectonic activity with the Mission Creek Fault, a part of the San Andreas Fault zone,
mapped across the bedrock portion of the Snow Creek channel and the Mill Creek Fault (North Branch of the San
Andreas Fault) is concurrent with the main drainage of the valley of which Snow Creek is a tributary (Fig. 1, USGS,
2002). The tectonism not only produces uplifting mountains, and hence source of the debris, but surface faulting and
intense shaking has created a highly fractured, and in some cases deeply weathered, rock mass.
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Fig. 1. (a) Map showing Forest Falls location between two strands of the San Andreas Fault in the San Bernardino Mountains of Southern California.
(b) Aerial photo showing Snow Canyon, the community of Forest Falls, and nearby features (source: modified from Google Earth Pro, 2018).

1.2 The 2017 and 2018 Mass Movements and Flows

On February 17, 2017, the first of two mass-wasting episodes occurred in the upper reaches of Snow Creek
Canyon (Fig. 2a). Less than two months later, a second mass movement occurred in the same area of Snow Creek
Canyon (Fig. 2b). These events occurred as seasonal temperatures produced melting of the snow pack on these slopes.
From photographs and videos taken by a telephoto lens about 1-1/2 kilometers away in Mill Creek Canyon, and
subsequent inspection of the debris slide, the mass movements appeared to be translational landslide movements of
intact bedrock with a colluvial veneer. Some detrital material was deposited at the base of the approximate 45 to 50-
degree side slope, and at the surface this consists of 1 to 3-meter diameter angular boulders. However, an interesting
aspect of this mass movement was the accompanying rapid sediment runout that extended 600 to 700 meters
downslope within the narrow bedrock canyon. This runout episode was fortuitously captured on video. Based on the
video, the mass of clastic material moved in a fluid manner, at a velocity on the order of 100-140 km/hr, and sediment
clasts and sediment waves reached heights estimated of up to 50 meters (Prochaska et al., 2008). The bedrock slope
was observed to ravel small amounts of sediment during the following three relatively abnormally dry seasons
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(summer 2017, Fall 2017, and winter 2018). However, most of the debris deposited in the canyon from the two mass
movement events has remained stationary and has not been remobilized.

About a year and a half later, on August 16, 2018, an intense precipitation cell over Yucaipa Ridge dropped
over 5 cm of rain in a 2-hour period. The runoff from this storm produced a hyper-concentrated mudflow that forced
closure of Valley of the Falls Road as approximately 0.1 to 0.25 meters of sediment covered the road. Post flow
inspection of the fan upstream of the road showed that the sediment produced channel filling and channel avulsion.
This sediment was ultimately deposited into the Mill Creek drainage. The sediment source for the flow is not obvious
but is thought to be primarily from the scarred area of the 2017 mass wasting event, and material that accumulated
600 to 700 meters downstream from that event having fines flushed from debris interstices.

Fig. 2. (a) Mass wasting area in Slide Canyon after first episode (on February 17, 2017); area of movement outlined in yellow.). (b) Second
movement event in Slide Canyon (about 2 months later). Trees on slide mass are approximately 25 meters high. (Photo source: McIntosh, 2017).

1.3 Empirical approaches to study sources of complexity in the Snow Canyon Debris-Flow System

For almost two decades, the damaging effect of Snow Creek canyon debris flows on the Forest Falls
community has been recognized, with the primary causative mechanism attributed to high-intensity summer storms
on Yucaipa Ridge. However, the non-linear dynamics of 2017-18 flow events suggests this debris-flow system also
functions with multiple sources of complexity. This paper hypothesizes that complexities occur in 3 system
components that we describe to guide ongoing empirical field study of the debris-flow system, including: storage
effects in episodic sediment loading from bedrock landslide events; sediment storage thresholds and flow movement
triggering in the narrow channel; and sediment transport across the alluvial fan in a complex channel filling, cutting,
and avulsion process of feedbacks. A Geographical Information System (GIS) modelled dimensions of the catchment
source area for debris flow generation. The catchment area of Snow Creek Canyon was analysed from a 10 m cell
resolution Digital Elevation Model (DEM) downloaded from the National 3D Elevation Program (USGS 2018), and
processed with ArcMap 10.3 software (ESRI, Redlands, CA). The ‘surface tool’ in ArcMap Spatial Analyst derived
slope angles of each grid cell. The ‘watershed tool’ was used to delineate the planimetric area of the catchment
upstream from a fan apex pour-point. The ‘stream order’ tool was used to determine the rank of trunk stream channel
at the fan apex using a 1,000 grid cell flow accumulation rule. The ‘surface volume’ tool in ArcMap 3D Analyst was
used to compute a 2D projected area encompassed by the catchment, and a 3D surface area of the canyon slopes.

2.0 Previous Studies

This paper uses creek names shown on the U.S Geological Survey 7.5' Forest Falls quadrangle (after GNIS
2018), which is consistent with current US Forest Service and local emergency response usage. The names “Snow
Creek Canyon” and “Rattlesnake Canyon” have been used interchangeably on some publications.

Previous research concluded that, cumulatively, debris-flow events in Snow Canyon and Rattlesnake Canyon
occur on average every 3.5 years with some years having two episodes. This average was based on documented events
since 1951 and tree ring data over the past 300 years (Morton et al., 2001; Morton et al., 2008; Turk et al., 2008),
which documented 15 large-scale debris-flow events up to 2008.

The active channel of Snow Creek is presently located on the eastern side of the fan. The age of fan surface
deposits generally increases from east to west across the landform, as evidenced by chronosequence studies of soil
development, and tree-ring age dates of surface deposits (Morton et al., 2008, Turk et al., 2008). The west edge of
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the fan is bounded by an inactive debris-flow channel that is cutoff by the active channel at the fan apex. These studies
indicate that debris flows are distributed across the fan over time, and identify a need for higher resolution study of
how channel pathways change.

3.0 System Components Operating in Snow Creek Canyon

Three components are observed to operate in different areas of Snow Creek Canyon and each appears to have
its own controls, but inputs and thru-puts may link the components or only influence that component. The components
include: 1) sediment delivery from source at the higher reaches of bedrock canyons; 2) sediment transport down the
bedrock canyons; and 3) deposition and transport of sediment on and across the debris-flow fan.

Our GIS model indicates that Snow Creek Canyon has local relief of 862 m from fan apex (1795 m) to the crest of the
highest headwall at Yucaipa Ridge (2657 m), over a total length of 1.6 km horizontal distance (53.8% gradient). Slope
angles of DEM grid cells range from 2.7° to 69.5°, with mean of 39.8° (Fig 4b). Although the catchment encompasses
67.2 ha of planimetric area upstream from the fan apex, the 3D surface model provides an estimate that 93.6 ha of
surface area covers the steep slopes within this canyon. The trunk channel of this catchment ranks as a 2nd order
stream by tributary accumulation of flow from >10 ha drainage area on these slopes, and has a nearly linear drainage
pattern. Below the fan apex at the base of the canyon, the trunk channel spans a horizontal distance of approximately
530 m with an average gradient of 17.2% (Fig 4b). The channel makes an s-turn from 317 m to 342 m below the fan
apex and is the location of the levee breaches during recent flows.

3.1 Sediment delivery from source at the higher reaches of the bedrock canyon

The Winter-Spring 2017 mass wasting event in Snow Creek Canyon occurred on the west canyon wall, at an
elevation of 2347 m. A variety of geological and meteorological conditions may have contributed to the mass wasting
event including, rock weathering, steep terrain inducing rock fall, high precipitation rates, tectonic activity, and warm
temperatures that produced rapid snow melt.

The rocks are mapped Mesozoic quartz monzonite and Precambrian gneiss (Dibblee, 1964; Gutierrez, 2010).
These rocks were observed to be highly fractured and weathered. The walls of Snow Canyon are steep, ranging from
50 degrees to near vertical. The area of movement is a mapped landslide complex with slopes in the failure area at
50-55 degrees. A colluvial layer 1-2 meters thick overlies a highly fractured bedrock mass (Fig 3a and 3b). The mass
movement occurred on a plane that is oriented subparallel to the valley wall. At the base of the slope, the block size
of the angular boulders ranges from 1.5 to 3.5 meters. By contrast, at the toe of the debris runout located 600-700
meters downslope, the block diameter of the angular boulders exposed at the surface was 0.6 to 1.5 meters. While
material size is obviously sorted with distance from the slide area, the rapid and violent nature of this event is also
thought to have produced a rapid breakdown of particle sizes. This was most likely enhanced by the rock mass’s in
situ fracturing and weathering. And even further downstream on the alluvial fan surface, clast diameters range from
10 cm to 0.5 meters along with a considerable sand and silt-sized fraction.

This location is an extremely active tectonic zone. The Mission Creek Fault (aka., North Branch of the San
Andreas fault) is about 0.50 km from the Snow Canyon mass movement episode (USGS, 2002). At the bottom of the
valley, nearer the Forest Falls community, the Mill Creek fault is about 2.5 km to the north. The main South Branch
of the San Andreas fault, located approximately 3.5 km south of upper Snow Canyon, trends along the south side of
the Yucaipa Ridge. According to the California Geological Survey’s Alquist-Priolo Earthquake Fault Zone maps, all
three of the above-mentioned faults are considered potentially active during the Holocene period (CGS, 1974).
However, another related factor, seismic shaking is an ongoing process and this topographic high would amplify any
seismic shaking at the site. For example, since February 12, 2017, there have been 24 documented earthquakes greater
than M2.5 within a 20 km radius of Snow Canyon. According to the USGS Earthquake Hazards program, a magnitude
3.4 earthquake occurred on February 10, less than one week prior to the Snow Canyon mass movement event,
approximately 8 km southwest of the site.

Data obtained from the Yucaipa Ridge rainfall gauging station shows Forest Falls having received 0.81 m of
precipitation from October 23, 2016 to February 18, 2017 (San Bernardino County Flood Control District, 2017). In
the preceding weeks prior to the mass wasting event there were no recorded precipitation events; however, the warm
temperatures during this time melted much of the snow pack and this runoff could have facilitated movement. Note
the difference in snow coverage shown in photographs on Figures 2a and 2b.

Based on our observations and conclusions by O’Keefe, 2017, the 2017 Snow Canyon mass wasting event
appears to combine aspects of the flow and slide mechanisms, including flow as a debris avalanche (Cruden and



Cato & Goforth / 7th International Conference on Debris-Flow Hazards Mitigation (2019)

Varnes, 1996). Summerfield (1991) notes that debris avalanches often begin as landslides and historically, the
documented major mass wasting episodes in Forest Falls have been classified as debris flows and debris avalanches.
Prior to 1999, Forest Falls experienced 11 debris flows and during July 1999 a debris flow and debris avalanche
occurred at Snow Creek, east of Snow Canyon (Morton and Hauser, 2001). The California Geological Survey and
San Bernardino County have classified the northern and southern mountains of Mill Creek Valley, surrounding Forest
Falls and encompassing Snow Canyon, as a landslide hazard zone.

B2

Fig. 3. (a) Source area of mass wasting taken in May 2017, about 2 months after last movement occurred. Rock mass structure is evident, as is
moderate to high degree of weathering. Slope orientation is approximately 50 degrees; (b) Trees and large boulders were mobilized by the Winter-
Spring 2017 mass wasting event. The landslide source area is several hundred meters upslope from this location. Angular boulder diameters range
from 0.2 to 2.0 meters in diameter.

3.2 Sediment storage and transport down the bedrock canyons

Less information is known about this part of the system than of the two other components because it is easily
overlooked as an independent component of the process mode. More attention is given to the upslope mass movement
that produces the sediment or the downslope alluvial fan. Had it not been for the unique opportunity of the photo and
video documentation of this event, we could have also overlooked its importance; however, the fact that all of the
sediment produced in the Winter-Spring 2017 mass wasting event was stored in this section, suggests it should not be
overlooked. At very least, the amount of sediment stored and estimating its control on groundwater flow within this
sediment mass pose intriguing questions.

We are in the process of quantifying the 2017 sediment that was deposited within this bedrock channel
segment. Our pre-flow aerial photography is not high enough resolution to use as a base. We are currently using a
LIDAR base obtained in 2016 that has been recently made available as our pre-flow base (NCALM, 2014). For post
flow, will be using new sUAV LIDAR once it becomes operational or sUAV conventional photography. For both,
the steep topography in the area has created logistical obstacles. For obtaining information on groundwater flow
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within the deposited sediment and how this sediment may be remobilized into an active debris or hyper-concentrated
flow can at this time only be estimated or modelled hydrologically.

At this point we know that the estimated 120,000 cubic meters that moved in the 2017 event was stored
within the bedrock channel area from the slide mass site to a distance downstream 600-700 m. In August 2018, a
hyper-concentrated sediment flow was produced on the fan and extended onto Valley of the Falls Drive. The volume
estimate for this sediment was not able to be accurately determined as precise depth and sediment extent records were
not recorded. However, based on crude sediment depths, we roughly estimate that about 15,000 cubic meters of
sediment was deposited on and downstream of the road. This combined with the sediment estimates that mapping of
alluvial fan surface mapping determined, which was on the order of 10,000 cubic meters, then the total amount of
sediment mobilized during event was on the order of about 120,000 cubic meters. This would leave about 95,000
cubic meters of sediment, produced by the 2017 mass wasting event, still stored within the bedrock channel segment.

From a risk standpoint at this time, we can only speculate about the amount of sediment or debris that another
intense rainstorm could possibly produce. For example, will a repeat storm again produce another hyper-concentrated
flow of relatively fine-grained sediment? Or did the August 16, 2018 storm runoff remove all loose, available stored
sediment? At what point will the coarser material be mobilized? Does the coarser material currently exist in a meta-
stable state with only the fine material able to be mobilized by fluid flow? What is its threshold trigger? For example,
could the coarser material only be mobilized into a true debris flow only episodically, say when another large mass
wasting event produces enough kinetic energy (i.e., bull-dozing driving force) to physically mobilize this material (as
opposed to mobilization by hydraulic forces alone)?

3.3 Sediment deposition and transport of sediment on and across the debris-flow fan

Open traverse surveys of topography on the fan were recorded using submeter precision global positioning
system (GPS) roving receivers (Trimble GEO7x with Zephyr antenna, ArcPad 10 software). The GPS positional data
(x,y,z) were recorded only if a real-time differential correction was obtained and the 3D position dilution of precision
(PDOP) was < 3.0. Elevation (z) was calibrated using the GEOID03 model offset of -30.414 m reported by the
National Geodetic Survey at the latitude and longitude coordinates of Forest Falls CA relative to height above the
WGS84 ellipsoid (NGS 2017, 2018).
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Fig. 4. LIDAR imagery of Snow Creek and alluvial fan. (a) Entire system downstream of mass movement area with features annotated. Area A is
the channel where SUAV point cloud imagery was acquired that shows the channel changes produced by the August 16, 2018 hyper-concentrated
flow (b) Enlarged area from Fig 4a that shows close up of alluvial fan channels.

A total of 3,022 GPS survey points were recorded across the fan on September 23, 2017. This procedure was
repeated on September 28, 2018 to record 2,362 GPS survey points over the active channel and extent of debris flow.
Only GPS survey points with Estimated Positional Error (EPE) << 1 m were used for geospatial analysis of the fan
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surface elevation change. This resulted in use of 2,002 points (66.2%) from the 2017 survey, and 2,113 points (89.4%)
from the 2018 survey. This GNSS data for both years was exported to ArcMap and converted into 10 m cell grids
using the ‘Point to Raster’ tool that averaged all elevations within each cell. The Spatial Analyst ‘Raster Calculator’
tool was used to compute the difference in elevation (AZ) for 2018 minus 2017. Cells with negative values of -1 m or
more indicate areas where net erosion exceeded the range of GPS measurement imprecision (figure of AZ). Likewise,
positive values greater than 1 m indicate where net deposition measurably occurred. Taken together, our GPS
surveying, SUAV photography, and analysis of existing LIDAR across the fan provide multiple lines of evidence that
deposition appears to be shifting in a westward direction by spread of non-channelized flows onto the fan. At the same
time, there has been significant fluvial erosion by new scouring of channel pathways down fan in a process of channel
avulsion below where the active channel was overtopped by bedload accumulation.

4.0 Discussion of system

Previous work had concluded that summer monsoon rainfall events on Yucaipa Ridge were the hydraulic
driving force that produced debris flows. For example, including the 1999 and 2016 debris and hyper-concentrated
flows, Forest Falls has experienced 13 debris flows since 1951. However, monsoonal storms occur much more
frequently than do documented debris incidents. Based on observations of the 2017 mass wasting event, where
sediment was observed to accumulate within the middle portion of the bedrock channel, and then where an August
2018 monsoonal event created a hyper-concentrated flow that mobilized about 25,000 cubic meters, we observed that
a large percentage of the coarse-grained material boulders and clasts remain as a meta-stable sediment plug in the
middle channel. What is unknown is what type of an event will be required to mobilize the larger volume and larger
diameter material into a presumed true debris flow.
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Fig. 5. Some event causes the course sediment stored in the middle section (the bedrock channel) to become mobilized and transported downslope.
These two possible scenarios are possible models for the complex controls that operate to control the type and volume of flow that may occur in
Snow Creek canyon and alluvial fan.

5.0 Conclusions & Recommendations for Future Research

Sediment loads contained within the debris-flow system at Forest Falls are produced in multiple non-linear
components of erosion, transport, and deposition. We identify a need to quantify ‘thresholds’ of rainfall intensity
required for sediment mobilization, recognizing that ‘storage effects’ occur in bedrock canyons and active drainage
channels which accumulate significant loads of sediment mobilized by antecedent mass-movement processes, as well
as from deposits of smaller water-limited debris flows that traveled short distances. Debris flows from the canyon
deposited sediments that aggraded within the active drainage channel and breached the active channel levy, allowing
for subsequent spread of non-channelized flows onto the fan. A ‘feedback’ process of channel avulsion progressed
in subsequent flow events that eroded new channel pathways down fan. Field investigations and monitoring will
progress to gather data that will build a model of these complexities. Existing and future imagery such as LIDAR,
InSAR, and conventional aerial photography are being analysed through the use of Point Cloud software to quantify
baseline geomorphic conditions and provide measurements of event-specific changes. Possible future work is:

e The amount of sediment stored in the bedrock channel needs to be quantified. LIDAR and InSAR may allow

more precise calculations so the hypotheses developed can be tested.

e  The amount and location of sediment that is stored on the alluvial fan. The forested nature of this geomorphic
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surface has limited the use of historic stereo photography or new high resolution sUAV photography for this
purpose. LIDAR and InSAR may provide the ability for this purpose.

A sediment budget to determine how much sediment is being produced in which area, where it is being
temporarily being stored, and how much sediment passes through the system.

e The locations where individual mass-wasting and debris-flow events are triggered needs to be determined
with higher spatial and temporal resolution. A time series of such data could potentially be useful to provide
a statistical frequency distribution for occurrences of sediment mobilization, contrast different scales of flow
events, as well as to determine the flow distances contained within this system. An array of field
instrumentation may be useful, such as infrasound acoustic sensors for mass-wasting events and geophones
for ground vibration detection caused by debris flows (after Hurlimann et al. 2003, Abanco et al. 2014,
Havens et al. 2014), and could be calibrated with events documented by the aerial surveys and GPS surveys.
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