QUANTITATIVE ASSESSMENT OF LANDSLIDE RISK IN IVEY
LAKE SUBDIVISION, PEMBERTON, BRITISH COLUMBIA
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ABSTRACT

In the last two weeks of November 2021, a series of hydrogeomorphic events on Jason Creek in the Ivey Lake Subdivision, northeast of
Pemberton, British Columbia, resulted in culvert washout, overland flooding, and sedimentation. This prompted government-mandated
emergency evacuations of eight properties and evacuation alerts for over 50 additional properties. A detailed hazard and risk assessment
of landslide hazards originating in the watersheds above was completed to inform short- and long-term risk management decisions for the
Ivey Lake area by the local government and other key stakeholders. This case study demonstrates the applicability of a range of techniques
including air photo interpretation, lidar and Interferometric Synthetic Aperture Radar (InSAR) analysis, dendrochronology, stratigraphic
analysis including 14C geochronology, and numerical modelling to inform a quantitative estimate of risk to properties on two alluvial fans

transected by Reid Road.

INTRODUCTION

Two atmospheric rivers in British Columbia in November 2021 led to widespread flooding, damage to infrastructure and properties, and at
least five fatalities. Elevated precipitation levels (up to 400 mm two-day precipitation totals) led to slope saturation across impacted areas
(Gillett et al., 2022). With high antecedent moisture, the slopes of the Jason Creek watershed were preconditioned for debris-flow initiation

in response to elevated rainfall in late fall 2021.

Study Area
The study area is located approximately 4 km northeast of Pemberton, BC in the Squamish-Lillooet Regional District (SLRD). Two study
creeks, Jason and Mungye, cross Reid Road in the Ivey Lake Subdivision (Figure 1). They are susceptible to a range of steep creek hazards

(flood, debris flood, debris flow) and rock slope hazards (rock slide, rockfall).

Figure 1. Jason and Mungye creek watersheds in the Ivey Lake area. Study creek watersheds are shown in teal and fans are shown in orange.
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The watersheds are underlain by marine sedimentary and volcanic rocks of the Lower Cretaceous Gambier Group (Riddell, 1992; Schiarizza
& Church, 1996). To the northeast, the Owl Creek fault trends NW-SE, and the deeply incised channels of each creek parallel it. Bedrock
exposed in the creek channels and ravine sidewalls is heavily altered. Outside of the channel, rock is generally hard and jointed forming
blocky talus material. Crosscutting the NW-SE alignment of Owl Creek fault and Jason and Mungye creeks are near-vertical joints oriented

NE-SW. The intersection of the fault and the joints controls rock slope instabilities in the bluffs on the east side of Jason Creek.

Jason and Mungye creeks have similar watershed morphometries and classify as debris-flow basins (Table 1). Classification was verified by

aerial imagery, watershed and fan characteristics, and field observations.

Characteristic Jason Creek Mungye Creek

Watershed area (km?) 178 1.22
Maximum watershed elevation {m) 1440 1440
Minimum watershed elevation (m) 450 500
Watershed relief (m) 990 940
Melton Ratio (km/km) 0.75 0.66
Average channel gradient of mainstem above fan apex (%) 39 32
Fan area (km?) 0.19 0.22
Average gradient at fan apex (%) 23 20
Average fan gradient (%) Above Reid Road 16 16

Below Reid Road 12 17

Table 1. Watershed and fan characteristics of Jason and Mungye creeks.

The study area experiences highly seasonal temperature (-6°C to 27°C on average) and precipitation fluctuations (34 to 180 mm/month on

average) and is typically snow covered in winter months.

Both watersheds are forested with mature trees (>100 years) and large old growth (>250 years). Active and retired logging blocks cover a
small portion of the Mungye Creek watershed. No known landslide activity is attributed to past logging activity in either watershed. Similarly,
there is no known wildfire history within the study watersheds over the period of 1920s to 2020s (BCWS, 2022); however, many historical

fires have occurred in the vicinity of the study creeks and future fires may influence watershed stability.

The watershed and fan complexes of Jason and Mungye have been studied at various levels of detail by numerous firms and practitioners
since 1974; however, no previous studies have included detailed analyses of remote sensing (e.g., lidar and InSAR analysis) or site investi-

gation works (e.g., dendrochronology and stratigraphy from test pits).

HAZARD ASSESSMENT

Methods

We reconstructed the histories of the two fans through a combination of historical records and imagery review (1946 to 2016), dendrochro-
nology, stratigraphy and 14C geochronology from test pits, and InSAR analysis. Twenty tree core samples and six tree slices were collected
from trees with evidence of past debris-flow impact on the two fans. The age of historical debris flows was estimated from impacts to the

tree, namely scars, traumatic resin ducts, and growth reduction, along with tree ring dating.

On Jason Creek, eleven test pits and two natural exposures were examined. On Mungye Creek, four test pits were examined. Excavator test
pitting was conducted in July 2022 with depths of approximately 2-4 m. Test pits were distributed throughout the fan areas. Fifteen carbon

samples from buried paleosols were sent for radiocarbon dating.

TRE Altamira was engaged to analyze Sentinel-1 satellite imagery of the Jason Creek watershed from May 2017 to June 2022. Displacement
in four directions (one-dimensional (1D) line of sight ascending and descending and two-dimensional (2D) vertical and east-west) was

reported.

A best-estimate F-M relationship for each creek was developed using a confidence weighted average of multiple techniques to increase
overall confidence as individual techniques have considerable uncertainty and limitations. The constituent techniques for the debris flow

F-M sediment volume relationships included:
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e  Regional relationship from detailed site-specific F-M relationships for debris flows in British Columbia normalized by fan area using
creeks of similar process type, morphology (watershed area < 6.5 km2, fan area < 1.5 km2), and geologic setting (after Jakob, et al.,
2020)

e  Channel debris yield rates (Hungr et al, 1984) from field-based measurements; and point source landslide volume estimates from a
combination of geomorphic interpretation and engineering judgement.

e  Channel recharge relationship (Bovis & Jakob, 1999) and a watershed with a record of debris flows (Charles Creek, BC) to develop a
scaling factor to estimate sediment volumes for different return periods.

e Interpreted areal extents of past debris flows coupled with deposit depths and ages observed in the test pits (after debris-flow plani-
metric area and volume relationship presented in Griswold & Iverson, 2008).

e Estimate of post-fire debris flow F-M relationship after Gartner et al (2014) with a scaling factor of 0.25 to 0.5 to ac-
count for differences in the geological environment from southern California, where the relationship was developed.
The constituent technique for the debris flood F-M sediment volume relationships was:

e A relationship from a dataset of fluvial sediment transport events in the Swiss Alps (Rickenmann & Koschni, 2010) supplemented with
events from the Bow Valley, Alberta that relates rainfall totals to sediment volume. We derived 24 hr rainfall totals (BC Met Portal)
averaged over four locations in the watershed to account for orographic effects with return period specific climate change-adjustment

based on CMIP5 (16 to 23%) and snowmelt contribution (10%).

Peak discharge of debris flows was derived based on empirical relationships for granular flows (Mizuyama et al, 1992; Bovis & Jakob, 1999).
Peak discharge for debris floods was derived from rainfall-runoff modelling using the Watershed Management Method (BC MOTI, April,
2019) with HEC-HMS (Version 4.9). Climate change adjustment was completed using 24-hour rainfall depths from the BC Met Portal (Met-
Portal v2.2.3) adjusted using data from the PCIC Bias Corrected CMIP5 model, accessed through the IDF CC tool (Simonovic et al., 2015).

Debris-flood bulking (after Jakob et al, 2022) was included to account for debris-flood sediment concentration.

Numerical modelling of debris flows was completed using a combination of DAN-3D (McDougall & Hungr, 2004) for rock slide-triggered
debris flows and HEC-RAS (version 6.2) for precipitation-triggered debris flows and debris floods. Modelling included debris floods and
debris flows with estimated return periods ranging from 20 to 2,000 years. For debris flows, modelling in HEC-RAS was completed in two
phases to account for the coarse front and muddy afterflow and evaluate flow depth, velocity, and impact intensity of each phase. Rheolog-
ical parameters were calibrated using observed deposition extents from 2021, deposits identified from test pitting, and calibrated parameters
from watersheds with similar characteristics. The results were combined into a composite hazard map after the methodology presented in
Jakob et al. (2022).

Results

Historical records suggest at least four debris flows on Jason Creek since 1900 AD (Baumann, 1997). The dates of these events are approx-
imate (1920s, 1950s, 1970, and 1990). Dendrochronological analysis suggests that debris flows have occurred approximately every 12 to 17
years on Jason Creek. There was not sufficient evidence to develop an estimate of frequency from dendrochronology on Mungye Creek.
Due to forest cover, airphotos from 1981 to 2016 did not show evidence of historical debris floods or debris flows on either creek suggesting

that any events that occurred, including those identified from dendrochronology, were small (<500 m?; Brardinoni et al., 2003).

Four main deposit types were encountered in the test pits: 1) matrix to clast supported debris flood gravel, 2) massive, poorly sorted de-
bris-flow diamicton, 3) muddy debris-flow afterflow deposits, and 4) paleosols. Radiocarbon dates on carbon samples collected from pale-

osols ranged from 100 to 8,000 years BP 14c.

An unstable rock mass with evidence of progressive toppling failure was identified in the Jason Creek watershed. Measured InSAR displace-
ment was 3.1 mm/year vertically downwards with a component of movement towards the east at of 2 mm/year (Figure 2). This supports
field observations and geomorphic mapping of displacement of the rock mass. We estimate the unstable mass to be approximately 50,000
m3 with the potential for partial (approximately 15,000 m3) to full detachment. Additional analyses or future monitoring would be required
to evaluate if displacement is increasing over time to a threshold that could indicate failure is likely. In the event of partial or full failure,
the failed volume would travel downslope entraining additional material from the unstable slopes immediately below and the Jason Creek

channel before depositing on the fan surface.
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Figure 2. Ascending InSAR time series of the unstable rock mass on the east side of Jason Creek.
The reconstructed histories of the two study fans can be summarized as follows:

Jason Creek

Small debris flows that were mainly contained within the channel have occurred approximately every 12 to 17 years. A debris flow in 1990
and the 2021 debris flow originated from the same location. Tension cracks above the headscarp of these failures indicate the potential for
future instability. Stratigraphy exposed in channel banks and test pits indicates debris flows have followed the modern channel on the west
side of the fan for approximately 1,200 years with evidence of debris flows approximately every 100 to 500 years. In the central section
of the fan, there is evidence of at least two to three large debris flows (deposit thickness of 0.25 -2 m) in the last 2,000 to 3,000 years. We
interpret these events to be the result of rock slides impacting saturated fault-gouge rich material that transitions into debris flows in the
channel. InSAR results suggest future rock slides are possible, though the frequency and size are not known. No evidence of debris-flow

runout below approximately elevation 380 m was observed.

Mungye Creek
No historic debris floods or debris flows large enough to leave a signature on aerial imagery were observed from 1946 to 2021 (75 years).
A debris-flow occurred approximately 1,200 years ago and deposited material approximately 1.2 to 1.5 m deep in the east side of the fan,

above and below Reid Road, as observed in two of four test pits.

The F-M relationships for the study creeks are shown in Table 2 and Figure 3. The F-M relationship for Jason Creek has a composite curve
to account for two mechanisms 1) precipitation-triggered debris flows that originate in the watershed in response to periods of high rainfall
and antecedent moisture conditions, and 2) rock slide-triggered debris flows that originate in the watershed in response to partial or full

failure of unstable rock masses.

. Jason Creck
Reorosontative | JasonCiesk o

Return Period Sediment Peak Sediment Peak
{years) volume Discharge volume Discharge
{m?) (m?/s) {m?) {m?¥s)
20 4,000 100 | Flood - 2
Debris flood 2 500
50 o 3,000 170 (Type 1) 3
abris -
Debris flood 7.500
200 | flow 13,000 250 (Type 2) g
500 19,000 340 i 14,000 260
Debris flow
2,000 55,000 790 24,000 410

1. Debris flood types afier Church & Jakob (2020)

1. Sediment volumes reported are those amiving st the fan spex and rounded to the nearest 1,000 m® for debris flows and
nearest 100 m” for debris floods.

2. Pesk discharges rounded to the nearest 1 m'/s for fleods and debris floods, and to the nearest 10 m's for debris flows.

Table 2. Best estimate F-M relationships for each study creek
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Figure 3. Best estimate F-M relationship for study creeks. Rock slide-triggered debris-flow volumes were estimated based on partial to full failure of the unstable rockmass in Jason Creek
watershed. The error bars indicate uncertainty in the estimated failure volumes.

The composite hazard map developed from the suite of numerical models completed on both study fans is shown in Figure 4.

Figure 4. Composite hazard map of study area.

RISK ASSESSMENT

Methods

A quantitative assessment of life safety risk, expressed as Annual Probability of Death of an Individual (PDI), was completed for each occu-

pied, residential building based on Equation 1:

PDI; = Z hiS;iTij Vi j
i=1
Where:
e [[PDI)_j is the annual probability of death of an individual from the geohazard at building (j) (years-1)

e h_i is the annual probability of a geohazard scenario (i) occurring (years-1)

e S_(i,j) is the conditional probability that geohazard scenario (i) reaches building (j)
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e T_(i, is the conditional probability a person occupies building (j) during geohazard scenario (1)

e V_(i,) is the conditional probability of fatality at building (j) given impact by the estimated geohazard scenario (i) intensity

e 1 is the total number of geohazard scenarios considered.

We estimated the risk variables based on F-M analyses (h_i), numerical model results (S_(i,)), V_(i,j)), assuming the individual most at risk
spends 90% of their day at the building (T_(,j)), and vulnerability criteria based building damage from debris flows (Jakob, Stein, & Ulmi,
201D).

Results

One property has annual PDI greater than 1:1,000 and four additional properties have annual PDI greater than 1,10:000. These properties
are all on Jason Creek. Debris-flow risk at these properties exceeds levels normally considered tolerable for existing development in other
jurisdictions in Canada (PDI > 1:10,000).

CONCLUSIONS

Jason and Mungye creeks are susceptible to a range of steep creek and rock slope hazards with the potential to damage downstream res-
idential development and road infrastructure. This study demonstrates the applicability of a range of desktop, field, remote sensing, and
numerical modelling techniques to evaluate hazards and risks posed by the creeks in a changing climate. Each of these techniques include
inherent uncertainty and limitations, most notably for the present study is uncertainty in the behaviour of unstable rock masses in the water-
shed. Additional monitoring or repeat evaluation of the slopes could refine the current understanding of the hazards and risks. Based on our
current best understanding, five properties on Jason Creek fan were found to have risk that exceeds levels considered tolerable for existing
development in other jurisdictions in Canada. Any future changes to the watershed, fan surfaces (e.g., mitigation, future debris flows), or

development (e.g., building locations) may change the risk.
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