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Landslides are ubiquitous along the Oregon coast. Many are large, deep slides in sedimentary rock and are
dormant or active only during the rainy season. Morphology, observed movement rates, and total movement
suggest that many are at least several hundreds of years old. The offshore Cascadia subduction zone produces
great earthquakes every 300-500 years that generate tsunami that inundate the coast within minutes. Many
slides and slide-prone areas underlie tsunami evacuation and emergency response routes. We evaluated the
likelihood of existing and future large rockslides being triggered by pore-water pressure increase or

If:ﬂ‘ffg: earthquake-induced ground motion using field observations and modeling of three typical slides. Monitoring
Earthquake for 2-9 years indicated that the rockslides reactivate when pore pressures exceed readily identifiable levels.
Coastal bluff Measurements of total movement and observed movement rates suggest that two of the rockslides are
Oregon 296-336 years old (the third could not be dated). The most recent great Cascadia earthquake was M 9.0
Tsunami

and occurred during January 1700, while regional climatological conditions have been stable for at least
the past 600 years. Hence, the estimated ages of the slides support earthquake ground motion as their trig-
gering mechanism. Limit-equilibrium slope-stability modeling suggests that increased pore-water pressures
could not trigger formation of the observed slides, even when accompanied by progressive strength loss.
Modeling suggests that ground accelerations comparable to those recorded at geologically similar sites dur-
ing the M 9.0, 11 March 2011 Japan Trench subduction-zone earthquake would trigger formation of the rock-
slides. Displacement modeling following the Newmark approach suggests that the rockslides would move
only centimeters upon coseismic formation; however, coseismic reactivation of existing rockslides would in-
volve meters of displacement. Our findings provide better understanding of the dynamic coastal bluff envi-
ronment and hazards from future subduction-zone earthquakes.

Cascadia subduction zone

Published by Elsevier B.V.

1. Introduction

Many large, deep, sporadically active or dormant rockslides occur
along the Pacific coastline of Oregon (North and Byrne, 1965; Burns et
al.,, 2011). Renewed, primarily slow movement (generally centime-
ters/week) of the sporadically active slides occurs during most rainy
seasons following prolonged, intense rainfall (e.g., Schlicker et al.,
1973). Their slow movement keeps pace with coastal bluff retreat;
hence, their observed effects on coastal geomorphology are largely
limited to progressive disruption of the marine terrace they occupy.
The slides do not generally present extreme hazard to human safety
because they move slowly; but they do destroy roadways, infrastruc-
ture, and homes and render U.S. Highway 101 (the Pacific Coast
Highway) unusable at times causing economic hardship to coastal
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communities that rely on tourism for financial support. Although
these rockslides are relatively innocuous compared to more rapidly
moving slides, their potential reactivation and initiation of similar
rockslides during a future earthquake could create significant hazards
to human safety. Great earthquakes along the Cascadia subduction
zone located offshore will occur in the future and cause considerable
ground shaking that destroys buildings and infrastructure (Heaton
and Hartzell, 1987; Clague, 1997). Paleoseismic studies suggest that
these earthquakes recur every 300-500 years (e.g., Atwater and
Hemphill-Haley, 1997; Kelsey et al., 2002, 2005; Nelson et al., 2004)
and the last such earthquake occurred on 26 January 1700 with an es-
timated magnitude of 9.0 (Satake et al., 1996). Subduction-zone
earthquakes may generate large tsunami that will reach the coastline
within tens of minutes and cause widespread devastation (Priest,
1995), similar to the recent tragic illustrations from the great 2011
Japan and 2004 Sumatra earthquakes; the 1700 earthquake off the
Oregon coast produced a tsunami that inundated coastal areas as
high as 10-12 m above mean sea level (amsl) (Goldfinger et al.,
2003; Geist, 2005). Coastal rockslides may experience substantial
renewed movement during an earthquake and new rockslides may
form. These rockslides may render tsunami evacuation and
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emergency response routes unusable, potentially endangering the
lives of many more people than currently anticipated.

To evaluate potential initiation mechanisms of large rockslides in
coastal Oregon and seismogenic movement of existing slides, we
studied three rockslides typical of the central coast (Fig. 1). Our stud-
ies included surface and subsurface characterization of the rockslides
and monitoring of movement and hydrologic conditions related to
their wet-season reactivation. Our results and inferred conditions at
the time of rockslide formation were used in limit-equilibrium
slope-stability analyses to evaluate potential initiation by increased
pore-water pressures or earthquake ground shaking. Finally, we eval-
uated potential coseismic displacement of newly formed and reacti-
vated rockslides following the Newmark (1965) approach. Our
findings may be useful for regional hazard and risk assessments, as
well as for increasing our understanding of processes that sculpt the
dynamic coastal bluff environment in central Oregon. Additionally,
the methods utilized herein could be useful for evaluating potential
initiation mechanisms of other landslides. Jibson and Keefer (1993)
demonstrated the utility of similar methods for evaluating potential
triggering mechanisms for landslides in the New Madrid, USA seismic
zone. Hence, these approaches also may be followed to estimate the
relative contribution of earthquake-triggered landsliding to geomor-
phic evolution at multiple temporal and spatial scales.

2. Geologic setting

The Oregon coastal region (Fig. 1) is located upon the North Amer-
ican tectonic plate about 90 km east from where it overrides the Juan
de Fuca plate forming the Cascadia subduction zone offshore (e.g.,
Clague, 1997). The rockslides we studied (Carmel Knoll, Devils
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Fig. 1. Map showing location of study. Landslides mapped previously (Burns et al.,
2011) are in black and the rockslides evaluated during this study are noted. Black
lines indicate roadways.

Punchbowl, and Johnson Creek) occur mostly in carbonaceous and
micaceous mudstone, siltstone, and sandstone of the middle Miocene
Astoria Formation (North and Byrne, 1965; Schlicker et al., 1973;
Priest and Allan, 2004), which has an approximate shear-wave veloc-
ity (V) of 613 m/s (Madin and Wang, 1999). Along the coast, the
Astoria Formation strikes about north-south and dips ~10-30°
west; however, the unit is mostly massive with poorly defined bed-
ding and stratigraphic facies variation in the vicinity of the rockslides,
being comprised mostly of clayey, sandy siltstone. Rugged basalt
headlands also occur along the coastline; their much greater resis-
tance to wave erosion relative to the sedimentary units has resulted
in formation of numerous embayments typically several kilometers
in along-shore length. The sedimentary rock units are uplifted and
their upper surfaces are generally nearly flat, having been eroded
into a series of marine terraces (Schlicker et al., 1973). Flat-lying Qua-
ternary marine terrace sands generally a few meters thick cap most of
the rock, forming a relatively flat ground surface that typically slopes
only about 1° toward the coastline. These terrace sands can be very
similar to parts of the Astoria Formation (Schlicker et al., 1973).

Uplift of the rock and terrace sands and action of ocean waves has
resulted in formation of bluffs typically 35-45 m high. In the three
rockslide areas, bluffs retreat at rates of 0.15-0.24 m/y (Priest and
Allan, 2004). The bluffs are sloped ~60°-90° where they are presently
stable. However, landslides are pervasive (e.g., Schlicker et al., 1973;
Gentile, 1978). Nearly all bluffs are fronted by persistent shallow
landslides (few meters thick). Much larger rockslides and rockslide
deposits that extend as much as hundreds of meters landward occur
sporadically (Fig. 1). These are thick (tens of meters) with gently
sloping basal failure surfaces occurring in the sedimentary bedrock
near and below sea level. Landslides and landslide deposits also are
widespread in the nearby Coast Range mountains. Priest and Allan
(2004) identified 216 landslides primarily along the shoreline in
northern Lincoln County (location of our study) and Burns et al.
(2011) mapped the boundaries of 773 landslides in the entire county;
these landslides cover 12.2% of its area. Additionally, Burns et al.
(2011) documented the locations of 889 historical landslides in the
county; an unknown number of these correlate with the 773 land-
slides whose boundaries were mapped.

Landslide activity is most extensive during the rainy months of
October-March (North and Byrne, 1965; Schlicker et al., 1973)
when about 78% of the 1.72 m of annual rainfall occurs (based on re-
cords from 1893 to 2010 for Newport weather station 356032; WRCC,
2011). Infiltration of rainwater results in elevated pore-water pres-
sures that reduce effective stresses and, consequently, frictional
strength of slope materials, which results in landslide reactivation.
The large, seasonally active rockslides that occur in the sedimentary
rock units typically move a few centimeters to a few decimeters
each year. Many of these seasonally active rockslides are smaller reac-
tivations of much larger but presently dormant rockslides (Gentile,
1978; Priest and Allan, 2004). Historical formation of the large rock-
slides outside of larger dormant rockslides is apparently very rare,
and the ages of the rockslides we studied are unknown. However,
U.S. Highway 101 has been damaged by movement of the Carmel
Knoll and Johnson Creek rockslides since its construction during the
1940s (Oregon Department of Transportation and Geotechnical
Group, 1986; Priest et al., 2006); thus these rockslides formed prior
to highway completion during 1943. The apparent prehistoric forma-
tion of so many large rockslides and their large total displacements
(tens of meters) relative to small annual displacements caused
some to surmise that they were formed during a wetter climatic
cycle or during earthquake ground shaking (Komar, 2004; Priest
and Allan, 2004). Several studies have found that regional climatic
conditions have been steady for at least the past 600 years (Keen,
1937; Graumlich, 1987; Worona and Whitlock, 1995; Gedalof and
Smith, 2001). Most relevant to the present study, Graumlich (1987)
estimated annual precipitation for the region for the 300-year period
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of 1675-1975 using tree ring data and historical precipitation data.
She found that the mean precipitation for this period was equivalent
to the historical (1899-1975) mean. Based on Graumlich's recon-
structed precipitation indices, one-year periods considered extremely
wet (McKee et al., 1993) occurred about 1702, 1715, 1811, 1863, and
1969, while one-year periods considered extremely dry occurred
about 1695, 1720, 1736, 1775, 1829, 1840, 1890, 1899, 1921, 1930,
and 1970. From running 8-year averages, a period considered moder-
ately wet occurred from 1700 to 1705 while periods considered mod-
erately dry occurred from 1735 to 1737 and from 1929 to 1931;
precipitation during all other periods was considered near normal.

3. Methods

We characterized the rockslides through field mapping, subsur-
face exploration, in situ monitoring of rockslide movement and hy-
drologic conditions, and analyses of results from previous studies.
The Carmel Knoll and Johnson Creek rockslides are crossed by U.S.
Highway 101 and have been periodically studied since the 1970s,
providing a large amount of subsurface and laboratory data that
were available for our use (ODOT Geotechnical Group, 1986;
Landslide, 2004; Priest et al., 2006; Ellis et al., 2007; Schulz and
Ellis, 2007; Kleutsch, 2008; Niem, 2008; Priest et al., 2011). To our
knowledge, the Devils Punchbowl rockslide had not been studied pre-
viously; its impact is very limited as it occurs mostly within an unde-
veloped state park.

3.1. Surface and subsurface characterization

We mapped engineering geologic conditions onto topographic
base maps created using total-station theodolites. Although the
rockslides are densely vegetated, numerous geologic exposures
exist along scarps, the coastal bluff, and within the tidal zone. To
explore the subsurface, we bored holes through the head (upslope
end) and toe (downslope end) of the Devils Punchbowl rockslide,
four holes through the Johnson Creek rockslide, and hand excavat-
ed pits within the tidal zone to expose the bases of each rockslide.
We evaluated logs from 71 holes at the Carmel Knoll rockslide and
13 holes at the Johnson Creek rockslide that were bored during pre-
vious investigations, monitoring records from 17 slope inclinome-
ters at Carmel Knoll and 9 slope inclinometers at Johnson Creek
(ODOT Geotechnical Group, 1986; Landslide, 2004; Kleutsch,
2008), and a structural cross section of the Johnson Creek rockslide
(Niem, 2008). Bedding orientations provided supplemental infor-
mation on rockslide subsurface geometry; varying degrees of bed
rotation were used to interpret geometry of the basal rupture
surfaces.

For use in our analyses of rockslide formation, we characterized
rock-mass strength accounting for discontinuities as well as strength
of intact rock. To do so, we utilized the Hoek-Brown failure criterion
(Hoek et al., 2002) and results from six uniaxial compression tests of
intact samples of the Astoria Formation (Cornforth Consultants, Inc.,
2003; Shannon and Wilson, Inc. and Wilson, 2006), our observations
of the rock mass in hundreds of meters of rock core and bluff expo-
sures, and evaluation of more than 100 geological boring logs
(ODOT Geotechnical Group, 1986; Cornforth Consultants, Inc., 2003;
Landslide Technology, 2004; Shannon and Wilson, Inc., 2006; Bernard
Kleutsch [ODOT], written communication, 2008). Zhao (2000) found
that the Hoek-Brown criterion provides strength estimates that are
well suited for dynamic analyses, and the criterion are widely used
in engineering practice and research. For our analyses of rockslide
reactivation, we estimated residual strength of the rockslide basal
shear surfaces using limit-equilibrium modeling as described in
Section 3.3.

3.2. Monitoring

Depths of landsliding and pore-water pressures were identified
during previous investigations at the Carmel Knoll and Johnson
Creek rockslides (ODOT Geotechnical Group, 1986; Landslide
Technology, 2004; Kleutsch, 2008). We estimated the depth of the
Devils Punchbowl rockslide from surface exposures and our two
boreholes. At Carmel Knoll between January 2008 and June 2011,
we continuously (5- to 15-min intervals) recorded slide movement
from a cable extensometer (0.7 mm accuracy) we placed across the
head of the rockslide and pore-water pressures from two piezometer
arrays (0.3 kPa accuracy) located near the slide toe and head that
remained from previous ODOT studies (Fig. 2). We installed piezom-
eter arrays in our two boreholes at Devils Punchbowl and continuous-
ly monitored these between January 2008 and June 2011. An
extensometer was installed to measure movement across the slide
head during August 2009 and we monitored it continuously until
June 2011. At Johnson Creek beginning in November 2004, we contin-
uously monitored slide movement from three borehole extensome-
ters and pore-water pressures from three piezometers installed
during earlier studies (Fig. 2; Landslide Technology, 2004). Along
with ODOT, we installed three piezometer arrays and two
groundwater-monitoring wells at Johnson Creek (Fig. 2) during No-
vember 2006; we continuously monitored these and the preexisting
sensors until June 2011.

3.3. Rockslide stability modeling

We followed several approaches to evaluate whether the rock-
slides were likely initiated by elevated pore-water pressures or
earthquake-induced ground motion. To evaluate rockslide initiation
and stability and basal strength of existing rockslides, we used the
general limit equilibrium (GLE; Fredlund and Krahn, 1977; Fredlund
et al., 1981) method-of-slices technique and a half-sine interslice
force function; modeling was performed using the software Slide
v.6 (Rocscience). The GLE is the most rigorous limit-equilibrium ap-
proach for analyzing stability of landslides with irregular basal geom-
etry (e.g., Sharma, 2007). The method calculates force and moment
equilibrium of slope cross sections divided into multiple vertical,
two-dimensional slices while accounting for the interaction of each
slice with its neighbors. The resulting ratios between stresses and
moments resisting motion to those driving motion are used to esti-
mate the factor of safety, which is greater than one for stable slopes,
less than one for unstable slopes, and equal to one for slopes at the
point of incipient failure.

3.3.1. Stability model development

To analyze initial formation of the rockslides, we estimated pre-
rockslide topography (Fig. 3), which was straightforward considering
the consistent, relatively flat, horizontal surface of the marine terrace
along which the rockslides occur and considering the geometries of
unfailed bluff profiles near the slides. To account for bluff retreat
that has occurred since formation of the slides, we extended the
bluff seaward so that its base intercepted the projection of the
present-day location of the basal failure surface. Groundwater flow
parallel to the water table was assumed for all analyses as this condi-
tion was indicated by monitoring observations (Schulz and Ellis,
2007; Schulz et al., 2009; Priest et al., 2011). We used the means of
moist and saturated unit weights determined in the laboratory during
previous studies (ODOT Geotechnical Group, 1986; Cornforth
Consultants, Inc., 2003; Landslide Technology, 2004; Shannon and
Wilson, Inc., 2006; Kleutsch, 2008) for the Astoria Formation
(21.2 kN/m? and 25.5 kN/m>, respectively) and marine terrace sand
(18.3 kN/m> and 23.6 kN/m?, respectively) during all analyses. For
analyses involving reactivation of the existing rockslides, we estimat-
ed residual shear strength of the rockslide basal rupture surfaces
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Fig. 2. Present-day geologic cross sections of the three rockslides. Piezometers monitored during this study are indicated by black circles. Means of observed dry-season (May-Sep-
tember) groundwater levels and observed levels at which movement is triggered during the wet season are shown. Geologic contacts are approximately located.

using groundwater conditions observed from monitoring at the onset
of rockslide movement (factor of safety of 0.999). For analyses of ini-
tial formation of the rockslides, we used mean strength values for the
terrace sand determined in the laboratory during previous studies
(cohesionless, angle of internal friction of 32° Landslide
Technology, 2004; Shannon and Wilson, Inc., 2006; Kleutsch, 2008)
and estimates of rock-mass strength of the Astoria Formation
obtained as described in Section 3.1.

3.3.2. Gravitational stability — observed basal geometry

We evaluated gravitational stability for rockslide formation along
observed basal rupture surfaces considering three different ground-
water scenarios: (i) as observed recently during the dry season, (ii)
as observed recently during the wet season, and (iii) an “extreme”
scenario where the groundwater level was raised by as much as
30 m until it reached the ground surface (Fig. 3). We modeled the ex-
treme groundwater scenario in order to consider the ultimate poten-
tial for elevated pore-water pressures to trigger formation of the
landslides, although it is very unlikely that such groundwater condi-
tions have been present during the past 600 years (Keen, 1937;
Worona and Whitlock, 1995; Gedalof and Smith, 2001), and even
less likely since the year 1675, as work by Graumlich (1987) suggests
that groundwater conditions since 1675 were probably similar to the
recently observed conditions.

3.3.3. Seismic stability — observed basal geometry

We evaluated seismic stability for rockslide formation along ob-
served basal rupture surfaces by iteratively applying modeled seismic
loads until the factor of safety for each scenario was 0.99, indicating

formation of the rockslides. These evaluations provided the horizon-
tal ground acceleration necessary to trigger slide movement, which
is referred to as the yield acceleration (a,). We considered dry- and
wet-season groundwater conditions but did not evaluate a, for the
extreme groundwater scenario as all available evidence indicates
that it is unrealistic. We also calculated factors of safety for rockslide
formation considering peak horizontal ground accelerations of 1 and
2 g, where g is gravitational acceleration (9.807 m/s?). These are rea-
sonable estimates of ground acceleration for the geologic setting of
the rockslides (see Section 3.4).

For our analyses of coseismic reactivation of the existing rock-
slides, we used cross sections of present-day rockslide geometries, re-
sidual strengths estimated from present-day reactivation conditions
(Section 3.3.1), and observed dry-season groundwater conditions to
estimate a, needed to initiate movement of each rockslide during pe-
riods of low groundwater level. We did not analyze the a, necessary
during the winter rainy season as the rockslides are generally already
moving during this time (a,=0).

During seismic stability analyses, constant earthquake accelera-
tions were applied through the center of mass of each slice of the
rockslides with a horizontal component directed toward the slope
face (from east to west) and a vertical component directed either up-
ward or downward during different iterations. We assumed that the
vertical accelerations were two-thirds of the horizontal accelerations.
An earthquake load results in deformation of soil and rock that occurs
so rapidly that much of the load may be transferred to the pore water
causing development of excess pore-water pressure that reduces the
effective stress and frictional strength along surfaces of potential
shearing. We accounted for this during seismic analyses by including
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generation of excess pore-water pressures from seismic loading and
utilizing a Skempton B parameter equal to one, which is suitable for
saturated soil and rock (Skempton, 1954).

3.3.4. Gravitational and seismic stability — variable basal geometry

As just described, the analyses of rockslide formation utilized the
observed rockslide basal geometries. As a means of checking our re-
sults, we omitted the observed basal geometries and utilized algo-
rithms to create 25,000 potential failure geometries whose
stabilities were then analyzed for each stability scenario and assum-
ing wet-season groundwater conditions. As the observed rockslide
bases are primarily planar but include rotational components also
(Fig. 2), we evaluated noncircular basal geometries. The algorithms
for creating potential failure geometries are largely based on slope ge-
ometries. The bluffs have very low relief relative to the lengths of the
rockslides so, to force creation of potential failure geometries ranging
from very small (few meters long) to longer than those observed, we
required that the potential failure surfaces be composed of line seg-
ments at least 12, 15, and 20 m long for the Carmel Knoll, Devils
Punchbowl, and Johnson Creek slides, respectively; longer segment
lengths were required for longer rockslides. We imposed no restric-
tions on potential locations of failure surface-ground surface inter-
sections. The rock-mass strength estimates were used for all seismic
analyses. Soft rock such as the Astoria Formation may suffer weaken-
ing over time through stress concentration and strain softening,
which results in loss of cohesion (e.g., Martin, 1997; Hajiabdolmajid
et al., 2002). Therefore, we evaluated gravitational stability while

iteratively reducing cohesion until failure was indicated. During seis-
mic analyses, we considered peak horizontal ground accelerations of
1 and 2 g, which are reasonable for the geologic setting of the rock-
slides (Section 3.4). We compared the observed failure geometries
to the predicted least-stable geometries for each failure scenario.

3.4. Coseismic displacement modeling

The GLE method provides no information regarding what failure
implies with respect to landslide displacement, only whether failure
is expected. We therefore followed the Newmark approach, which
is suitable for obtaining rapid estimates of the order of magnitude
of seismically induced landslide movement (Newmark, 1965) and is
most applicable for rigid landslide bodies whose downslope motion
is restrained primarily by friction; thus it is well suited for the trans-
lational rockslides we studied. Previous studies of seismically trig-
gered historical landslides on natural slopes have indicated the
utility of the method, having generally predicted displacements of ap-
proximately 0.5-2 times those observed (Wilson and Keefer, 1983;
Pradel et al., 2005). Simplifications of the method are used extensive-
ly to evaluate regional earthquake-induced landsliding (e.g., Rathje
and Bray, 1999; Miles and Keefer, 2000; Romeo, 2000; Jibson,
2007). To estimate landslide displacement, Newmark's method in-
volves doubly integrating that part of a horizontal seismic accelera-
tion time history that exceeds the acceleration necessary to trigger
landslide movement (a,). We followed the method proposed by
Wilson and Keefer (1983) to perform stepwise integration of the
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acceleration record, while restricting potential slide motion to the
downslope direction. Newmark and others (e.g., Franklin and
Chang, 1977; Ambraseys and Menu, 1988; Jibson, 1993) believed
this restriction to be reasonable because accelerations necessary for
moving landslide blocks upslope can be extremely large. We used
the estimates of a, obtained during pseudostatic analyses for estimat-
ing Newmark displacements, as Newmark (1965) noted is most
appropriate.

No large earthquakes have occurred along the Cascadia subduc-
tion zone since 1700; hence, no suitable earthquake acceleration
time histories from the region exist for our displacement or stability
analyses. Therefore, we used acceleration time histories recorded in
Japan during the 11 March 2011, M 9.0 Tohoku earthquake, which oc-
curred along the Japan Trench subduction zone (USGS, 2011) and
triggered hundreds of landslides, including shallow and deep (to
about 30 m) failures, some with extensive travel distances and cata-
strophic results (Sasahara et al, 2011; Gonghui Wang, Kyoto
University, personal communication, 2011). We identified two seis-
mic monitoring stations in Japan of the Kyoshin Network (K-NET)
that have similar geological characteristics to those present at the Or-
egon rockslides. The time histories from this network are freely avail-
able (K-NET, 2011). Station MYGO12 is located about 118 km from
the 11 March 2011 epicenter and situated upon early Miocene con-
glomerate, sandstone, and siltstone (Takizawa et al., 1992) with
Vs=880 m/s. Station IWTO10 is located about 129 km from the 11
March 2011 epicenter and situated upon middle Miocene siltstone
and sandstone (Takizawa et al., 1992) with V=730 m/s. These two
stations recorded peak horizontal ground accelerations during the
Tohoku earthquake of 2 and 1 g, respectively. Although the distances
between the Japanese stations and Tohoku epicenter (~118 and
129 km) are greater than that between the rockslides and the Casca-
dia trench (~90 km), sufficient uncertainty exists in the location of a
future Cascadia earthquake and in site-response effects that we be-
lieved it was inappropriate to scale the Japan records for our use.
Each acceleration time history we used consists of east-west,
north-south, and vertical components. Because of the opposite
sense of subduction between the Japan Trench and Cascadia subduc-
tion zones, we reversed the east-west records and then calculated the
horizontal accelerations parallel to the rockslide movement azimuths
for use during our displacement analyses.

4. Results
4.1. Rockslide geometry and composition

The rockslides are 200-360 m wide, 100-200 m long, and have
maximum thickness of 16-27 m (Fig. 2). Each slide encompasses a
relatively small area of the tidal zone, the bluff, and a relatively
large area of the marine terrace. Ground fractures in the marine ter-
race are extensive parallel to and within a few tens of meters of the
bluff crest; these fractures mark the heads of superficial landslides
that occur in most places along the bluffs. A graben as much as
~20m across and ~7 m deep exists along parts of each rockslide
head. Deformation of the ground surface located between the grabens
and superficial landslides is largely absent suggesting block-like
movement of the rockslides since their formation. Repeat monitoring
of survey monuments spread across the surface of the Johnson Creek
rockslide also suggests block-like movement (Priest et al., 2006).
Movement of all three slides is translational along most of their
lengths with rotation occurring in the toe region of each.

United States Highway 101 is aligned along the head of the Carmel
Knoll rockslide so it has been modified by grading associated with
road construction and maintenance, mainly involving filling of the
graben formed at the slide head. The highway was located immedi-
ately east (to the right) of the location shown in Fig. 2 until it was
rerouted during the 1990s. The Devils Punchbowl rockslide is

essentially unmodified. Grading during construction and mainte-
nance of the Old Coast Highway (predecessor of U.S. Highway 101)
also modified some of the head of the Johnson Creek rockslide. This
alignment was abandoned during the 1940s (Priest et al., 2006) fol-
lowing construction of U.S. Highway 101, which is aligned along the
central part of the rockslide. The slides are nearly entirely comprised
of Astoria Formation siltstone, although the unit is sandier at Devils
Punchbowl and some sandstone beds occur there. Marine terrace
sand 2-5m thick caps the rock at each of the slides. Superficial
landsliding is extensive at Johnson Creek, with shallow landslides
extending as far as 40 m back from the bluff face; whereas superficial
landslides are more limited in extent at Carmel Knoll and Devils
Punchbowl. Minor colluvium occurs within grabens at the head of
each slide.

Bedding within the Astoria Formation is difficult to discern except
at the Devils Punchbowl rockslide because much of the unit is mas-
sive and facies variations are subtle. In some areas, the basal rupture
surfaces are subparallel to bedding so may locally follow weaker
beds or bedding planes. However, relatively weaker beds or bedding
planes were rarely discernible in outcrop or core samples. Further-
more, rupture surfaces in the slide toe regions extend across ~5 m
of bedding, and we observed no failures along the bluffs that occur
along bedding planes that daylight through the bluff faces; these ob-
servations suggest that bedding has little control on the occurrence
and geometry of the rockslides. Immediately outside of the slides,
beds generally strike nearly north-south and dip to the west at
13-28°. Bedding attitudes are similar within the slides except within
rotated toe regions. Fracturing is pervasive within the rockslides and
less extensive outside of them. Dominant fracture systems are sub-
vertical and strike ~N70W and ~N45E. Outside of the slides, these
fractures are spaced 5-10 m, are generally tightly closed, and typical-
ly are coated by oxidized clay ~1-5 mm thick, occasionally with slick-
ensides. Fracturing within the slides is spaced 0.3 to 3 m, and local
crushed zones also occur. Borehole samples revealed clay-coated, oc-
casionally slickensided fractures with 30-60° dips with average spac-
ing of ~7 m. Core was not oriented, hence strikes of these fractures
are unknown. Our observations, the average unconfined compressive
strength of intact rock specimens (2.75 MPa), and the Hoek-Brown
failure criterion (Hoek et al., 2002) indicate cohesion of 112 kPa and
an internal friction angle of 26.7° for the rock-mass strength of the
Astoria Formation outside of the rockslides.

The basal rupture surfaces of the slides exposed in the tidal zone
consist of 20-100 mm of pulverized rock within which are
1-20 mm-thick, clayey, occasionally striated, tabular lenses. Similar
descriptions of the basal ruptures at Carmel Knoll and Johnson
Creek are found on lithological boring logs. Laboratory tests indicate
that the basal ruptures consist of highly plastic (CH per ASTM D
4318, ASTM International, 2008), clayey silt (per ASTM D422, ASTM
International, 2008).

4.2. Monitoring observations

Monitoring and visual observations indicated that the groundwa-
ter table was near the ground surface at the head of each rockslide
and again at beach level. Within much of the slide bodies, groundwa-
ter occurs at average depths of about 14, 6, and 17 m for Carmel Knoll,
Devils Punchbowl, and Johnson Creek, respectively (Fig. 2). These
depths varied generally within 2 m but by as much as 6 m between
the lowest dry-season levels and highest wet-season levels (Fig. 4).
Piezometer arrays indicate that groundwater flow was subparallel
to the water table. During our study (November 2002-June 2011),
annual rainfall measured in Newport (station 356032) for water
years beginning July 1 and ending June 30 was 78-92% of the annual
average for the period 1893-2011 (WRCC, 2011).

Rockslide movement occurred during each rainy season and each
episode was short lived, lasting hours to a few days. During each of
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Fig. 4. Results from continuous monitoring from 1 July 2005 to 30 June 2011. Cumulative rainfall (NMA, 2011) is calculated between 1 July and 30 June. Carmel Knoll and Devils
Punchbowl head data are from the deepest piezometers located near the rockslide toes (Fig. 2). Johnson Creek data are from the center monitoring site with head measurements
from the piezometer located nearest to and above the basal rupture surface (Fig. 2). Most monitoring commenced at Carmel Knoll and Devils Punchbow! during January 2008; how-
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the 13 movement events observed at Johnson Creek, movement com-
menced within minutes to a few hours at each of the three extensom-
eters located along the longitudinal axis of the slide, suggesting that
the slide moves as a semi-coherent block. At the other 2 rockslides,
observations of fracture opening, movement along bounding faults,
and at extensometers suggest the same block-like movement. Move-
ment events commenced when specific pore-water pressure levels
were exceeded following periods of intense rainfall; at each rockslide
at least one piezometer indicated standard deviations of <0.5 m for
pore-water pressure heads at which all movement episodes com-
menced, implying that pore-water pressure increase is primarily re-
sponsible for observed reactivation of the slides. These threshold
pressure heads were within 2 m of dry-season low pressures. The
three monitoring locations at the Johnson Creek rockslide indicated
average annual displacement of 63-91 mm during the 2002-2011
wet seasons (2002-2004 records from Priest et al., 2006). The head
of the Carmel Knoll rockslide had average annual displacement of
92 mm during the three wet seasons of 2008-2011, while the head
of the Devils Punchbowl rockslide had average annual displacement
of 152 mm during the two wet seasons of 2009-2011. Variability in
annual movement was significant; Table 1 provides movement re-
cords for each year. The variability in annual movement somewhat
correlates with total annual rainfall (Table 1) but correlates better
with the abundance of generally short-lived (hours to few days), in-
tense rainfall events (Fig. 4; Schulz et al., 2009; Priest et al., 2011). Al-
though erosion of the rockslide toes by wave action also renders the
slides more prone to movement, attempts to correlate movement
with erosion have been unsuccessful (e.g., Priest et al., 2006).

4.3. Rockslide initiation modeling

Stability modeling suggests that the rockslides could not have
formed from gravitational loading and rising pore-water pressures,
even considering the scenario of extreme groundwater level; howev-
er, reasonable seismic loads during dry or wet seasons would trigger
formation of the rockslides. Table 2 provides analysis results consid-
ering the observed rockslide failure geometries and Table 3 provides
results considering variable rockslide geometries. A factor of safety
below 1 indicates failure.

4.3.1. Gravitational stability — observed basal geometry
The lowest factor of safety obtained during analyses of gravita-
tional loading of the observed rockslide geometries was 3.29; for

realistic wet-season groundwater conditions, the lowest value was
4.35 (Table 2). We performed a sensitivity analysis to evaluate what
effects our rock-mass strength estimate had on the results. Analyses
using cohesion and an angle of internal friction that were 70% of our
best estimates provided minimum factors of safety of 2.25 for the ex-
treme groundwater scenario and 2.97 for modeled wet-season
groundwater pressures.

4.3.2. Gravitational stability — variable basal geometry

Analyses of 25,000 potential basal geometries for each rockslide
modeled with gravitational loads, wet-season groundwater condi-
tions, and cohesion reduction for the Astoria Formation indicated fail-
ure at cohesion values of 26.8, 16.3, and 44.5 kPa for Carmel Knoll,
Devils Punchbowl, and Johnson Creek, respectively (Table 3). The pre-
dicted failures were very short (~5-12 m thick) and located along the
bluff face (Fig. 5). The longer failure at Johnson Creek compared to the
other two locations is likely due to the presence of thicker, cohesion-
less terrace sand at Johnson Creek. With the reduced cohesion values
for the Astoria Formation, the factors of safety for the observed rock-
slide geometries were 2.93, 3.52, and 4.95 for Carmel Knoll, Devils
Punchbowl, and Johnson Creek, respectively (Table 3).

Table 1
Results from rockslide displacement monitoring.

Cumulative
rainfall (mm)

Water year® Recorded movement (mm)

Johnson Creek Devils Carmel

(center site) ~ Punchbowl Knoll
2002 270 878
2003 20 827
2004 20 789
2005 95 1040
2006 50 876
2007 41 832
2008 48 28 767
2009 76 167 70 1005
2010 160 137 177 1155
Total 780 304 275 8169
Average 87 152 92 908
Standard 81 21 77 130

deviation

@ Year indicated begins July 1 of that year and ends June 30 of the following year;
rainfall totals are from NMA (2011).
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Table 2
Results from slope-stability modeling of rockslide formation with observed
geometries®.

Rockslide Factor of safety

Gravitational loading  Seismic loading

Dry Wet Extreme 1g Dry 2g Dry 1g Wet 2g Wet
Carmel Knoll 444 435 329 0.68 0.41 0.66 0.40

Devils Punchbowl 527 5.18 3.89 0.77 0.48 0.75 0.47
Johnson Creek 6.38 6.29 4.60 0.60 0.35 0.58 0.34

@ g = gravitational acceleration, 9.807 m/s?; dry, wet, and extreme indicate modeled
groundwater scenario.

4.3.3. Seismic stability — observed basal geometry

Considering our best estimates of rock-mass strength and the ob-
served basal rupture surfaces, stability analyses including seismic
loading suggested that peak horizontal ground accelerations of 0.58,
0.64, and 0.48 g would trigger initial failure of the Carmel Knoll,
Devils Punchbowl, and Johnson Creek rockslides, respectively, during
wet and dry seasons. These acceleration values are less than the peak
horizontal ground accelerations recorded at the IWT010 and MYGO012
stations during the M 9.0 Tohoku earthquake, which were 1 and 2 g,
respectively. Factors of safety determined using estimated rock-
mass strengths, observed rupture surfaces, wet- and dry-season
groundwater conditions, and peak horizontal and vertical accelera-
tions from these two stations were 0.34-0.77 (Table 2).

4.3.4. Seismic stability — variable basal geometry

Analyses of 25,000 potential geometries for each rockslide consid-
ering our best estimates of rock-mass strength, the peak ground ac-
celerations recorded by the K-NET stations, and wet-season
groundwater conditions indicated the least-stable geometries
shown in Fig. 5. With the exception of the Johnson Creek slide sub-
jected to a horizontal seismic acceleration of 1g, the predicted
least-stable geometries are quite similar to the observed rockslide ge-
ometries (Fig. 5) and factors of safety indicate failure in all cases
(0.32-0.63, Table 3). The least-stable geometry under a 1 g horizontal
seismic load predicted for Johnson Creek (factor of safety =0.55) is
relatively short (Fig. 5), while a geometry similar to that observed
had a slightly greater factor of safety (0.57). The shorter predicted
failure here is likely due to the presence of thicker, cohesionless ter-
race sand than at the other two slides.

To summarize the model analyses of potential initiation of the
rockslides, the observed rockslide geometries are predicted to be
very stable under gravitational loading and modeled groundwater
conditions similar to those observed (factors of safety >4.3), even
considering rock weakening with time (factors of safety >2.9). The
observed geometries are predicted to be very unstable under reason-
able seismic loads (factors of safety <0.7). Furthermore, analyses of

Table 3

25,000 potential failure geometries ranging from very short (few me-
ters long) to longer than those observed indicates that predicted
least-stable geometries under seismic loads are very similar to the ob-
served rockslide geometries (Fig. 5). Rock weakening with time
under gravitational loads is predicted to cause small failures similar
to the superficial failures observed upon the rockslides.

4.4. Coseismic displacement modeling

Assuming that the rockslides were initiated during the wet season
by earthquake-induced ground shaking similar to that recorded by
the IWT010 and MYGO12 stations, the Newmark displacement ana-
lyses suggest that rockslide movement during formation would
have been 1-5 mm using the IWT010 record and 2-5 cm using the
MYGO12 record.

As estimated from stability analyses, the present-day rockslide
basal rupture surfaces have residual angles of internal friction of
15.8°, 13.4° and 7.0° for Carmel Knoll, Devils Punchbowl, and Johnson
Creek, respectively. Using these strengths and observed dry-season
groundwater conditions, modeling indicated yield accelerations nec-
essary to reactivate the rockslides of 0.002-0.007 g. These values are
very low, which is indicative of the tenuous state of stability for the
slides. Assuming that a future earthquake during the dry season pro-
duces ground motion similar to that recorded at the K-NET stations
while the rockslide geometries are similar to present day, the dis-
placement analyses suggest movement of 7-13 m using the IWT010
record and 10-17 m using the MYGO12 record. Coseismic displace-
ments during the wet season when the slides are already moving
would be much greater. These estimates do not account for site-
response effects on ground shaking and changing rockslide geometry,
material properties, or pore-water pressures during movement, so
they should not be considered absolute predictions of expected dis-
placement. Rather, the predicted displacements suggest that the
rockslides may experience at least several meters of displacement if
the assumptions considered in the analyses are valid.

5. Discussion

Many factors are responsible for rockslide formation and move-
ment along the Oregon coast. Of course, rockslides occur along the
flat marine terrace because of tectonic uplift and wave erosion,
which are responsible for forming the bluffs. Downcutting through
the terrace by rivers and streams results in similar topography subject
to landsliding. Our analyses indicate that gravitationally induced
stresses are focused near to the bluff face, resulting in formation of
the ubiquitous shallow landslides that persistently move soil and
rock from the bluffs to the tidal zone. Formation of these failures
may be assisted by progressive loss of cohesive strength and in-
creased pore-water pressures during the wet season. Nevertheless,

Results from slope-stability modeling of rockslide formation with observed and least-stable geometries considering wet-season groundwater conditions®.

Loading condition Factor of safety

Geometry

Least stable, gravity load Least stable, 1 g load Least stable, 2 g load Observed
Carmel Knoll, gravity, cohesion reduction 0.99 2.83 2.96 2.93
Carmel Knoll, 1g 0.85 0.58 0.60 0.66
Carmel Knoll, 2 g 0.55 0.37 0.34 0.40
Devils Punchbowl, gravity, cohesion reduction 0.99 343 4.00 3.52
Devils Punchbowl, 1 g 1.20 0.63 0.63 0.75
Devils Punchbowl, 2 g 0.56 0.36 0.34 047
Johnson Creek, gravity, cohesion reduction 0.99 5.75 437 495
Johnson Creek, 1g 0.57 0.55, 0.57° 0.58 0.58
Johnson Creek, 2 g 0.36 0.33 0.32 0.34

3 g = gravitational acceleration, 9.807 m/s?; values for least-stable geometries for each loading condition are shown in bold.
b For Johnson Creek 1 g load scenario, factors of safety of 0.55 and 0.57 are for least-stable shallow and deep geometries (Fig. 5), respectively.
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Fig. 5. Slope-stability modeling results. Least-stable rockslide geometries are depicted from gravitational and seismic loading analyses for wet-season conditions. 1 g and 2 g indi-
cate peak horizontal ground accelerations used during seismic analyses. For 1 g loading at Johnson Creek, the least-stable geometry is shallow (factor of safety =0.55) but a sim-
ilarly unstable (factor of safety=0.57) large geometry similar to the observed rockslide was identified also; both are shown.

gravitational loading alone appears to be unable to form the large,
deep, translational rockslides that are also ubiquitous along the
coast. Our analyses suggest that rockslides such as these form from
ground motion accompanying Cascadia subduction-zone earth-
quakes. They may also form from ground motion accompanying
earthquakes on other tectonic faults, but such earthquakes are un-
known historically and we did not evaluate their potential effects.
Rockslide geometries predicted to be least stable during seismic load-
ing are similar to those observed, but not identical. The differences
between predicted least-stable and observed geometries are due to
many factors, likely including heterogeneity of the rock mass, differ-
ences between seismic loads that triggered the rockslides and those
we used during modeling, and errors in our estimates of slope geom-
etries, groundwater conditions, and rock-mass strength.

Measurements of total movement and recent annual movement
permit the ages of the Devils Punchbowl and Johnson Creek rock-
slides to be estimated. For the Carmel Knoll rockslide, we have no
data indicative of total movement, such as offset of stratigraphic
markers or the ground surface, which has been extensively modified
during roadway construction and maintenance activities. The age es-
timates are subject to a great deal of uncertainty because ground
shaking from undocumented earthquakes and changes in rockslide
geometries, material properties, pore-water pressures, wave erosion,
and other conditions have likely affected rockslide movement since
they formed. In addition, our monitoring records are very limited in
time, and displacement during potential coseismic initiation of the
slides is unknown. We were unable to obtain soils with which to per-
form radiometric dating; hence, our means of dating the slides were
very limited.

A geological cross section based on detailed evaluations of bore-
hole samples and surface exposures indicates that the Johnson
Creek rockslide had moved a total of 28.6 m in the vicinity of the cen-
tral extensometer by January 2003. Continuous monitoring indicated
this location moved an additional 510 mm prior to June 2011, and
monitoring for nine years indicated an average speed of 87 mm/y.
This rate and the total displacement suggest that the Johnson Creek
rockslide was 336 years old during 2011. Considering + one standard
deviation of the rate (Table 1), the estimated age range is 173 to
5510 years. The relative lack of human activity at the Devils Punch-
bowl rockslide permits estimating total rockslide displacement from
offset of the ground surface. Our topographic survey indicates that
the rockslide head moved a total of about 45 m. Continuous monitor-
ing during water years 2009 and 2010 indicates that the head moved
at an average speed of 152 mm/y. This rate and the total displacement
suggest that the Devils Punchbowl rockslide was 296 years old during
2011. Considering + one standard deviation of the rate (Table 1), the
estimated age range is 260 to 344 years. Ignoring the great deal of un-
certainty in the age estimates, the best estimates of 336 and
296 years, the relative stability of climatological conditions during
the past 600 years, and the occurrence of an M 9.0 earthquake along
the Cascadia subduction zone 311 years before the end of our moni-
toring suggest that formation of the rockslides was triggered by the
earthquake.

Modeling and monitoring results support the conclusion that the
rockslides were triggered by the M 9.0 Cascadia subduction-zone
earthquake that occurred during January 1700. Stability and displace-
ment analyses suggest that such an earthquake may trigger formation
of large, deep rockslides but they will not move very far (a few
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centimeters). Their formation will involve a significant decrease in
strength as basal rupture surfaces propagate through the rock mass,
which will render the rockslides susceptible to movement from in-
creased pore-water pressures during the wet season and from erosion
by wave action of rockslide toes; such erosion will be exacerbated
along the bluffs as each Cascadia earthquake has involved coastal sub-
sidence of about a meter (e.g., Nelson et al., 1995; Kelsey et al., 2002).
Although newly formed deep rockslides may not move very far upon
initiation, a great Cascadia earthquake will reactivate many large
rockslides, even during the dry season, and many will move at least
several meters. In addition to the large rockslides, our analyses sug-
gest that earthquake ground motion will trigger many shallow fail-
ures along the bluffs, and the low yield accelerations for these
failures and existing shallow slides suggest that they also will move
distances of several meters.

Our findings indicate an interesting cycle of widespread rockslide
triggering from a Cascadia earthquake with many new failures
formed and many existing rockslides reactivated. Large reactivated
slides and new shallow slides may move significant distances into
the tidal zone, creating a large sediment influx that will be immedi-
ately susceptible to wave attack enhanced by coseismic coastal subsi-
dence. Much of this rockslide debris in the tidal zone will likely be
eroded by wave action in the few years to decades following the
earthquake; while many of the newly formed, large, deep rockslides
will commence their slow march toward the sea during wet seasons.
The cycle will apparently repeat every 300-500 years, based on cur-
rent understanding of recurrence of great Cascadia earthquakes.

The hazard to human safety presented by future earthquake-
triggered reactivation of existing rockslides is likely to be significant.
Reactivated deep rockslides and newly formed shallow landslides
will likely render parts of U.S. Highway 101 and other roadways unu-
sable, which may have disastrous effects on tsunami evacuation and
emergency response activities. Future studies could be directed to-
ward identifying and characterizing existing rockslides and areas sus-
ceptible to new rockslides along critical roadways and other
infrastructure, especially with respect to potential coseismic displace-
ment. Such studies would likely be of great benefit for hazard mitiga-
tion efforts.

6. Conclusion

Large, deep rockslides in Tertiary sedimentary rock are wide-
spread along the Oregon coast. Many are dormant while many others
experience renewed movement of a few centimeters during wet sea-
sons, whereas their apparent total displacements suggest they are
quite old. The Cascadia subduction zone located about 90 km offshore
produces great earthquakes every 300-500 years; the last occurred
during January 1700. We studied three typical large, deep rockslides
to reveal mechanisms responsible for their formation. Monitoring
for 2-9 years and measurements of total movement suggest that
two of the rockslides are 296-336 years old; total movement of the
third slide could not be determined. Limit-equilibrium slope-
stability analyses suggest that the rockslides could not be formed by
gravitational loading and increased pore-water pressures. Progressive
strength loss, gravitational loading, and increased pore-water pres-
sures likely trigger formation of the many shallow slides observed
along the bluffs but are unlikely to trigger formation of the large rock-
slides. Stability analyses suggest that reasonable estimates of earth-
quake ground motion would trigger formation of the Ilarge
rockslides. Estimates of coseismic displacement following the
Newmark (1965) method suggest that, upon initiation, the rockslides
would move only centimeters. However, upon reactivation during a
subsequent earthquake, the rockslides would move several meters.
Our findings clarify landsliding and geomorphic evolution of the dy-
namic coastal bluff environment of Oregon. Additionally, they suggest
that tsunami evacuation and emergency response routes may be

severed by landsliding during the next great Cascadia subduction-
zone earthquake.
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