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Abstract The edifice of Yate volcano, a dissected strato-
cone in the Andean Southern Volcanic Zone, has experi-
enced multiple summit collapses throughout postglacial
time restricted to sectors NE and SW of the summit. The
largest such historic event occurred on 19th February 1965
when ∼6.1–10×106 m3 of rock and ice detached from
2,000-m elevation to the SW of the summit and transformed
into a debris flow. In the upper part of the flow path,
velocities are estimated to have reached 40 m s−1. After
travelling 7,500 m and descending 1,490 m, the flow
entered an intermontane lake, Lago Cabrera. A wavemaker
of estimated volume 9±3×106 m3 generated a tsunami with
an estimated amplitude of 25 m and a run-up of ∼60 m at
the west end of the lake where a settlement disappeared
with the loss of 27 lives. The landslide followed 15 days of
unusually heavy summer rain, which may have caused
failure by increasing pore water pressure in rock mechan-
ically weathered through glacial action. The preferential
collapse directions at Yate result from the volcano’s
construction on the dextral strike-slip Liquiñe-Ofqui fault
zone. Movement on the fault during the lifetime of the
volcano is thought to have generated internal instabilities in
the observed failure orientations, at ∼10° to the fault zone

in the Riedel shear direction. This mechanically weakened
rock may have led to preferentially orientated glacial
valleys, generating a feedback mechanism with collapse
followed by rapid glacial erosion, accelerating the rate of
incision into the edifice through repeated landslides. Debris
flows with magnitudes similar to the 1965 event are likely
to recur at Yate, with repeat times of the order of 102 years.
With a warming climate, increased glacial meltwater due to
snowline retreat and increasing rain, at the expense of snow,
may accelerate rates of edifice collapse, with implications
for landslide hazard and risk at glaciated volcanoes, in
particular those in strike-slip tectonic settings where
orientated structural instabilities may exist.
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Introduction

A major hazard posed by many volcanoes is that of edifice
collapse, generating landslides and associated phenomena
on a range of magnitudes and timescales. Such events have
been documented at several Pleistocene–Holocene Chilean
volcanoes (Sepúlveda et al. 2006), the dominant cause
usually being massive slope failure unrelated to volcanic
activity rather than explosive edifice destruction (e.g. Siebert
1984). External triggers implicated in non-volcanogenic
collapses include earthquakes (e.g. Davis and Karzulovíc
1963; Scott et al. 2001) and extreme rainfall (Iverson 2000),
commonly acting on rocks previously weakened through
hydrothermal alteration. In this paper, we document recent
examples of partial edifice collapse at a volcano in the
southern Andes of Chile. We show how events may have
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been conditioned by the tectonic setting—the close spatial
association with an active strike-slip fault system—and we
place these events in the context of the continuing post-
glacial evolution of volcanic edifices in southern Chile.

Yate volcano

Yate is a compound volcano situated at 41.8° S in the
Andean Southern Volcanic Zone on the Hualaihué penin-
sula, Chile (Fig. 1). The north–south trending Yate complex
comprises bedded Pleistocene lavas and pyroclastic rocks
overlying a Plio-Pleistocene volcanic basement. Together
with the west–east trending Cordillera Pululil/Candelaria
ridges (Fig. 1), this forms a cruciform edifice with a basal
diameter of 20 km. The structure is glacially eroded, but
has grown through Holocene effusive activity. Although
there are no records of historical volcanic activity at Yate,
we have found tephrochronological evidence for minor
postglacial explosive eruptions. The edifice lies on the
regional dextral strike-slip Liquiñe-Ofqui fault zone
(LOFZ) which extends for over 1,000 km along the
volcanic arc of southern Chile (Cembrano et al. 1996;
Fig. 1).

South of Yate, a glacially sculpted valley marks the course
of the LOFZ (cf. Cembrano et al. 1996). Within this valley,
the Holocene volcano Hornopirén forms an elliptical cone,
blocking drainage southwest of Yate to form the Lago
Cabrera basin. A lake is likely to have formed here following
early Holocene eruptions of Hornopirén, with subsequent
eruptions producing a narrower and deeper basin. The
present-day lake has an area of approximately 5 km2 (Fig. 2).

Deglaciation proceeded rapidly at these latitudes at the
end of the last glaciation and was nearly complete by
12,300 14C yr BP (Heusser 2002). The summit ridge of
Yate still supports glaciers, with a snowline at ∼1,500 m.
Aerial photographs indicate significant snowline retreat in
recent decades, a feature that has been widely recognised in
the southern Chilean Andes (Carrasco et al. 2005).

Past landslides at Yate

Destruction of Yate’s summit by successive collapses
probably began soon after the end of the last glaciation.
Debris flows, originating from rockfalls high on the flanks
of Yate, have formed fan deposits at the east end of Lago
Cabrera, SSW of the summit, and at Llanos del Yate to the
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Fig. 1 Main panel: Topography
of Yate volcano and the
surrounding area, showing the
approximate line of the
Liquiñe-Ofqui fault zone
(LOFZ), on which the volcanoes
Yate and Hornopirén lie. Also
shown are the extent of damage
and deposition caused by debris
flows from the NNE and SSW
summit areas in A 1870 and
1896 (Hauser 1985) and B 1965
and 2001. Upper right: Shaded
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NNE (Fig. 1), extensively modifying local topography.
Landslides originate from horseshoe-shaped collapse scars
NE and SW of Yate’s summit area. The resultant mass
movements are modified and controlled by local topogra-
phy and consist of volcanic rock and ice; they are best
classified as volcanic debris flows. Historical records
suggest that most of the fan material was emplaced during
large individual events, four of which have occurred since
1870 (Flash 1965; Hauser 1985; El Mercurio 2001).

Major collapses NNE of Yate occurred in 1870 and 1896
(Fig. 1; Hauser 1985), with debris following the Rio Blanco
to the coast at Llanos del Yate. Here, deposits from the two
events cover an area of ∼25 km2 and blanket a region of
gentle topography. The extent of the fan at Llanos del Yate
and the scale of the collapse scars at Yate’s summit suggest
that such landslides have been frequent throughout post-
glacial time. Debris flows occurred SSW of Yate in 1965
and 2001. The deposits are confined to the Lago Cabrera
area (Fig. 2) and form the hummocky outflow of the El
Derrumbe valley. This name, meaning landslide, was given
to the valley prior to 1965 and suggests local awareness of

the instability of Yate’s summit. The El Derrumbe debris
fan has built westward and upward over time, modifying
and raising the lake shoreline. Here, we examine in detail
the largest recorded landslide from Yate’s SW sector, which
occured in 1965. We investigate the immediate and long-
term factors that give rise to repetitive mass-wasting events
at Yate in an effort to estimate the frequency and character-
ise the scale of this type of event. In particular, we focus on
the role of glacial erosion and deglaciation and show how
the pattern of edifice collapse is consistent with a model of
volcano deformation by the underlying strike-slip LOFZ.

The 1965 Yate landslide and Lago Cabrera tsunami

The most catastrophic historic landslide at Yate occurred in
1965 when a mass of rock and ice detached from SW of
Yate’s summit. The failed material was transported south
down the confined El Derrumbe valley, and its runout and
super-elevation behaviour is consistent with rapid transfor-
mation into a saturated debris flow, which incorporated
debris from below the collapse scar and entrained vegeta-
tion along its path. Unfortunately, its remoteness and
inaccessibility due to dense forest meant that close
examination of the deposit was not possible, limiting our
interpretations of the failed rock body and the proportions
of entrained material. Whilst the flow regime cannot be
directly ascertained, comparison may be made with debris
flow deposits NE of Yate. Here, the two historic events
formed saturated debris flows with long run-outs, altering
the course of the Rio Blanco on the Llanos del Yate debris
fan (Hauser 1985). The deposits are poorly sorted mixtures
of rock, ash, sand, soil and vegetation, but lack fine
material and mud, with clasts of up to 7-m diameter
(Hauser 1985). Deposits SW of Yate contain boulders of up
to 2-m diameter and form mounds and hollows on length
scales of ∼10–30 m, although some of this relief may be
inherited from older debris fan deposits. The scale of these
features is similar to the deposits NE of Yate. Hollows
within the deposit suggest that large ice blocks were
present, analogous to the ‘kettles’ observed by Hauser
(1985) at the Llanos del Yate and described from many rock
and ice collapse deposits (e.g. Branney and Gilbert 1995;
Clavero et al. 2002). Thus, morphological evidence, from
photographs and from field examination using binoculars,
suggests that deposits SW of Yate are comparable to those
produced by the saturated debris flows NE of the summit,
which originated from landslides in the same lithologies
and travelled similar courses.

Part of the debris flow entered Lago Cabrera, generating
an impulse wave, the effects of which are still clearly
visible around the lakeshore. Here, we use field observa-
tions, eyewitness interviews and aerial images from 1960

Cord
i l l

e r a
Pu lu

l i l

Hornopirén
volcano 10

00
10

00

500500

50
0

50
0

10
00

10
00

10
00

10
00

1500
1500

Collapse
source

E
l D

er
ru

m
beLaguna

Las Vacas

Lago
Cabrera

pre-1965
lake area

1965 trimlines
and deposition

575m

Extent
of complete
destruction

Site of
settlement

2001
deposit limit

2000m2000m

Observed
outflow

Extensive pre-1965
debris fan

0 1 2 km

N

Fig. 2 Map of the SW sector of Yate volcano and Lago Cabrera
showing the extent of major historic debris flows, the change in
shoreline of Lago Cabrera following the 1965 landslide, debris flow
and tsunami and the principal area of destruction due to the tsunami.
Dashed boxes show the position of the aerial photo detail in Figs. 4c
and 6

Bull Volcanol (2009) 71:559–574 561



and 1982 to analyse this event. The smaller 2001 debris
flow followed a similar course, partially covering the 1965
deposits. There is no evidence to suggest that it reached
Lago Cabrera, though it killed 50 cattle in the lower El
Derrumbe valley (El Mercurio 2001). The unvegetated
2001 deposit covers about one third of the 1965 subaerial
deposit, primarily on the south side of the lower El
Derrumbe valley. The 2001 flow left fresh vegetation
trimlines in the upper El Derrumbe, but due to the lack of
aerial photography following this event, we are unable to
locate the source or quantify the scale of this event.
Ground-based observations and 1982 aerial photographs
suggest that the 2001 debris flow did not originate from the
same part of the summit region as the 1965 landslide.

Accounts and observations

In the early morning of 19th February 1965, a landslide
resulting from a collapse SW of Yate’s summit produced a
debris flow that travelled down the El Derrumbe valley and
entered the northeast end of Lago Cabrera (Fig. 2). Farm
buildings, sited on the fan at this end of the lake, were
buried without trace. The debris flow overran older
vegetated deposits and entered the lake, extending the pre-
event shoreline westward by up to 250 m. The surface of
the 1965 flow deposit is uneven and variably vegetated, and
its upper part is now buried under the 2001 deposit.

An impulse wave, generated as the debris flow entered the
water, travelled the length of Lago Cabrera, running up over
gently sloping land bordering the southwest corner of Lago
Cabrera (Figs. 2 and 3). Here, three farmhouses were
destroyed, and 27 inhabitants were killed (Flash 1965).
Eyewitness accounts (Appendix 1) record just one wave,
synchronous with the first noise, possibly followed by a
second loud sound. Land along the lake shorelines, and

particularly in the populated southwest corner, was scoured
of vegetation, including mature coigüe forest, up to 35–40 m
above the present shoreline (Fig. 4a–c). The debris entering
the lake included rock, snow and ice, but the damage around
the lake was caused entirely by the water wave, which
deposited only 20–30 cm of fine mud at the west end where
it ran inland. This deposit is preserved below felled tree
trunks and contains intraclasts (Fig. 4d), with rare angular
lithic fragments that increase in frequency and size (up to a
few centimetre in diameter) towards the shoreline.

The Lago Cabrera shoreline was altered by the 1965
landslide (Fig. 2). An eyewitness estimated an increase in
water level of 6 m immediately following the event, but
aerial photograph analysis suggests a change of 10–15 m.
The deposit blocked drainage at the northeast end of the
lake, forming Laguna Las Vacas, with surface area
0.45 km2 (CONAF 2007). A drowned forest is still evident
at the shallow north end of this lake.

Analysis of the 1965 debris flow and tsunami

We have estimated the scale of the 1965 events from aerial
photographs, maps and field measurements and have
attempted to quantify the scale of the subsequent tsunami
in Lago Cabrera, primarily to assess the approximate
wavemaker volume (i.e. the volume of the submerged
deposit). Estimates of lake bathymetry and the extent of the
submerged deposit are poorly constrained, and the sensi-
tivity of results to these uncertainties are discussed in the
following sections. Results should be regarded as semi-
quantitative, but are made in an effort to constrain the
parameters relevant to the 1965 landslide.

Four regions relating to the landslide and tsunami are
defined for the following section (Fig. 5): the collapse
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source, the upper El Derrumbe valley, the lower El
Derrumbe valley and debris fan, and the submerged deposit
and Lago Cabrera.

The collapse source

Aerial photographs from 1961 show debris trails on the
upper slopes of Yate, indicating active erosion of steep
slopes below the crags (Fig. 6). Similar features are seen on
the 1982 images, and at the present day the snow below the
higher cliff faces is littered with fallen rock.

Detailed examination of aerial photographs bracketing the
1965 landslide indicates a collapse source near the summit
ridge of Yate (Fig. 6) in a southward-opening amphitheatre-
shaped depression. This feature is likely to be the result of
previous collapses, coupled to some degree with subsequent
glacial erosion. Collapse occurred in two main areas, one on
each side of this depression, across a maximum E–W width
of 1.3 km. All of the material removed in the collapse

entered the El Derrumbe valley through a narrow (∼400 m)
opening at the head of the valley.

A deep-seated landslide, generated on the east side of the
depression, left a subvertical cliff, with a headscarp breadth
of 700 m. The shape and scale of this cliff face has been
reconstructed by ground-based photogrammetry (PicWorks,
R. Herd, personal communication) using two images taken
from the lakeshore, approximately 10 km from the summit
area, with a line-of-sight angle of 10°. Using five
georeferenced control points, xyz coordinates were calcu-
lated for over 700 matched points on each image to create a
3D surface model of the cliff morphology (Fig. 7). The
photographs and model reveal a subvertical upper cliff face,
formed of subhorizontal lavas, up to 80 m thick. The lavas
overlie a lower cliff of heavily weathered rocks, judged
from their appearance to be pyroclastic material, up to
100 m thick, with more uneven topography. The pyroclastic
rocks erode recessively as a series of gullies with a concave
profile, becoming snow-covered and ending in a small
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Yate carried in the debris flow of 1870 or 1896 and transported
approximately 12 km from source
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plateau at the base. The collapsing mass of rock and ice
travelled around the west side of a rocky slope below the
plateau, which was exposed after the event and may have
been a source of additional debris. According to eyewitness
reports, prior to the 1965 landslide, the failure region
formed a craggy slope (Fig. 6) with a rounded profile, in
contrast to the present-day cliff. It is possible that
differential erosion of the pyroclastic rocks underlying the
lava cap in the failure region contributed to rock face
instability. We suggest that the result was a slump-like
valley-head landslide and that similar landslides are likely
to recur from the newly exposed cliff.

After the 1965 landslide, 0.1 km2 of steep stony ground
was exposed on the west side of the amphitheatre, in an
area that previously had thick ice cover. This shallow slab
failure may have occurred simultaneously with the failure
on the east side, or in response to it, following entrainment

of material at the base of the slope, potentially reducing
relative glacier strength here (cf. Huggel et al. 2007). This
region contributed a high proportion of ice as well as rock
to the landslide.
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To estimate the volume of failed material, we treat the
collapse source as two main regions. In the east (X in
Fig. 6), along a headscarp of 700 m, the mean vertical cliff
height is ∼150 m. Maps, aerial photographs and eyewitness
accounts suggest that the pre-failure slope angle was ∼40–
50°, implying a rock failure volume of ∼6–9×106 m3. To
the west (Y in Fig. 6), we estimate that 1–10 m of ice and
rock cover was removed from an area of ∼0.1 km2, a
volume of 105–106 m3. The total source region failure
volume was therefore ∼6×106–1×107 m3, the bulk of
which originated from the east cliff. Entrainment of
unconsolidated material from the slopes below the failure
area is unconstrained, but may have increased this volume
substantially (see “Deposit volume”).

El Derrumbe valley and debris deposit

A topographic profile of the debris path from the top of the
failure scarp at 2,000 m shows a horizontal length of
7,500 m to the pre-event shoreline of Lago Cabrera, with a
1,490-m vertical drop (Fig. 8). Below the collapsed
amphitheatre, the slope steepens, marking the top of the
El Derrumbe valley.

The most prominent difference between the aerial
photographs of 1961 and 1982 is the unvegetated deposit
along the El Derrumbe valley (Fig. 3). Prior to the 1965
landslide, the slopes of the upper El Derrumbe were heavily
forested. The debris flow cleared vegetation across a 1,100-
m width in the north–south trending upper El Derrumbe
valley, overriding topography to ∼100 m above the valley
floor. The river course in the upper El Derrumbe was
unaltered by the landslide, and local topographic shapes are
still discernible, albeit stripped of vegetation, suggesting
only minor deposition in this region.

The lower El Derrumbe valley trends southwest and
prior to 1965 had a gently sloping but uneven topography
covered by mature forest. The 1965 debris flow overran this
area, forming a fan with a maximum width of 1.5 km
towards the east lake shore. Although all of the mature
forest in this region was cleared by the 1965 debris, the
main flow split into two arms, carrying the bulk of material
around hummocky topography in the centre of the pre-1965
fan, suggesting deceleration of the flow. In this central area,
scrub rapidly reestablished, today forming patches of low
woodland close to the lakeshore. In contrast, the clastic
material in the main channels has only a sparse cover
(Fig. 9). The north arm of debris followed the pre-1965
main river course, damming drainage from the north and
forming Laguna Las Vacas. The south arm transported the
greater volume of debris, forming a fan at the east end of
Lago Cabrera and generating an impulse wave. The modern
river follows the south edge of this fan, directly below steep
valley slopes. It may have modified the fan morphology
through deposition and transport of fine sediment from
higher in the valley in the years following the landslide.

Deposit volume

Debris flow deposition in the upper El Derrumbe valley
(2.0 km2; Fig. 5) is considered to be negligible. The debris
flow deposited subaerially in the lower El Derrumbe valley
(3.0 km2) where topography suggests an irregular deposit
thickness. This reaches thicknesses of ∼10 m in some areas,
such as the area of blocked drainage that subsequently
formed Laguna Las Vacas. From this, we estimate the mean
deposit thickness in the lower El Derrumbe valley to be
between 3 and 5 m (a volume of 9×106–1.5×107 m3) and
after accounting for the submerged deposit (“Lago Cabrera
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Fig. 7 Photograph and photogrammetric reconstruction of the eastern source of the 1965 landslide. This region contributed the bulk of rocky
material to the debris flow and left a cliff of bedded lavas overlying recessively eroding pyroclastic rocks
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and the 1965 tsunami”), a total deposit volume of ∼1.5–
2.7×107 m3. The collapsed source material would have
expanded during disintegration and transformation into a
debris flow. Without field constraints, we assume a bulking
factor of 0.25, following Hungr and Evans’ (2004) use of
the median porosity of loosely crushed rock, to infer a pre-
bulking source volume of 1.2–2.2×107 m3. This is
approximately twice as large as the estimated volume of
the failure region (“The collapse source”), implying
substantial entrainment of colluvium and vegetation along
the flow path. The deposit volume is an order of magnitude
smaller than some non-eruptive volcanic collapses such as
that at Iriga, Philippines (cf. Lagmay et al. 2000) or the
1970 rock and ice avalanche of Nevados Huascarán, Peru.
In the debris flow classification scheme (range 1–10) of
Jakob (2005), the 1965 event at Yate has a magnitude of ∼7.
However, the scale and inferred recurrence rate (see

“Previous landslides at Yate”) of the 1965 and similar-
sized events at Yate is high compared to catastrophic flank
failures at many volcanoes, such as those at Casita in 1998
(1.6×106 m3; Kerle 2002) and earlier in the Holocene
(Scott et al. 2005; see “Previous landslides at Yate”).

Velocity estimates

The entire landslide volume was funnelled through a notch
∼400 m wide at the head of the El Derrumbe valley, and the
flow remained confined for ∼5 km before fanning out and
decelerating in the lower El Derrumbe valley. Following
Evans et al. (1989), the longitudinal horizontal path of
7,500 m and vertical change of 1,490 m give a fahrböschung
(the ratio of vertical change to horizontal path) of 0.2 (11.3°).
This low value indicates a highly mobile flow, and the true
value would be significantly lower had the debris not entered
Lago Cabrera. Rapid transformation into a debris flow would
have been enhanced by entrainment of saturated colluvium
(Hungr and Evans 2004). Comparison with similar channel-
ised landslides that developed into debris flows (Evans et al.
1989; Boultbee et al. 2006) suggests that the flow was of
high mobility given its volume.

Indirect estimates of debris flow velocity, v, may be
derived from evidence of debris flow super-elevation using
the vegetation trimline at bends in the flow path (Pierson
1985). From the tilting of the free surface in a bend,

v ¼
ffiffiffiffiffiffiffi
gyr

j

r
ð1Þ

where g is acceleration due to gravity, y is the difference in
trimline elevation, r is the radius of curvature at the centre
of the flow path, and j is the channel width. Calculations at
two points in the flow path (A and B; Table 1; Fig. 3), using
aerial photographs and topographic maps, gave velocities of
27 and 39 m s−1. The application of Eq. 1 has not been
rigorously tested for debris flows of this type, and it may
underestimate the true velocity (Pierson 1985; Evans et al.
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2001). Using a velocity-head calculation at the same points
(Pierson 1985; Table 1), based on the conversion of kinetic
to gravitational potential energy, gives comparable but
slightly higher velocities:

v ¼
ffiffiffiffiffiffiffi
2gy

p
ð2Þ

where y, the vertical run-up, is approximated by the trimline
elevation difference. Since frictional energy losses are not
accounted for in this calculation, and also given that impact
was not perpendicular to flow direction, it provides an
estimate of minimum velocity. The lower velocities at point
A may reflect underestimation of run-up, as part of the flow
appears to have overridden the crest of the valley side here.
Our estimates indicate a maximum velocity of ∼40 m s−1 in
the upper El Derrumbe valley, comparable to similar flows
elsewhere (e.g. Evans et al. 2001, 2007; Boultbee et al.
2006). Having lost energy in the corner at B, the flow
decelerated on the gentler topography of the lower El
Derrumbe valley, with extensive deposition of debris,
before entering Lago Cabrera.

Lago Cabrera and the 1965 tsunami

Impulse waves in lakes or reservoirs resulting from mass
movements have been documented in alpine environments
(e.g. Evans 1989; Panizzo et al. 2005) and are a class of
tsunami. Field and aerial photograph measurements of
wave destruction at Lago Cabrera (Fig. 8) provide a good
proxy for tsunami parameters. On steep lakeshore slopes
slightly oblique to the direction of wave travel vegetation
was completely removed at heights of up to ∼30 m above
pre-event water level. From this observation, allowing for a
small amount of run-up, we estimate that the wave
amplitude, η, was ∼25 m above ambient water level.

The following calculations rely on lake water depth as an
input. We estimate water depth, h, in the centre of the lake by
extrapolating topographic slopes (Fig. 8). These suggest that
Hornopirén lavas abut early postglacial topography at the
base of the Pululil lava ridge, forming a basin that deepens to
the east. Active slope sedimentation and debris flow input
from the east is likely to have infilled much of this basin in

postglacial time, but by an unknown amount. We suggest
that the lake depth does not exceed 200 m, but may be as
little as 50 m, and use this range in the following
calculations.

Wave run-up

The wave run-up in the gently sloping southwest corner of
Lago Cabrera provides an additional constraint on wave
amplitude and is used to test whether our estimates of wave
height are realistic. Here, all buildings and vegetation,
except for the largest tree trunks (>1-m diameter), were
removed for up to 1,000 m inland, an approximately 50 m
climb from the pre-event shoreline. Water travelled beyond
this point, but without sufficient energy to remove
vegetation, and thus, wave run-up (total vertical height
climb of water), R, exceeded 50 m. The minimum ground
slope in this region is ∼1:20, but the ground steepens
towards the shore to ∼1:10, and we take this slope as the
submerged slope angle, β. We use our estimated wave
amplitude, η, of 25 m as a proxy wave source input.

A solitary wave on a planar slope will break when η/h>
0.818 (cot β)−10/9 where η/h is the ratio of wave height to
water depth (Synolakis 1987). Our lake depth estimates
give a η/h range of 0.125–0.5. This exceeds the wave-
breaking criterion (0.063 in this case), suggesting that the
wave broke early during run-up. Using the numerical
results of Li and Raichlen (2002) for plane beach slopes
of 1:19.85 and 1:15, R/h is 0.35–0.9, giving an inferred run-
up range of 37.5–80 m. This estimate of run-up, which is
based on our field-estimated wave height of 25 m,
corresponds well with our field observations (R>50 m)
and suggests that our estimates are self-consistent and that
our lake depth range is plausible.

Wavemaker volume

To estimate the volume of submerged solid material (the
wavemaker) that generated the tsunami, we use a model of
wave behaviour, constrained by our wave amplitude
estimate of η=25 m and using h=100 m (50–200 m range).
We work back from this model to find the wavemaker
volume, and its dimensions, necessary to produce an
impulse wave of this magnitude. Other parameters remain
unknown and, consequently, although care is taken to select
the most realistic possible assumptions, the volume derived
is only approximate.

Following Walder et al. (2003), we divide Lago Cabrera
into three regions: the splash zone, extending to the foot of
the submerged debris flow and characterised by complex
dynamics; the near-field, where kinetic energy is imparted to
a coherent wave; and the far-field, where wave propagation
effects become significant. The properties of the leading wave

Table 1 Debris flow velocity estimates

Locationa A B

y (m) 65 90
r (m) 450 1,750
j (m) 400 1,000
v (super-elevationb, m s−1) 26.8 39.3
v (velocity headb, m s−1) 35.7 42.0

a See Fig. 3
b Pierson (1985)
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hump in the near-field are, to first order, independent of mass
flow type (Walder et al. 2003), with a ratio of amplitude to
water depth that is a function of the wavemaker volume and
underwater travel time. Walder et al. (2003) provide a scaling
analysis where wave properties may be estimated without the
need to characterise the complexities of the splash zone. From
this, wave amplitude, η, may be expressed as:

h� ¼ c
t*s
V*w

 !�d

ð3Þ

where * indicates a dimensionless variable, ts is time of
submerged debris flow motion, Vw is debris flow volume per
unit width (the near-field lake width is 1,000 m) and c and d
are regression coefficients of 1.32 and 0.68, respectively. This
equation holds true for 2<t*s /V

*
w <100. The dimensionless

variables are defined:

V*w ¼ Vw

h2
ð4Þ

t*s ¼ x½ �
h0

ð5Þ

h* ¼ h
h

ð6Þ

where [x] is a distance measure of long-wave water
displacement during landslide motion. To estimate V �

w and
η*, we use a near-field depth (h) in the range of 50–200 m,
as discussed above, but to estimate t�s , it is necessary to use
the depth at the foot of the submerged debris, which we call
h′. A first-order approximation for t�s is made from (Walder
et al. 2003):

t*s � Cs

ffiffiffiffiffi
L

h0

r
ð7Þ

where Cs=4.5, appropriate for a Coulomb frictional grain
flow (Savage and Hutter 1989), and L is the submerged
deposit length, comparable to the extent of the splash zone.

The wavemaker entered the east end of Lago Cabrera in
a direction approximately parallel to the lake length and
decelerated to rest. We treat the wavemaker as a poorly
sorted sedimentary deposit, with an angle of rest (e.g.
Carrigy 1970), γ, of 35°. The submerged slope on which
the deposit settled is assumed to be formed from previous
debris deposits, also with an angle of rest of 35°. The basal
lake slope, on which the debris deposits rest, has an
unknown angle, θ. The horizontal extent of the submerged
fan at the pre-event lake level has been found using the area
of the fan at present water level (Fig. 8), assuming a 35°
lakeshore slope with a 10-m height change. This area is

equivalent to a rectangle with dimensions a (900 m)×b
(250 m), and using this, we model the wavemaker as a
quadrilateral prism, with centreline length λ (Fig. 8b), such
that:

V ¼ lab sin g ð8Þ
where V is the wavemaker volume. From Fig. 8b the values
of h' and L are defined as:

h0 ¼ sin g lþ
b
2 sin q

sin g � qð Þ
� �

ð9Þ

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h02 þ bþ h0 cot gð Þ2

q
: ð10Þ

Using Eqs. 3, 4 and 6, 7, 8, 9 and 10, we solve to find λ
such that η=25 m, thus producing an estimate of wave-
maker volume, V. To achieve this, we relied on our
estimates of the poorly constrained parameters γ, θ and h.
We tested sensitivity of our results to these input values by
varying them within a range of plausible values, with
results shown in Table 2. Our assumed submerged deposit
angle of rest, γ, of 35° may overestimate the value of a
deposit entering the lake with an initial lateral velocity. We
find that reducing this value to 20° increases estimated V by
6% (Table 2). Similar sensitivity is shown by changing lake
floor slope, θ, within our estimated range of 5–15°
(Table 2). Our results are most sensitive to changes in lake
depth, h. Within our estimated possible range of 50–200 m,
our wavemaker volume varies from 6.5×106 to 1.2×107.
Using what we consider the most likely parameters
(Table 2), we estimate a wavemaker volume, V, of ∼9±3×
106 m3, acknowledging the multiple uncertainties in our
calculations, the most significant of which is lake depth. In
spite of uncertainties, the ranges of all output parameters
fall within a single order of magnitude (Table 2). We
estimate that the submerged deposit depth, h′, is 55–90 m,
with a wavemaker block length, L, of 330–490 m. From
this, using Eq. 5, we find a range for [x] of 610–910 m.

Table 2 Tests of the sensitivity of wavemaker and tsunami parameter
estimates to input lake parameters

Parameters Values

Variables
γ (°) 35 20 35 35 35 35
θ (°) 10 10 5 15 10 10
h (m) 100 100 100 100 50 200
Results
h′ (m) 68.7 84.4 55.1 90.2 58.4 82.8
L (m) 355 482 329 379 333 368
[x] (m) 703 915 610 843 632 796
V (× 106 m3) 8.8 9.4 9.6 8.1 6.5 12
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These results suggest that most of the lake lay within the
near-field, which extends to ∼3[x] beyond the splash zone,
and that wave propagation effects can be neglected.

Our estimates of the wavemaker volume suggest that no
more than 50% of the debris flow entered Lago Cabrera.
The scale of the tsunami generated is similar to those
documented in comparable settings elsewhere, for example
the 1946 tsunami at Mount Colonel Foster and Landslide
Lake, Canada (η∼29 m; R∼51 m) which was formed by a
smaller wavemaker with volume 7×105 m3 (Evans 1989).

Hydrological effects

Prior to the 1965 landslide, Lago Cabrera’s outflow was
subterranean and flowed beneath Hornopirén lavas before
emerging as the headwaters of the Cuchildeo River, 5 km to
the south (Fig. 1). A rapid and sustained increase in water
level, estimated at 6 m by eyewitnesses, occurred after the
event, indicating disruption of the outflow coupled with
water displacement by the submerged deposit. However,
the lake level stabilised at an increase of ∼10 m. The
present-day outflow is observable at the current shoreline in
muds adjacent to Hornopirén lavas (Figs. 2 and 4e), and
can only have formed here following reestablishment of the
lake outflow following the 1965 events.

If the change in lake level was simply due to
displacement by the submerged deposit, the wavemaker
volume could be directly estimated. For a 10-m change in
water level following the event, an original lake area
(excluding the 1965 deposit) of 4,438,000 m2 and a newly
flooded area of 918,000 m2 (Fig. 8c), assuming a linear
topographic slope implies a wavemaker volume of ∼4.9×
107 m3. This volume is considerably larger than that
estimated from tsunami modelling (“Wavemaker volume”)
and greatly exceeds the estimated source area volume in
spite of substantial subaerial deposition. Moreover, if used
as a starting point in the scaling analysis of Walder et al.
(2003), this volume suggests wave amplitude of ∼50 m and
a resultant run-up (Li and Raichlen 2002) at the SW lake
shore of ∼90 m, neither of which agree with field
observations. We thus infer that hydrological changes in
lake outflow took place following the tsunami, with an
increase in lake volume of ∼4×107 m3, presumably due to
riverine input, after equilibration of the lake at a new level.
There may also be some seasonal fluctuation in lake
volume, which is seen in lake level differences between
aerial photographs from 1944 and 1961.

Strike-slip tectonics and edifice stability

Yate lies on the major dextral strike-slip Liquiñe-Ofqui fault
zone (Cembrano et al. 1996). Edifice morphology and

historic events suggest that major landslides initiate north
and south of the volcano summit at an angle of 5–10° to the
local trace of the LOFZ towards the Riedel shear direction
(Fig. 10). Lagmay et al. (2000) showed how strike-slip fault
systems underlying volcanoes may induce edifice instabil-
ity and produced a structural model of failure for such
volcanoes (Fig. 10). Their experiments show that fault
shear results in two sigmoids of normal and reverse faults
with an internal edifice flower structure, creating two
oversteepened and destabilised flank regions where ava-
lanching occurs at angles of 10–20° to the trend of the
underlying fault towards the direction of the Riedel shear.
We suggest that this model provides a good analogue for
the situation at Yate, with the scarps around the north and
south failure zones forming sigmoids, exaggerated by
subsequent erosion (Fig. 10). This implies that the regional
tectonic system is an important factor in determining failure
orientation at Yate. There is little historic record of seismic
activity on this portion of the LOFZ, though local
seismicity indicates dextral strike-slip motion (Lange et al.
2008). The influence of regional tectonics does not imply
that large-magnitude fault movement is concurrent with
failure, but that instabilities resulting in failure are inherited
from movement on the fault over the lifetime of the
volcano, concurrent with at least part of the main period
of edifice construction. Lagmay et al. (2000) predict that
100 m of motion is sufficient to produce critical instabilities
for a cone of 1,500 m in elevation (Yate’s summitis
∼2,000 m). Although the times and amounts of movement
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on the LOFZ are not well understood, it has been active
throughout the Cenozoic (Cembrano et al. 2000; Forsythe
and Diemer 2006), and the total Pleistocene–Holocene
displacement may fulfil the above failure criterion. How-
ever, given the lack of evidence for this order of Holocene
movement along this portion of the LOFZ, we speculate
that in the case of a glaciated edifice such as Yate, this
amount of fault displacement may not be necessary to
induce orientated edifice failure.

The first-order role of strike-slip tectonics may be to
impose linear zones of weakness within the edifice, forming
easily erodible belts that are then exploited by glaciers to
initiate orientated glacial valleys. Mechanical weakening,
both on the edifice scale by strike-slip faulting and at the
surface through glacial action and subsequent debuttressing
during deglaciation, may produce a situation with predict-
able failure directions. The interaction of glaciation with
strike-slip tectonics may explain the repetitive but relatively
small-scale collapses at Yate, gradually removing masses of
mechanically weathered rock, and distinct from the single
catastrophic failures at volcanoes such as Iriga, Philippines
(Lagmay et al. 2000) where fault movement is greater and
the major factor influencing instability. Note also from
Fig. 10 that the Candelaria and Pululil ridges radiate away
from the main edifice in the direction of maximum
horizontal stress (σ1), suggesting an influence of the
regional stress field on the orientation of upper-crustal
magma transport (cf. Nakamura 1977) and a further control
on volcanism by the regional tectonic regime.

Several other southern Chilean volcanoes also lie along
the LOFZ, including stratocones (e.g. Hornopirén), and

older complexes, similar to Yate, such as Michinmahuida
(Fig. 11). The local tectonic systems at these edifices have
implications for hazard assessment in terms of the orienta-
tion of mass-wasting events. At Michinmahuida, a large
Pleistocene–Holocene composite volcano 115 km south of
Yate, a 3-km-wide amphitheatre, interpreted as a caldera,
breaches the cone to the north. A similar depression lies
south of the summit area from which a large debris-filled
valley exits, approximately aligned along the LOFZ. The
structure of the edifice is similar to Yate, with N/S-
orientated debris-filled valleys on each side of a deeply
eroded summit, centred upon a volcanic ridge approximate-
ly aligned with the σ1 direction. These similarities suggest
that collapse orientations are influenced by strike-slip
tectonics at other volcanoes along the LOFZ. According
to Norini and Lagmay (2005), underlying strike-slip fault
systems may generate internal stresses and deformation at
edifices where the morphology does not suggest such
influences. Thus, volcanoes such as Hornopirén, a sym-
metrical cone elongated along the strike of the LOFZ, may
also pose a landslide hazard through specifically orientated
slope failure.

Previous landslides at Yate

The two major historic landslides SW of Yate added to an
already extensive debris fan in the El Derrumbe valley.
Several arcuate scars are evident around the summit of
Yate, and the volcano’s deeply indented morphology
indicates numerous previous collapses of similar style and
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magnitude to those of 1965 and 2001. Construction of these
deposits has probably occurred throughout postglacial time.
Given the present extent of the El Derrumbe fan, only
larger debris flows are likely to reach Lago Cabrera and
produce tsunamis in the future; most will come to rest on
the fan, as in 2001. Prior landslides almost certainly caused
tsunamis similar to that of 1965, and the record of these
past events should be evident in the sediments of Lago
Cabrera. Although the historical records are insufficient to
investigate the long-term frequency of landslides, the
timing of historic events may provide some insight into
the factors controlling failure.

While vegetation was well established in the El
Derrumbe valley in 1961, the forest is identifiably less
mature on the valley floor than on higher slopes, indicating
that events comparable to that of 1965 had occurred within
the preceding few hundred years. The 1965 collapse was
then followed by another major landslide within less than
40 years. Northeast of the summit, major landslides
occurred in 1870 and 1896 from different source regions
and with no reported events since. Thus, in spite of the
close spacing in time of these historical summit collapses,
as compared to the inferred longer term failure rates, it
remains unclear whether these failures were structurally
related. Historical records, although available over only a
short period, suggest a frequency of ≤102 years for
landslides of 106–107 m3 at the summit of Yate.

Although regional tectonics may explain the direction of
failure at Yate, the predisposition of the edifice to failure was
enhanced by the retreat of ice throughout the Holocene,
exposing slopes that were previously stabilised and but-
tressed by ice. Additionally, incremental eruptive construc-
tion of the edifice during the late Pleistocene and early
Holocene, for which there is evidence in the summit region,
may have generated steeper slopes that became unstable in
postglacial time. The lithological composition of the edifice,
with massive lavas overlying weaker pyroclastic deposits,
may further contribute to instability (Fig. 7; Siebert 1984).

The immediate causes of major landslides include a wide
range of external processes, such as extreme rainfall (Iverson
2000), seismicity (Miller 1960; Davis and Karzulovíc 1963;
Evans 1989) or a special combination of factors (Kerle et al.
2003), though there may also be no trigger other than the
exceedance of a stability threshold. None of the four historic
events at Yate correspond to known earthquakes. Hauser
(1985) considered that glacial melting associated with high
temperatures triggered the 1871 landslide and that extreme
rainfall triggered the 1896 event. Unusually heavy rainfall
occurred for 15 days prior to the 1965 collapse (eyewitness
accounts, Appendix 1), possibly with the 0°C isotherm lying
above Yate’s summit, and similar weather conditions
occurred before the 2001 event. Both events occurred in
mid-February, the height of summer, when snow levels are

likely to have retreated to their minimum extent, with
meltwater increasing pore water pressures. Thus, seasonal
temperature effects, coupled with unusually wet weather
conditions, may have triggered the past two landslides at
Yate. Long periods of intense rainfall, as well as snowmelt,
are a well-documented cause of deep-seated, rather than
surficial, landslides where the pore water pressure in a body
of fractured rock is elevated to failure thresholds (e.g.
Schuster and Wieczorek 2002). Yate may have approached
critical failure conditions over several decades, perhaps
linked to retreating summit ice. Yate is situated within the
rupture zone of the May 1960 MW 9.5 subduction zone
earthquake, but in spite of its magnitude, this earthquake did
not initiate slope failure. This suggests that in this setting,
subduction zone earthquakes, given their distance from the
volcanic arc of ∼150 km, are a less likely large-landslide
trigger than intense summer rainfall, although large earth-
quakes on the LOFZ (Lange et al. 2008) could provide a
seismic triggering mechanism.

In the longer term, hazards of this type may increase on
glaciated volcanoes. Glacier retreat between 1961 and 1982
is evident on aerial photographs from those dates (Fig. 3)
and has been observed at many southern Andean volcanoes
over the past 50 years (Carrasco et al. 2005; Rivera et al.
2005). There is not such a clear change in snowline in aerial
photographs from 1944 and 1961, suggesting that glacial
retreat may have accelerated at Yate in the latter half of the
twentieth century. In addition to seasonal or shorter term
changes in pore water pressure due to weather conditions, a
longer term increase in meltwater production may desta-
bilise slopes. Furthermore, stress release associated with
debuttressing of slopes following ice load removal may
condition bedrock for failure (e.g. Cossart et al. 2008)
whilst also exposing mechanically weathered rock to
further degradation, potentially increasing the likelihood
of large landslides. Increased rain rather than snowfall, due
to warmer conditions, may further destabilise upper slopes
by increased erosion.

Debris flows at Yate appear to have occurred throughout
postglacial time, with evidence for multiple events in recent
centuries. The factors resulting in recurring collapses at
Yate, without magmatic renewal, may be distinct from
those that cause significantly larger sector-collapse debris
avalanches at many volcanoes. Large Neogene sector-
collapse events are well documented at several Central
Andean volcanoes (cf. Richards and Villeneuve 2004), with
many occurring near the end of the last ice age. An example
is that at Parinacota (∼6 km3; Clavero et al. 2002; Hora et
al. 2007), which may in part have been induced by rapid
deglaciation. At Yate, there is no evidence for events
significantly larger than that in 1965. The 1965 landslide
volume is over an order of magnitude smaller than many
volcanic sector collapses, the largest of which may have a
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repeat time of ∼1:10 kyr (Ui et al. 2000). However, many
volcanoes produce repeated landslides in combination with
larger flank failures. For example, Mount Meager, British
Columbia, Canada has undergone three flank collapses of
>108 m3 in the last 7.5 kyr, possibly associated with
eruptions (Friele et al. 2005), in addition to numerous
smaller landslides, and Mombacho, Nicaragua has dis-
played similar behaviour (Shea et al. 2008). However, the
apparent frequency at Yate of ≤102 years for landslides of
106–107 m3 is notably high given the lack of volcanism.
Landslides of this scale and frequency, originating at the
headwalls of erosive features commonly related to structur-
al instabilities, may be common to many volcanoes and
may constitute a similar, if not greater, cumulative
destructive potential for life and property than that posed
by larger landslides or sector collapses. We speculate that
Yate’s sprawling, glacially eroded composite edifice, its
relatively low level of late-Pleistocene and Holocene
magmatic activity and its tectonic situation, resulting in
deeply incised orientated valleys, may all be contributing
factors to such rapid edifice destruction behaviour in
discrete landslides of 106–107 m3. However, it is possible
that the frequency derived from historical records is
atypical and that current landslide rates are high, and
potentially increasing, due to melting of summit glaciers.

Conclusions

The edifice of Yate has failed in postglacial time through a
series of mass movements, generating debris flows that
reach the coast to the north and approach Lago Cabrera to
the south. The largest historical event occurred in 1965
when a rock face collapsed around a 1.3-km-wide amphi-
theatre and generated a debris flow. The failed material
comprised ice and weathered lavas and pyroclastic rocks.
Fifteen days of heavy rain contributed to the failure.

The 1965 debris flow travelled 7,500 m to the shore of
Lago Cabrera, descending 1,490 m. Maximum velocity,
before deceleration and deposition, is estimated to have
been ∼40 m s−1. Total deposit volume is estimated at 1.5–
2.7×107 m3, at least 50% of which came to rest subaerially.
Part of the flow entered the eastern end of Lago Cabrera,
producing an impulse wave that caused extensive damage
around the lake and killed 27 people living at the southwest
shore of the lake. Field evidence and calculations indicate a
tsunami wave height of ∼25 m with a vertical run-up at the
southwest shore of >50 m.

The orientation of landsliding at Yate forms an angle of
10° in the Riedel shear direction to the dextral strike-slip
LOFZ on which the volcano is constructed. The orientation
corresponds closely to modelled failure directions of
volcanoes on strike-slip faults (Lagmay et al. 2000) and is

consistent with tectonically mediated collapse. We suggest
that movement on the fault within the lifetime of the
volcano imposed an orientated weak tectonic fabric,
subsequently enhanced by glacial erosion. Additionally,
postglacial ice retreat and subsequent erosion may have
rendered the upper slopes of thick lavas overlying pyro-
clastic rocks unstable, promoting mass wasting. Shrinkage
of summit glaciers in recent decades, increased meltwater,
and greater volumes of rainfall, rather than snow, may have
augmented the conditions necessary for failure in 1965 and
2001.

Several southern Chilean volcanoes lie on the LOFZ,
and numerous volcanoes globally are situated on strike-slip
faults. Many of these volcanoes may be susceptible to
edifice collapse in orientations controlled by fault systems.
Although volcanic landslide frequency may have increased
immediately after late-Pleistocene deglaciation due to
processes associated with rapid climatic change (cf. Capra
2006), the hazard from similar events is still present. We
cannot estimate long-term rates of edifice collapse, but
suggest that melting of summit glaciers and higher altitude
rainfall, as a consequence of ongoing climate change, may
increase the frequency of large landslides in these environ-
ments, particularly on volcanoes where the substrate is
mechanically weakened, hydrothermally altered or poorly
consolidated. Recognition of deposits from these events and
awareness of the hazard to settlements in vulnerable areas
are important in mitigating future disasters, particularly
when debris flows may interact with water bodies.
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Appendix 1: Eyewitness accounts

The following is a précis of interviews with eyewitnesses of
the 1965 landslide.

Juan Freddy Antiñirre and Ercilia Mancilla (who lost her
father, a brother and a sister in the tsunami), Chaihuaco,
15th January 2007: The wave arrived in the early hours of
the morning on 19th February 1965, completely destroying
three houses at the SW corner of the lake. One house
containing two people survived, situated 30 m beyond
today’s shrine. This land was forested, with mature living
coigüe. Twenty-seven lives were lost, and extensive
searching, including by boat, yielded only the partial
remains of one person. Water, not debris, did the damage,
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but ankle-deep soft mud was deposited. The water travelled
beyond the region marked by stripped vegetation. At the
east lakeshore, there were no signs of previous debris
flows; the land was a flat forested valley, farmed, although
the one farmhouse there was empty that night. This area
was completely buried by rock, snow and ice, leaving
hummocks 6–8 m high, and rocks. Following the event, the
lake was turbid and contained icebergs and was different in
terms of shape and size. The SW shoreline moved by about
100 m and the water level rose by about 6 m. Bubbles
appeared occasionally in the shallow water here after the
event. Before the event, the Yate summit had a smooth
conical profile, resembling a volcano, where the scarp and
cliff are today. Unusually bad summer weather, of heavy
rainfall, had occurred for 15 days before the landslide.

Antonio Paillén, Hornopirén, 16th January 2007: Cor-
roborated the above account. He was in the house that
survived at the SW end of the lake, playing cards at 2.00 A.

M. local time, when he heard a noise that he attributes to the
rockfall. Water arrived against the walls of his house
concurrent with the noise. He lived about 100 m beyond the
main zone of damage and noted a second noise after the
wave, but only one wave.
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