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Precursory slope distress prior to the 2010 Mount

Meager landslide, British Columbia

Abstract In 2010, the south flank of Mount Meager failed catastroph-
ically, generating the largest (53 % 3.8 X 10° m?) landslide in Canadian
history. We document the slow deformation of the edifice prior to
failure using archival historic aerial photographs spanning the period
1948-2006. All photos were processed using Structure from Motion
(SfM) photogrammetry. We used the SfM products to produce pre-
and post-failure geomorphic maps that document changes in the
volcanic edifice and Capricorn Glacier at its base. The photographic
dataset shows that the Capricorn Glacier re-advanced from a retracted
position in the 1980s then rapidly retreated in the lead-up to the 2010
failure. The dataset also documents 60 years of progressive develop-
ment of faults, toe bulging, and precursory failures in 1998 and 2009.
The 2010 collapse was conditioned by glacial retreat and triggered by
hot summer weather that caused ice and snow to melt. Meltwater
increased pore water pressures in colluvium and fractured rocks at
the base of the slope, causing those materials to mobilize, which in
turn triggered several secondary failures structurally controlled by
lithology and faults. The landslide retrogressed from the base of the
slope to near the peak of Mount Meager involving basement rock and
the overlying volcanic sequence. Elsewhere on the flanks of Mount
Meager, large fractures have developed in recently deglaciated areas,
conditioning these slopes for future collapse. Potential failures in
these areas have larger volumes than the 2010 landslide. Anticipated
atmospheric warming over the next several decades will cause further
loss of snow and glacier ice, likely producing additional slope insta-
bility. Satellite- and ground-based monitoring of these slopes can
provide advanced warning of future landslides to help reduce risk
in populated regions downstream.

Keywords Landslide - Mount Meager volcano - Glacial
retreat - Slope deformation - Historical airphotos

Introduction

Large landslides and debris flows are common on the slopes of active
and inactive volcanoes, and especially those that presently support
glaciers or that have been incised by glaciers and streams in the past.
Although many researchers have examined the relationship between
deglaciation and volcanic eruptions (Rampino et al. 1979; Jellinek
et al. 2004; Huybers and Langmuir 2009; Watt et al. 2013) and
between eruptions and large-scale collapses of volcanic edifices
(Voight et al. 1981, 2002; Siebert 1984; Glicken 1996), investigations
of deglaciation as a mass wasting trigger in volcanic environments
are few; notable exceptions include Holm et al. (2004), Capra (2006),
and Capra et al. (2013), and only recently have researchers begun to
document non-eruptive landslides from presently ice-clad volcanoes
(e.g., Huggel et al. 2007, 2008).

Glaciers can destabilize volcanic edifices in many ways. They
abrade and fracture already weak, highly fractured flows and
pyroclastic deposits and remove support from the base of
oversteepened slopes, changing the stress regime and further
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decreasing their stability (Huggel 2009; McColl et al. 2010; Gramiger
et al. 2017). Water from melting ice easily enters these fractured rocks,
increasing pore water pressure, which in turn causes instability
(Terlien 1998). In active volcanoes, heated fluids also hydrothermally
alter and further weaken host rocks (Reid et al. 2001; Finn et al. 2001;
Pola et al. 2012, 2014; Wyering et al. 2014). Saturated, weakened, and
altered rocks may deform by creep processes (Cecchi et al. 2004; Pola
et al. 2014; Heap et al. 2015; Heap and Wadsworth 2016), inducing
gravitational distress that can culminate in collapse (van Wyk de Vries
and Francis 1997; Cecchi et al. 2004). Large amounts of water may be
stored in the porous and permeable rocks of the volcanic edifice
(Delcamp et al. 2016; Detienne 2016) and, in the event of a deep-
seated collapse of a volcanic flank, can transform a simple rockslide
into a mobile debris avalanche or debris flow (Roverato et al. 2011;
Capra et al. 2013; Delcamp et al. 2016; Roberti et al. 2017).

The Mount Meager volcano (Fig. 1) is a good example of a
volcanic edifice that is susceptible to failure conditioned by the
aforementioned processes. It has been deeply dissected by glaciers
and subject to glacier retreat, leaving steep slopes in volcanic and
basement rocks that have been subject to hydrothermal alteration.
A rich archive of historical aerial photographs (1948, 1964-1965,
1973, 1981, 1990, and 2006) is available to document more than
one-half century of topographic changes caused by gravitational
deformation.

On 6 August 2010, the south flank of Mount Meager failed,
generating a large debris avalanche that traveled down the valleys
of Capricorn and Meager creeks and into the Lillooet River valley
nearly 13 km from the source (Fig. 1) (Guthrie et al. 2012; Allstadt
2013; Moretti et al. 2015). Roberti et al. (2017) describe the deposit
of this landslide and interpret its kinematics and dynamics. Here,
we complement previous studies with an assessment of the source
area of the landslide in the lead-up to the catastrophic failure of
2010. Using high-resolution digital elevation models (DEMs) gen-
erated from aerial photographs, we track both deformation of the
slope and the activity of Capricorn Glacier at its toe over a 62-year
period. Mapping of lithologic units and structures exposed in the
rock slope allowed us to document slow progressive deformation.
We refine the previous volume estimate of the failed rock mass
(Guthrie et al. 2012) and estimate its water content. Merging our
observations of precursory slope distress with the seismic record
of the collapse (Allstadt 2013), we infer a retrogressive failure
sequence. Finally, we discuss the effects of hydrothermal alter-
ation, continuing deglaciation, and groundwater storage on the
stability of the larger Mount Meager volcanic complex, as well as
the factors that condition and could trigger failures in the future.

Context of the Mount Meager failure

The Mount Meager volcano is a partially glacier-covered volcanic
complex located in the southern Coast Mountains of southwest
British Columbia, 60 km northwest of the town of Pemberton (Fig.
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Fig. 1 Location map and geology of Mount Meager volcanic complex (geology after Read 1978). Also shown is the headscarp and deposit of the 2010 landslide, as well as
other gravitational instabilities in the area. Inset map shows the location of Mount Meager in British Columbia (BC) on the west coast of Canada

1). It is a coalescent group of volcanic centers of Pliocene to
Holocene age that have been built on top of Mesozoic granitic
and metamorphic basement rocks (Read 1978, 1990). The last
eruption, from near Plinth Peak, happened about 2400 years ago
and produced a small flow, ignimbrite, and a plume of ash that
reached as far east as the Alberta Rocky Mountains (Clague et al.
1995; Hickson et al. 1999). The volcano comprises a suite of erup-
tive products, including pyroclastic rocks, basalt flows, and
rhyodacite domes (Read 1978, 1990). Parts of the volcanic pile have
been hydrothermally altered, and active fumaroles and hot springs
are present on the flanks of the massif. The area was repeatedly
glaciated by ice caps and the Cordilleran Ice Sheet during the
Pleistocene (Clague and Ward 2011) and presently supports nu-
merous small glaciers. The volcanic and basement rocks have been
deeply dissected by glacial and fluvial erosion and by mass move-
ments, leaving steep slopes and a current local relief of up to
2200 m.

The Mount Meager volcano has been the site of numerous
prehistoric and historic landslides (Friele et al. 2008). The most
recent large landslide, which happened on 6 August 2010, involved
over 50 X 10° m’ of highly fractured and altered volcanic and
basement rocks on the south flank of Mount Meager. The path
height of 2185 m and the maximum path length of 12.7 km yield a
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Fahrboschung (travel angle) of 9.8°. The landslide generated an
equivalent magnitude 2.6 earthquake, and long-period seismic
waves were recorded at stations as far away as southern California
and northern Alaska. Examination of the seismograph records
suggested that the peak velocity of the landslide was 9o m/s and
the collapse occurred retrogressively. Based on the seismic data,
Allstadt (2013) concluded that the primary failure occurred in two
stages separated by about 20 s, followed 40 s later by a smaller
collapse, and finally, about 2 min later, by a fourth and final
failure.

The failed area was partly covered by glaciers at the peak of the
Little Ice Age (ca. AD 1570-1900; Grove 1988; Matthews and Briffa
2005). Much of this ice was lost due to climate warming in the
twentieth and early twenty-first centuries (Bovis and Jakob 2000;
Holm et al. 2004), and today the flanks of Mount Meager are
largely ice-free. The 2010 and other large landslides on the Mount
Meager volcano stem, in part, from glacier erosion and retreat and
attendant stress changes of its unstable slopes (McColl et al. 2010;
Gramiger et al. 2017) and, in part, from the low strength of the
fractured and hydrothermally altered volcanic rocks that underlie
the volcano (Evans and Clague 1994; Holm et al. 2004). Recent
thaw of alpine permafrost also may have contributed to instability
through the loss of ice cohesion and the liberation of water in



near-surface rocks and sediments (Geertsema et al. 2006; Allen
et al. 2009).

Elevated pore water pressures may have triggered the 2010
landslide because it occurred at the end of a lengthy, late summer
heatwave that exacerbated glacier melt and permafrost thaw. The
link between rapid snow and ice melt during hot weather has been
noted in the case of other large landslides at Mount Meager
(Mokievsky-Zubok 1977; Bovis and Jakob 2000; Holm et al. 2004)
and in other alpine areas (Chleborad 1997; Gruber et al. 2004;
Gruber and Haeberli 2007; Harris et al. 2009; Keiler et al. 2010).
Based on this relation, road-building and forestry operations in
the Meager Creek watershed had been suspended before the land-
slide occurred.

Methods

Structure from Motion

Topographic modeling is becoming more accessible and more
widely used due to recent advances in digital photogrammetry
(James and Robson 2012; Remondino et al. 2014; Micheletti et al.
2015; Smith et al. 2015; Kolzenburg et al. 2016). For this study, we
processed digitized historic aerial photographs and digital oblique
photos with the Structure from Motion (SfM) and multi-view-
stereo (MVS) algorithms (Snavely et al. 2008; James and Robson
2012; Westoby et al. 2012; Fonstad et al. 2013; Micheletti et al. 2015)
to produce 3D topographic models from which orthophotos and
DEMs were subsequently created.

A large set of historical British Columbia government vertical
aerial photographs is available for the Mount Meager area with
photo sets from 1947, 1948, 1962, 1964-1965, 1973, 1981, 1990, and
2006. The photographs are available only as paper copies pro-
duced from the original negatives, and many of them are in poor
condition (i.e., deformed by humidity, scratched, or ink-annotat-
ed). In addition, metadata on the camera and flight mission are
not, in all cases, available. It would be difficult, if not impossible,
to process these photos using classic stereo-photogrammetric
techniques. Fortunately, we were able to construct high-quality
orthophotos and digital surface models (DSMs) using Structure
from Motion software.

We processed and analyzed photographs from 1948, 1964-1965,
1973, 1981, 1990, and 2006 to chronicle the evolution of the massif.
The 1947 and 1962 photos were not processed because the area of
interest was covered by clouds in 1947 and by snow in 1962. We
took oblique digital photographs with a single-lens reflex (SLR)
camera during a low-level helicopter flight 23 days after the failure.
Comparison of the DEMs produced from 2006 and 2010 photos
allowed us to refine the estimate of the volume of the failed rock
mass and to compare the source area before and after the land-
slide. We made field observations of the 2010 landslide source area
in 2016 to ground-truth the geology as mapped by Read (1978,
1990) and to map structures in the scar left by the landslide.

Quality assessment

The SfM-MVS workflow generates 3D models in arbitrary object
coordinates. The precision of the model depends on the image
quality and the 3D reconstruction algorithm. The cartographic
accuracy of the final orthophoto and DEM depends on the accu-
racy of the geographic coordinate source used in the
georeferencing process. We scanned all photos at 8oo DPI,

following Linder’s (2009) guidelines. The pixel size of digitized
airphotos depends on the scanning resolution and on the approx-
imate scale factor of the photograph (Supplemental File 1). The
resulting 3D models have reconstruction errors of 0.9-1.8 pixels
and precision of 0.4-1.5 m (Table 1).

When georeferencing scanned images, it is preferable to use
coordinates from a source with high accuracy (ASPRS 2014); a
common approach is to perform a differential GPS field survey.
For this study, it was not feasible to perform such a survey due to
the inaccessibility of much of the source area and danger of rock
falls. Instead, we used georeferenced points on British Columbia
Government standard base maps. Planimetric coordinates were
derived from SPOT 10-m resolution imagery, and elevations were
extracted from the Canada TRIM (Terrain Resource Inventory
Map) DEM (18.3-m average accuracy) (NRCan 2013). We calculated
the overall positioning accuracy based on FGDC (1998) and ASPRS
(2014) recommendations. The resulting horizontal accuracy with
95% confidence (HA 95) is 15-42 m and the vertical accuracy with
95% confidence (VA 95) is 17-63 m (Table 1).

Glacier area errors

We mapped the snout of Capricorn Glacier, which lies at the base of
the failed slope, on each georeferenced orthophoto. Uncertainties in
the mapped extent of the glacier are related to inherent errors in the
base map, errors introduced by manually tracing the margins of the
glacier, and to problems in discriminating ice, snow, and snow-
covered ice. To account for these errors, we buffered the perimeter
of the glacier based on the cartographic precision of the orthophoto.
The uncertainty includes both base map errors and errors related to
ice-margin tracing. The final precision for the glacier area estimates
was calculated as the root of the squared sum of buffer areas
(Diolaiuti et al. 2012; D’Agata et al. 2013). Changes in the area of
the glacier over time are shown in Fig. 2.

Volumetric errors

We compared topography derived from British Columbia
airphotos acquired in 2006 with that derived from the post-
landslide 2010 oblique helicopter photos at a pixel-by-pixel level
to estimate the volume of the failed rock mass. To minimize errors
in this exercise, we co-registered the two surfaces by matching
recognizable points in the 3D models. To assess this error, we
compared the two surfaces in areas where no significant change
would be expected and assumed the same error would be present
where the mass failed (Gardelle et al. 2013). The standard deviation
(0) in the elevation difference is + 6 m. The resulting uncertainty
in the volume estimate is expressed as volumetric variation (ovs)
and is defined by the mean of the formula o, = 0A, where the area
(A) of the failed rock mass is 6.4 X 10> m*. The volumetric error
calculated in this manner is + 3.8 x 10° m3. We estimated the
volume of the 2010 landslide by differencing the 2006 and 2010
DEMs. A small failure from the source area in 2009 had a volume
of about 2-3 x 10> m® (Friele 2009); we did not subtract this
volume from our estimate as it is only a fraction of the calculated
error.

Guthrie et al. (2012) obtained an estimate of the volume of the
2010 Mount Meager landslide of 48.5 x 10° m* by differencing a
pre-event 25-m-resolution TRIM DEM developed from 1987
stereo-photos and a post-event 5-m-resolution DEM derived from
GeoEye stereo imagery obtained in August and September 2010.
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Table 1 Precision and accuracy of the different photo datasets

Pixel size (m/pix) Error pixel (m) Precision (m) VA 95° (m)
2006 0.42 1.15 0.48 32.01 17.17
1990 0.51 0.91 0.46 29.68 23.46
1981 0.65 0.36 0.23 355 16.09
1973 0.43 1.8 0.77 15.15 22.96
1964 1.13 137 1.55 36.52 63.92
1948 0.93 1.14 1.06 12.82 23.00

#HA 95 Horizontal accuracy at 95% confidence
PVA 95 Vertical accuracy at 95% confidence

They did not clearly state the potential error in the estimate, but it
is likely * 15%, or * 7.27 X 10° m® (Moretti et al. 2015), given that
the pre-event DEM had a resolution of 25 m (Guthrie et al. 2012).
Other uncertainties in the volume estimate stem from the fact that
landslides in 1998 and 2009 affected the source scarp between the
1987 photo date and the 2010 landslide.

Results

Glacier change

Glaciers in the southern Coast Mountains began to retreat significantly
from their Little Ice Age maximum positions shortly after the start of the
twentieth century (Koch et al. 2009). There was a short-lived re-advance
of most glaciers in British Columbia around the middle of the century.
Between 1948 and 1973, Capricorn Glacier area increased at an average
rate of 3 X 10> m*/year. The average rate increased to 28 x 10> m*/year
between 1973 and 1981. Soon thereafter, the glacier again began to
retreat. It retreated at an average rate of area loss of 31 X 10° m*/year
between 1981 and 1990, and of 12 X 10®> m*/year between 1990 and 2006.
By 2006, the glacier had retreated past the base of the slope that would
fail in 2010, and only a patch of debris-covered ice remained.

Pre-event flank conditions, 1948-2006

Prior to the 2010 landslide, the south face of Mount Meager extended
from 1700 m a.s.l. at its base in upper Capricorn Creek to 2550 m a.s.l.
at the summit peak. We subdivide this face into two areas (Fig. 3).
The upper portion, leading to the peak, was nearly vertical with rock
cliffs and pinnacles; the lower portion, formed in fractured rock and
covered in part by colluvium, had a convex glacially undercut profile
(red line in Fig. 4). These two parts of the face were separated by

normal faults (Fig. 3). Faults further subdivided the lower portion of
the face into west (W) and east (E) sectors. The W sector was
bordered by a fault striking W-E and dipping south; it intersected
the slope at about 2050 m a.s.l. The E sector was bordered by a fault
striking NW-SE and dipping southwest; it intersected the slope at
about 2200 m a.s.l. The base of the unstable area was located at about
1700 m a.sl. at the Little Ice Age trimline of Capricorn Glacier.
Between 1948 and 2006, displacements increased along normal faults
and the density of faults increased (Fig. 3) as the toe progressively
bulged (Fig. 4). This progressive deformation led to the landslides in
1998 and 2009 (Fig. 3f).

The sequence of changes in the slope that would fail catastroph-
ically in 2010 is as follows:

® 1948. Faults that delineate the W and E sectors are present. The W
sector is well defined, but it is not internally dissected by minor
faults. The bounding fault in the E sector is present but does not
appear connected to its counterpart in the W sector. Snow covers
the toe of the slope, obscuring detail in that area (Fig. 3a).

® 1964-1965. Minor faults have developed in the W sector. The
west side of the toe shows widely spaced faults (Fig. 3b), and
the east side is dissected by three deep gullies.

® 1973. The west sector of the toe has bulged, and a large volume of
colluvium and fractured and altered rocks (~ 1.5 x 10° m?) on the
east side of the toe has been removed by erosion (Fig. 3¢).

® 1981. The area is mostly covered by snow, obscuring morpho-
logical and structural detail (Fig. 3d). Minor faults probably
continued to propagate, and rock continued to degrade.

® 1990. Fractures in the W sector are wider, and the toe has
further deformed and eroded (Fig. 3e).
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Fig. 2 Change in extent of Capricorn Glacier over the period of the photographic record. Note the re-advance of the glacier that culminated around 1981, followed by

rapid retreat to the present. Error bars are shown in black
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Fig. 3 Maps of the headscarp area of the 2010 landslide from 1948 to 2006. Locations of the margin of Capricorn Glacier through time, the outline of the 2010 headscarp,
and faults are shown. a 1948: Major faults are already present. b 1964—1965: Diffuse deformation at the toe of the slope. ¢ 1973: A large portion of the slope toe (~ 1.5 X
10° m?) has been removed by erosion, and major and minor faults have expanded. d 1981: Snow covers most of the area. Capricorn Glacier is at its maximum twentieth
century extent. e 1990: Diffuse deformation and some bulging at the toe of the slope. f 2006: Diffuse deformation, bulging, the scar of the 1998 landslide, and the source
area of the 2009 event

® 2006. Four years before the catastrophic collapse, the fault
delineating the W sector has accumulated 10-40 m of

A A

m.a.s.l. Fault scarp development — 5010 displacement, decreasing eastward. The bounding fault of
2200 — 2006 the E sector has up to 15 m of displacement. The toe area

' l 1990 includes the headscarp of the 1998 landslide (Bovis and
2,100 ) =1e Jakob 2000) and is marked by horst and graben structures
2,000 BUIFmg (Figs. 3f and sa).
1,900
1,800 2010 collapse
1.700 The 2010 failure involved the entire edifice sequence from the

0 100 200 300 400 500 600 700 800 900 m Pasement to the6 ridge crest..The estimated volume of the Cf)llapse

is 53 * 3.8 X 10° m’. We estimated sector volumes by parsing the
Fig. 4 Topographic cross-sections of the flank of Mount Meager in 1948, 1990, ~slope using mapped faults: 24.6 x 10° m® for the W sector,
2006, and 2010. Note major faulting, sagging, and bulging of the toe of the slope  13.8 X 10° m? for the E sector, 9.0 x 10° m? for the portion above
in the lead-up to the 2010 landslide. Arrows show relative directions of motion the W sector, and 5.6 x 10° m? for the rock peak.
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The detachment surface is a step-shaped amphitheater with a
steep upper section (60-90°) that is 200 m high on the east and a
less steep (5-40°) lower portion. The lower basal sliding surface is
located within igneous basement rocks judging from the position of
adjacent basement outcrops outside the scar (Fig. 5b). Rocks in-
volved in the failure are, from top to bottom, an intrusive rhyodacite
plug, block and ash layers, volcanic breccia, and quartz diorite
basement (Fig. 5b). The volcanic rocks are part of the Capricorn
(0.09 Ma) and Plinth (0.1 + 0.02 Ma) assemblages of Read (1978,
1990). The rhyodacitic plug forms the peak of the mountain; the
other units are present on the lower portion of the scar and are now
partly covered by talus (Fig. 5b).

1. Intrusive rhyodacite plug (unit Poi of Read 1978). This unit is
pervasively fractured, with meter-scale steep columns and hor-
izontal fractures. Parts of the unit display ochre-colored hy-
drothermal alteration.

2. Block and ash layers. Read (1978) mapped this unit as
rhyodacitic lava flows (unit Pof). However, no lava flows are
evident in the scar and the surrounding area. Rather, block

and ash layers form a carapace surrounding the intrusive plug.
The layers have thicknesses of several meters and dip 30-40°.

3. Volcanic breccias (unit P8x of Read 1978). These basal breccias
are fractured and hydrothermally altered.

4. Quartz diorite (unit Mqd of Read 1978) unconformably under-
lies the volcanic sequence. The contact was covered by debris
soon after the 2010 landslide, but it can be seen at the margins
of the scar (Fig. sb). Lithological analysis of the landslide
deposit by Roberti et al. (2017) showed that it contains ~ 20—
30% basement rock, some hydrothermally altered.

The lower part of the source slope has been intensively hydro-
thermally altered. Moving upward in the sequence, the block and
ash layers are relatively fresh and the rhyodacite plug is only
locally altered.

Meteorological trigger
Landslides at Mount Meager in 1975 and 1998 occurred during hot
weather in late July and early August, respectively (Fig. 6;
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Fig. 5 a Flank of Mount Meager 4 years before the collapse in 2010 (modified from Delcamp et al. 2016), showing the headscarp of the landslide, failure domains,
directions of collapse, faults, and the terminus of Capricorn Glacier. (1) First failure: direction of movement 191°; volume 24.6 x 10° cm?. (2) Second failure: direction of
movement 217° volume 13.8 x 10° m>. (3) Third failure: direction of movement mainly vertical; 40 s after the two main failures; volume 9.0 x 10° m>. (4) Fourth failure:
direction of movement mainly vertical toward the SE; 2 min after the third failure; volume 5.6 x 10° m>. Movement directions and timing from Allstadt (2013). b Headscarp of
2010 landslide after the collapse (modified from Delcamp et al. 2016), showing bedrock units described in the paper. ¢ Pre-and post-failure cross-sections of the source area.
m.a.s.l. meters above sea level
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Mokievsky-Zubok 1977; Bovis and Jakob 2000). Given this history,
summer temperatures and precipitation are now monitored to con-
trol operational shutdowns at work sites around the volcano (Friele
2012). In September 2009, a landslide destroyed the road crossing at
Capricorn Creek (Friele 2009). In 2010, work undertaken to repair
the crossing was shut down due to a sustained heatwave in late July
and early August. The 6-day running mean of daily maximum
temperatures recorded by an automated station near the mouth of
Capricorn Creek exceeded 28 °C from July 18 to August 5, just prior
to the catastrophic failure. Maximum temperatures peaked between
July 24 and 31, when the 6-day running mean exceeded 32 °C (Fig. 6).

Water in the source rocks
Immediately after the 2010 collapse, abundant water was observed
issuing from the scarp and accumulating in a pond at its west edge.
Seepage continued in the days following the landslide (Delcamp et al.
2016). The largest visible spring was on the west side of the headscarp
at about 1800 m a.s.l,, near the source of the failures in 1998 and 2009.
A small glacier and permanent snow field about 500 m above and to
the northwest of this spring may have fed water into the slope. Seepage
was also observed on the east side of the scar at about 2100 m a.s.l., fed
by the glacier sitting on the other side of the ridge crest. At the same
elevation, just outside of the scar, springs in the block and ash flow
deposits marked the local water table. Above this level, the upper
portion of the slope is highly fractured and likely well drained.
Based on the locations of the seepage zones in the scarp, we
estimate that at least 40% of the rock mass that failed (21 x 10° m?)
contained abundant water. Altered and fractured volcanic rocks
can store up to 30% water by volume (Delcamp et al. 2016), leading
us to estimate a maximum 6 x 10° m® of water was released from
the rock mass upon failure.

Discussion

Glacier activity

The activity of Capricorn Glacier between 1948 and 2006 is con-
sistent with that of other glaciers in the southern Coast Mountains
(Koch et al. 2009). In spite of brief advances between the 1950s and

1970s, most small glaciers in this region have lost about half of
their mass since the end of the Little Ice Age (Bovis and Jakob
2000; Holm et al. 2004; Koch et al. 2009). Capricorn Glacier loaded
and then unloaded the south flank of Mount Meager. It eroded
rock from the toe of the slope, while water from glacier and snow
melt penetrated the volcanic rocks of the massif.

Progressive failure

Major faults that controlled the 2010 failure were already present
in 1948. In the following years, displacements on these faults
increased and an array of minor faults appeared, accompanied
by bulging and precursory collapses at the toe of the slope (Fig. 4).
The bulging toe was eroded by meltwater, further destabilizing the
slope above. Bulging of the toe increased rock damage and likely
fractured rock bridges along the future failure plane, reducing the
overall factor of safety.

The detachment surface and the failure sequence were structur-
ally controlled. The basal sliding surface projects to the thalweg of
the glacially eroded Capricorn Creek valley. The base of this detach-
ment includes volcanic breccia and basement rock. Rocks in the
lower portion of the sequence are altered and saturated. The forma-
tion of a pond at the toe of the failed rock mass immediately after the
event (Delcamp et al. 2016) indicates that rocks along the basal
sliding surface had low permeability. It seems likely that at least part
of this surface followed a boundary between altered, fractured base-
ment rocks and less permeable, less fractured basement rocks.

The failure sequence consisted of four phases. The initial failure
involved the fault-bounded W and E sectors of the lower part of
the slope (Fig. 5a). Failure of the W and E rock masses generated
the two initial pulses recorded by seismographs. Allstadt (2013)
extracted the directions taken by the failing rock masses from the
seismic records. The direction of the first pulse was 191°% we
interpret this to record failure of the W sector, which was con-
trolled by a W-E-striking, S-dipping fault. The direction of the
second pulse, which immediately followed the first, was 217° we
interpret this to record the failure of the E sector, controlled by the
NW-SE-striking fault system. Volumes calculated from the geom-
etry of the faults indicate failures of 24.6 X 10° m? in the W sector
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and 13.8 X 10° m® in the E sector (Fig. 5). This result differs from
estimates derived from numerical modeling (Moretti et al. 2015),
which yielded 14 x 10° m? and 27.5 X 10° m?, respectively, for the
first and second stages of the landslide. We believe our estimates
are valid as they are based on observed structures, rather than
calibration from a numerical model.

The two primary failures left the upper part of the edifice
unsupported, leading to a third failure above the W sector, which
we estimate to have had a volume of 9.0 X 10° m? Two minutes
later, the fourth and final phase involved collapse of the unsup-
ported secondary peak, with a primarily vertical fall toward the SE
(Allstadt 2013). A change in slope divides the secondary peak into
two rock masses with individual volumes of about 2.8 x 10°® m’
(Fig. 5a). Separate, although nearly contemporaneous, failure of
these rock masses supports Allstadt’s (2013) inference that this last
phase consisted of two sub-failures. Our estimate of the total
volume of the fourth event (5.6 x 10° m?®), however, differs sub-
stantially from Allstadt’s estimate (0.3 X 10° m?), which is based on
the magnitude of the generated force derived from seismic data.

Lithological zoning in the source area is replicated to some extent
in the landslide deposit, i.e., the deposit exhibits remnant stratification
(Voight et al. 1981; van Wyk de Vries et al. 2001; Valderrama et al. 2016).
Highly altered rocks are found at the base of the scarp, consistent with
the abundance of these rocks in the distal debris. In contrast, the peak

I"--

Fault

consists of an intrusive volcanic unit, which dominates the debris at
the mouth of Capricorn Creek (Roberti et al. 2017).

Causes and failure mechanism

Granitic and metamorphic rocks underlie Capricorn Creek valley
and some of the adjacent lower slopes. Volcanic rocks unconform-
ably overlie these basement rocks and are covered in many places
by snow and ice. The condition of the basement is not known at all
sites, but judging from exposures at the head of Capricorn Creek,
these rocks are likely to be fractured and altered for some distance
below the volcanic contact. The presence of weak rocks at the base
of the volcano can have a strong destabilizing effect (van Wyk de
Vries et al. 2001; Cecchi et al. 2004; Detienne 2016), and large
volumes (> 5 x 10° m?) of rock can undergo gravitational damage
and displacement (Kilburn and Petley 2003).

Inflow of meltwater during the warm summer of 2010 likely
elevated pore water pressures beneath the steep south slope of
Mount Meager. The reduction in effective stress, coupled with the
progressive removal of support at the toe by erosion and fractur-
ing induced by slow deformation, brought the slope to catastroph-
ic failure (two loud cracks heard by the witnesses; Guthrie et al.
2012). The weight of the overlying stratigraphic sequence pushed
out the basal breccia and basement units, leading to the collapse of
the slope above. The first force generated by the collapse had a mainly

[ Glacier

Fig. 7 Continuing instability on the Mount Meager volcano. a East flank of Devastation Creek valley. b West flank of Plinth Peak. ¢ West flank of Affliction Creek valley
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horizontal orientation and a slow initial acceleration of 0.39 m/s*
(Allstadt 2013). The large amount of water expelled from the moving
rock mass (up to 6 X 10° m?) generated a debris avalanche with a water-
rich front and water-poor core (Roberti et al. 2017).

The slow initial acceleration, large volume of the failure, and pres-
ence of hydrothermally generated clays and fluids fit the slow, self-
cracking model proposed by Kilburn and Petley (2003). Large cata-
strophic collapses are generally preceded by a period of accelerating
deformation due to internal fracturing that is enhanced by the presence
of fluids (Kilburn and Petley 2003). Hence, in the case of the 2010
Mount Meager failure, there was no singular distinct triggering event,
but rather a combination of destabilizing factors, including the long
summer heatwave that contributed, over time, to the collapse. The
increase in the number and size of faults and the precursory failures at
the toe of the slope in the years prior to the landslide suggest that slow
acceleration could have been detected using monitoring methods such
as photogrammetry, LIDAR, InSAR, in-situ strain meters, or GPS. If so,
it might have been possible to predict the approaching failure by
extrapolating the linear inverse-deformation rate trend (Kilburn and
Petley 2003; Rose and Hungr 2007; Carla et al. 2017; Loew et al. 2017).

Alpine glaciers around the world are receding due to climate
warming (Liggins et al. 2013). In many mountain ranges, most
glaciers will disappear by the end of this century (DeBeer and
Sharp 2007; Schiefer et al. 2007; Clarke et al. 2015). Glacier retreat
will further destabilize steep slopes (Evans and Clague 1994;
Huggel et al. 2013) and provide an additional source of water for
elevating pore pressures within unstable rock masses, both of
which can cause marginally stable slopes to collapse.

Evidence of deep-seated gravitational deformation is widespread on
flanks of Mount Meager volcano (Bovis 1990; Read 1990; Jordan 1994;
Van der Kooij and Lambert 2002; Roberti et al. 2015). Examples are
shown in Fig. 7 and include the eastern flank of Devastation Creek
valley (Fig. 7a), the western flank of Plinth Peak (Fig. 7b), and the
western flank of Affliction Creek valley (Fig. 7c). Many of these slowly
deforming slopes have retreating glaciers at their toes. The 1931 and
1975 Devastation landslides (ca. 3 x 10° m?, Carter 1932; and ca.
26 X 10° m? Mokievsky-Zubok 1977; Fig. 7a) are examples and may
represent similar precursors of a larger flank collapse like the 2010
failure. The estimated areas of instability are 3.6 x 10° m” at Devastation
Creek, 2.7 x 10° m* at Plinth Peak, and 1.3 X 10° m?* at Affliction Creek.
Assuming an average depth of failure of 100 m for these gravitational
slope instabilities (Kilburn and Petley 2003), volumes of potential
future failures are in the range of 3.6 X 10° m? 2.7 x 10® m’, and
1.3 x 10° m? for Devastation Creek, Plinth Peak, and Affliction Creek,
respectively. Volcanic landslides of this size could travel tens of kilo-
meters downstream and potentially impact settled areas in Pemberton
Meadows (Friele and Clague 2004; Simpson et al. 2006). The continu-
ing deformation of these large sagging rock masses can be monitored
and used to forecast their possible catastrophic failure. Given that the
risk of injury and death downstream has been deemed unacceptable by
international standards (Friele et al. 2008), it would seem prudent to
implement slope displacement monitoring at Mount Meager.

Conclusion

The south flank of Mount Meager experienced deep-seated grav-
itational deformation for decades prior to its final catastrophic
collapse in August 2010. We have documented pre-event progres-
sive deformation of the slope using historical vertical airphotos to

provide insight into the causes of the collapse. In particular, we
draw the following conclusions:

1. After substantial retreat in the early twentieth century, Capri-
corn Glacier advanced between 1948 and 1981 and then rapidly
retreated from 1990 to 2006.

2. Major gravitationally generated faults were already present in
1948. They continued to develop, and other cracks formed at
the toe of the slope, manifested by sagging and bulging, until
the time of the landslide.

3. Lithologies involved in the collapse are, from bottom to top,
hydrothermally altered basement rocks and volcanic breccias,
block and ash deposits, and rhyodacitic intrusive rocks.

4. The 2010 collapse involved the entire volcanic edifice from the
basement to the top of a secondary peak. The collapse started
with failure of the basement and basal breccia units. The
remaining unsupported block and ash deposits failed next,
followed by the intrusive rocks at the peak.

5. The rock mass that failed in 2010 was partially saturated with
about 6 X 10° m> of water. Immediately after collapse, this
water was available to transform the landslide into a highly
mobile debris avalanche with multiple rheologies.

6. The volume of 2010 failure is 53 * 3.8 X 10° m>. This volume is
a refinement of a previous estimate and confirms that the
event is the largest historic landslide in Canada.

7. Volcanic rocks at Mount Meager had been weakened by hydro-
thermal alteration and by fracturing caused by deep-seated grav-
itational deformation. The flank was also weakened by glacial
cycles and left unsupported by glacier retreat and toe erosion.
The increase in pore water pressures resulting from ice and snow
melt during the warm summer of 2010 triggered the landslide.

8. Other very large (> 100 X 10° m?), slowly deforming instabil-
ities are present on Mount Meager volcano. The same
destabilizing factors at play in the lead-up to the 2010 landslide
are likely to accelerate ongoing deformation and cause more
large landslides. Using the event sequence documented here,
and with dedicated monitoring, deformation can be tracked
and catastrophic failures forecast. Volcanic landslides of this
volume can impact populated areas down-valley, resulting in
an unacceptable level of risk. We recommend the implemen-
tation of slope displacement monitoring at Mount Meager.
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