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Understanding the spatial distribution of earthquake-induced landslides from specific earthquakes provides an
opportunity to recognize what to expect from future events. The July 16, 2007 Mw 6.6 (MJMA 6.8) Niigata
Chuetsu–Oki Japan earthquake triggered hundreds of landslides in the area surrounding the coastal city of Kashi-
wazaki and provides one such opportunity to evaluate the impacts of an offshore, magnitude 6+ earthquake on
a steep coastal region. As part of a larger effort to document all forms of geotechnical damage from this earth-
quake, we performed landslide inventory mapping throughout the epicentral area and analyzed the resulting
data for spatial, seismic-motion, and geologic correlations to describe the pattern of landsliding. Coupled with
examination of a third-party, aerial-photo-based landslide inventory, our analyses reveal several areas of high
landslide concentration that are not readily explained by either traditional epicentral and fault–plane-distance
metrics or by recorded and inferred ground-motions. Whereas average landslide concentrations averaged less
than 1 landslide per square kilometer (LS/km2), some areas reached up to 2 LS/km2 in the Nishiyama Hills to
the northeast of Kashiwazaki and between 2 and 11 LS/km2 in coastal areas to the north and south of the city.
Correlation with seismometer-based and monument overturning back-calculated ground motions suggests
that a minimum peak ground acceleration (PGA) of approximately 0.2 g was necessary for landsliding through-
out the region, but does not explain the subregional areas of high landslide concentration. However, analysis of
topographic slope and the distribution of generally weak, dip-slope, geologic units does sufficiently explain why,
on a sub-regional scale, high landslide concentrations occurred where they did. These include: (1) an inland
region of steep, dip-slope, anticlinal sedimentary strata with associated fold belt compression and uplift of the
anticline and (2) coastal areas with generally weaker, weathered outcrop lithology and steeper slopes resulting
from active marine and terrestrial cliff processes. The results offer lessons for understanding the effects of earth-
quakes on both regional and subregional scales with regard to the spatial distribution of landsliding.

Published by Elsevier B.V.
1. Introduction

The July 16, 2007, Mw 6.6 Niigata Chuetsu–Oki earthquake occurred
at 10:13 a.m. local time off thewest coast of Honshu, Japan near the city
of Kashiwazaki in southern Niigata Prefecture (Figure 1). The earth-
quake caused 11 fatalities, nearly 2000 injuries, about 1100 damaged
residences (Kayen et al., 2009), and was responsible for the nearly
two year closure of the Kashiwazaki–Kariwa power plant, the world's
largest nuclear plant in terms of power production. In addition to exten-
sive liquefaction and damage to roads, rail lines, bridges, port facilities,
and structures, landslides occurred throughout the immediate onshore
epicentral region (Figure 2). Damage from landslides was generally
kayen@usgs.gov (R. Kayen),

.V.
confined to transportation routes, and involvedminor pavement crack-
ing, roadway embankment failures, as well as complete destruction of
road and railway sections. In only one known casewas a residence dam-
aged by a landslide; other infrastructure-related damage involved
minor slope movements that caused small (b5 cm) deformations at
the crest of several water-storage earth-embankment dams (Kayen et
al., 2007). In general, reconnaissance data showed that the overall geo-
graphic pattern of most non-landsliding structural damage could be
correlated with either the level of infrastructure design and construc-
tion or particular site-specific soil conditions (Kayen et al., 2007). How-
ever, we found the spatial distribution of observed landsliding to be
heterogeneous and not easily explained by typical seismic source–dis-
tance metrics. Investigating and explaining these observations is the
purpose of the study presented herein.

Landsliding is common frommagnitude (Mw) 6+ earthquakes that
affect steep terrain; extensive sliding was reported during all recent
large earthquakes in mountainous areas of the United States
(e.g., 1989 Loma Prieta, California — Keefer, 1998; 1994 Northridge,
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California — Harp and Jibson, 1996; 2002 Denali, Alaska — Jibson et al.,
2004) and elsewhere (e.g., 1980 Irpinia, Italy — Wasowski et al., 2002;
2005 Kashmir, Pakistan — Harp and Crone, 2006; 2008 Wenchuan,
China— Yin et al., 2009) including the 2004 Mw-6.6 mid-Niigata earth-
quake (e.g., Kyoji et al., 2005; Kieffer et al., 2006) located just 50 km
inland from the event described here. These events provide direct
empirical evidence for the spatial distribution of landsliding that can
be expected from similar future earthquakes. Typically, correlations
between landslide occurrence and seismological and spatial parameters
are extracted from studies based on documented landslide inventories
(e.g., Keefer, 1984, 2000; Harp and Wilson, 1995; Khazai and Sitar,
2004; Lee et al., 2008; Harp et al., 2011). These correlations can aid
seismic landslide hazard analysis and planning for communities prone
to earthquake-induced landsliding (e.g., Jibson et al., 2000; Parise and
Jibson, 2000; Chang et al., 2006).

Spatial and seismological correlations offer one of the best predic-
tors for expected landslide distributions resulting from earthquakes
and are commonly based on magnitude–distance relationships, ground
motions, and bedrock geology. Keefer (1984) presented a comprehen-
sive set of correlations between landslide distance (e.g., as measured
from the epicenter or fault plane) and earthquake magnitude; these
correlations continue to be used for comparison with more recent
(e.g., Rodríguez et al., 1999; Papadopoulos and Plessa, 2000) and
Fig. 1. Regional map of Kashiwazaki, Japan with 5 m DEM hillshade base showing USGS and
dipping (SE and NW) fault plane ruptures, reconnaissance area boundaries, and landslides i
Kariwa Nuclear Power Plant, SR: Sabaishi River, UR: U River, IZ: Izumozaki, NH: NishiyamaHil
MY: Mt. Yoneyama.
regionally specific (e.g., Esposito et al., 2000; Wasowski et al., 2002)
earthquake investigations. Additional work by Keefer (2000) showed
that strong correlations also exist between the number of landslides
and landslide distance— typically seismic shaking decreases at distance
due to attenuation of energywithin the subsurface. As a result, landslide
concentration (the number of landslides per unit area) also generally
decreases with increasing epicentral and fault-plane distance. In the
1989 Loma Prieta, California earthquake Keefer (2000) used power
and exponential law functions to explain these effects. Harp and
Wilson (1995) were the first to correlate instrumentally-recorded
ground motions and landslide limits, and correlations based on
measures of recorded peak ground acceleration (PGA) also exist for
some additional earthquakes. However, these types of correlations are
generally uncommon because many reconnaissance case histories lack
a sufficiently dense collection of measurements over landslide-
impacted areas. In one well-documented case, Khazai and Sitar (2004)
showed thatmost landslides from the 1999 Chi-Chi, Taiwan earthquake
occurred in areas with horizontal and vertical PGA levels of at least
0.15 g and 0.2 g, respectively. Finally, linkages to regional and site-
specific geology have also led to improved understanding of
earthquake-induced landslide distributions. Parise and Jibson (2000)
for example, showed that a susceptibility index, defined by the ratio
of area covered by landslide sources within a geologic unit to the total
JMA estimated epicenters, HERP (2008) based surface projections of dual and opposite
nventories. Place names referenced in the text are: KA: Kashiwazaki, NP: Kashiwazaki–
ls, OA: Oginojo Anticline, KU: Kutsuta, CK: Cape Kannon, OG: Oumigawa, YO: Yoneyama,



Fig. 2. Coastal landslides (a) north of Kashiwazaki at 3 km JMA epicentral distance and (b) south of Kashiwazaki at 23 km JMA epicentral distance. Arrow in (a) identifies the
location of the inset image.
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outcrop area of each unit, could be used to distinguish areas of high
versus low landslide susceptibility.

We investigated the 2007 Niigata Chuetsu–Oki earthquake to
understand the spatial and seismological effects of an offshore earth-
quake on an urbanized and landslide-prone area (Kayen et al., 2009).
During the investigation, we noted a heterogeneous and somewhat un-
expected landslide distribution — especially with respect to the high
density of mid-epicentral distance coastal landslides. Here, we present
and use both new and existing landslide inventories from the earth-
quake, coupled with spatial and seismological analyses, to explore
these high landslide concentration areas. Adapting existing methods,
we examine the landslide distribution in terms of both regional and
subregional settings, including analysis of topographic slope, bedrock
geology and structure, and the offshore location of the earthquake
epicenter and fault–rupture planes. Similar to previous studies (e.g.,
Wasowski et al., 2002) we postulate that significant characteristics of
the expected landslide distribution can only be explained by investigat-
ing factors at both the regional and subregional scales.

2. Regional setting

Kashiwazaki is located on the Sea of Japan coast, about 300 km
northwest of Tokyo. The Kashiwazaki region is characterized by steep,
10–50-m-tall coastal cliffs composed of Miocene, Pliocene and Pleisto-
cene sedimentary units to the north, and Pliocene volcanic and sedi-
mentary deposits to the south (Kobayashi et al., 1995). The coastal
cliffs are bisected by a broad plain formed by the Sabaishi and U Rivers.
The city of Kashiwazaki is located between these two rivers (Figure 1)
on an extensive area of Holocene and Pleistocene sand-dune deposits.
Farther inland, rugged hills several hundredmeters in elevation, formed
from Miocene sedimentary and volcanic units, have been compressed
by a series of northeast-trending fold belts. Compressional tectonics
have also produced many active thrust faults in the area, typically
with north-northeast trend, both on- and offshore.

3. Seismological background

TheNiigata Chuetsu–Oki earthquakewas estimated atMw6.6 by the
U.S. Geological Survey (USGS, 2007) based on teleseismic observations;
these data indicated an epicenter located 24 km northwest of Kashiwa-
zaki (Figure 1) set with a rupture focal depth of 10 km. Using local data,
the Japanese Meteorological Agency (JMA, 2007) computed a similar
magnitude (MJMA 6.8) and focal depth (17 km) but with an epicenter lo-
cated only 20 km northwest of Kashiwazaki and some 12 km east of the
USGS-determined epicenter. Because the teleseismically-determined
(USGS) epicenter is not located on the ruptured fault planes (see
Figure 1), we used the locally-determined JMA epicenter for our ana-
lyses. All ensuing distance metrics are therefore based on the JMA epi-
center (herein referred to simply as the epicenter).

The focalmechanismhas been attributed to reverse-slipmotion on a
buried fault in an area of compressive deformation resulting from the
collision of two smaller plates (Amur and Okhotsk) associated with
Pacific–Eurasian plate subduction (USGS, 2007). NRI ESDP (2007) iden-
tified the two conjugate fault-plane solutions for the event as a

image of Fig.�2
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northwest (NW) dipping plane and a southeast (SE) dipping plane.
Initial source inversions using strong-motion data alone were not able
to distinguish which of the two focal planes ruptured (e.g. Aoi et al.,
2007; Irikura et al., 2007; Koketsu et al., 2007; Takenaka et al., 2007;
Toda, 2007). Additional work by Cirella et al. (2008), using both
strong-motion and GPS data, also required the fault-plane dip direction
to be inferred to explain the rupture process. However, using data
collected with ocean-bottom seismometers along with a reevaluation
of the strong-motion data, the Headquarters for Earthquake Research
Promotion, HERP (2008) showed that rupture involved both planes;
their explanation has rupture originating on the SE dipping plane with
minor activation of the smaller NW dipping plane located to the north-
east of the initiating rupture. This interpretation of aftershock data
distinguishes a 27 km by 14 km, 40° SE dipping rupture plane with
upper edge at 2 km depth, and a 10 km by 12 km, 50° NW dipping
plane with upper edge at 4 km depth, both striking N40°E (Figure 1).
We use these plane geometries for our landslide analyses.

4. Landslide inventories

We investigated landslides caused by the earthquake using a combi-
nation of ground-basedfield observations begun two days following the
earthquake, oblique photo analysis, and subsequent analysis of third-
party aerial-photo-based landslide inventories which utilized photos
taken two days after the event. The inventories do not include land-
slides that could have occurred on Sado Island, located 30 km to the
northwest, where only minor damage was reported.

We identified 70 landslides distributed over a 181 km2 area (aver-
age landslide concentration, ALC=0.4 LS/km2) using ground-based
reconnaissance observations from four teams of two persons distribut-
ed throughout the affected area (Kayen et al., 2007). This landslide total
does not include minor roadbed slope failures, which were too numer-
ous to accurately count. At each landslide, we recorded landslide type,
material type, shear plane depth, and overall size. Care was taken to
record only those landslides that were triggered by the earthquake as
evidenced by fresh failure scarps or newly disturbed ground. For the
ground-based inventory, we were generally able to confirm a seismic
trigger, rather than a precipitation trigger, by observing either relatively
dry soil conditions in landslide scarps or obvious new damage to infra-
structure that could have only occurred as a result of the earthquake In
some cases, we identified landslide type and estimated volume follow-
ing the field work through analysis of oblique field photos and terrestri-
al LiDAR data collected during the original reconnaissance. Landslide
types consisted of shallow (b3 m), disrupted soil slides (81%), deeper-
seated soil slumps (14%), rock falls (3%), soil block slides (1%) and soil
lateral spreads (1%), as classified according to Varnes' (1978) terminol-
ogy. The low number of rock falls compared to that observed in other
earthquakes (Keefer, 1984) is thought to be due to the lack of near-
vertical rock outcrops in the region — most landslides failed by sliding
rather than falling. Even on the relatively steep coastline, we observed
mainly slide events. On the other hand, the highpercentage of disrupted
soil slides is consistent with that documented in other earthquakes
(Keefer, 1984) including the nearby 2004 Niigata event (Kieffer et al.,
2006). Landslide volumes were grouped into three categories:
small (b100 m2), medium (100–1000 m3), and large (>1000 m3).
Most landslides (62%) were small owing to the large number of shallow,
disrupted soil slides; there were approximately an equal number of
medium (18%) and large (20%) landslides.

We used an aerial-photo-based landslide inventory provided by
PASCO Corporation (PASCO) and Kokusai Kogyo Company Ltd.
(Kokusai Kogyo, 2007) to corroborate our field inventory over a larger
region. The PASCO–Kokusai Kogyo effort, performed immediately
following the earthquake using GIS analysis of aerial photos taken on
July 18 and 19, 2007, documented 312 landslides over a 332 km2 area
(ALC=0.9 LS/km2). Because of the emergency-response nature of the
data collection mission, the data set was not able to be field checked
at the time. Sato (2007), using the same aerial photos as those collected
by PASCO–Kokusai Kogyo, later ground-truthed several of the larger
landslides and recorded a slightly lower ALC (0.7 LS/km2) in a smaller
subset of the epicentral area, with 172 landslides identified over a
261 km2 area. A first-order comparison of our ground-based inventory
to the PASCO–Kokusai Kogyo data set does reveals several discrepancies
between observed and mapped landslides, and we therefore believe
that some of the landslides identified in the aerial photo reconnaissance
may not have been seismically induced. Typhoon Man-yi passed along
the Pacific coast of Japan just prior to the earthquake, and Niigata Pre-
fecture pre-earthquake precipitation levels were above normal at that
time (178% of average for the month of June; JMA, 2008) suggesting a
precipitation-induced trigger for some aerial-photo-identified land-
slides. Yamagishi and Iwahashi (2007) documented more than 3000
landslides in this region following heavy precipitation in 2004,
highlighting the high landslide susceptibility here to precipitation-
induced landslides. However, Hasegawa et al. (2009) showed that
high seismically-induced landslide concentrations (6.4 LS/km2) from
the 2007 event did occur in select areas of the affected region through
field-checked aerial-photo analysis of landslides north of Kashiwazaki.
Thus, despite the possibility of precipitation-induced landslides
contaminating the aerial-based landslide inventory, we concluded
that the data set is sufficiently robust and within acceptable bounds
for performing statistical analysis.

5. Landslide distribution

Spatial distancemetrics between landslides and earthquake sources
provide a first order indication of the relative seismically-triggered
landslide distribution throughout an affected region. Here, using a com-
bination of GIS, CAD, and virtual-globe software packages, we analyze
landslide concentration correlations with epicentral distance and with
distance from the surface projection of the HERP (2008) defined fault
planes. In these analyses, we use the entire surface projection of the
fault planes (not just the updip edge) to account for the energy from
the rupture of both planes.

Landslide concentration (LC), measured as the number of landslides
divided by the area in which they occur for a set area boundary,
describes the relative spatial distribution of landsliding throughout a
region. In calculating LC, we ignored submarine areas because no obser-
vations were made in those locations. In addition, only those areas
above a specific elevation threshold (in this case, 10 m) were included
to focus the results on areas with steep, landslide-prone topography
(e.g., similar to Keefer, 2000; Khazai and Sitar, 2004). In theKashiwazaki
region, the area located below 10 m elevation coincideswith the prima-
ry flat, fluvial plain formed by the U and Sabaishi Rivers (Figure 1).
Finally, we truncated the areas used for calculating landslide concentra-
tion at the respective aerial and ground-based reconnaissance bound-
aries, consistent with the approach used by Keefer (2000). This could
have inflated LC values at the study area perimeter (due to the likeli-
hood that there were few to no landslides outside this boundary, but
still within the distance bin radius), however this is highly unlikely to
significantly affect the results.

Our analyses of ground- and aerial-based landslide concentrations
binned at 1-km increments for epicentral distance (Figure 3a) and dis-
tance from the fault plane surface projection (Figure 3b) show the
expected quantitative decline in LC with increasing distance. These are
consistent, in magnitude and trend, to other similar earthquakes with
recorded landslide inventories (e.g., Keefer, 2000 — plotted as a
smoothed trend line in Fig. 3 for the 1989 Loma Prieta, California earth-
quake; Khazai and Sitar, 2004 for the 1999 Chi-Chi, Taiwan earthquake).
In addition, the maximum epicentral distance of a recorded landslide
(29 km) is well within the expected boundaries for this magnitude
event when compared to other historical earthquakes (Keefer, 1984).
However, there are also considerable departures (i.e., here defined as
generally those with greater than 1 LS/km2 at either more than 10 km
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epicentral distance or more than 2 km fault plane distance) from the
relatively smooth declinewith increasing distance. Although there is in-
herent variability in all such data sets due to the stochastic nature of
landslide processes, these areas of high landslide concentration are
also significantly larger than those found in similar magnitude earth-
quakes such as the 1989 Loma Prieta, California and 1999 Chi-Chi, Tai-
wan data sets (Keefer, 2000; Khazai and Sitar, 2004).

First order analysis indicates that landslide clusters coincide primar-
ily with coastal areas. LC (using either ground- or aerial-based
methods) is highest north of Kashiwazaki, near Cape Kannon and Kut-
suta (7.9–10.9 LS/km2 and 1.4 LS/km2 at the 3 km and 14 km epicentral
distance bins, respectively), and south of the city, between Oumigawa
and Yoneyama (2.7–4.5 LS/km2 at the 20–24 km epicentral distance
bin). Only in the Nishiyama (West Mountain) Hills 10–12 km bin do
concentrations coincide with something other than coastal landslides.
Analysis of LC based on the distance from fault-plane surface projection
(SE and NW rectangles in Figure 1) shows similar trends (Figure 3b).
Landslide concentration is highest (2.8–4.8 LS/km2, 1.5 LS/km2, and
Fig. 3. Landslide concentration as a function of (a) JMA epicentral distance and (b) surface
California shown for comparison. Labels coincide with place names in Fig. 1.
1.4 LS/km2) near the coast (0–0.5 km, 2–3 km, and 8 km fault plane
distance bins respectively) and in the inland Nishiyama Hills (LC up to
2.2 LS/km2 at the 5–7 km bin fault plane distance).

These concentrations are significant in that they potentially
represent areas of increased landslide hazard from earthquakes that
affect coastal regions. However the reason for their occurrence in not
necessarily obvious. They may represent either a spatial non-uniformity
in landslide-susceptible slopes (i.e., due to steeper slopes or poor geologic
conditions) or differential seismic attenuation, and possibly amplification,
within the region. We therefore examine the concentrations in this
context to deduce which of the two is the more plausible explanation.

6. Correlation with ground motion

Differential attenuation and amplification of seismic ground motion
at a regional scale offers a potential explanation for the high landslide
concentration areas identified in the landslide inventories. Various
measures of ground motion and related intensity forms, including
projection of fault plane distance. Data from Keefer (2000) on the 1989 Loma Prieta,

image of Fig.�3
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Modified Mercalli Intensity (Keefer, 1984), Arias Intensity (Wilson and
Keefer, 1985; Harp andWilson, 1995; Lee et al., 2008), and peak ground
acceleration (Khazai and Sitar, 2004; Wang et al., 2010) have been
proposed and used for spatial correlation of landslides. Arias Intensity
has a strong correlation with the distribution of earthquake-induced
landslides, but it can only be derived from instrumental records. In
Kashiwazaki, only a few stations were near the landslide-affected
areas. We therefore selected horizontal PGA (herein referred simply
as PGA) to measure the influence of ground motion on landslide distri-
bution. PGA is useful in that it directly accounts for particularities of
fault rupture such as directivity and hanging-wall effects. Southwest-
ward (towards Kashiwazaki) directivity pulses were noted in source
inversion studies (e.g. Cirella et al., 2008; Takenaka et al., 2009;
Miyake et al., 2010) and all landslides in this event were located on
the hanging wall of the main SE rupture plane (Figure 1). Thus, the
use of PGA here eliminates the need to consider these effects separately
with respect to landslide triggering.

Our PGA measurements used for correlation come from three
sources: motions from the seven nearest recordings (NIG seismometer
stations, K-NET, 2008; Table 1), motions recorded from the combined
EW–NS components at the Kashiwazaki–Kariwa Nuclear Power Plant
(KKNPP) foundation mat (TEPCO, 2008; Table 1), and motions
back-calculated from monument overturning observations. Observa-
tions of overturned cemetery and shrine monuments (Figure 4; Kayen
et al., 2007; Tobita et al., 2007; Yamagishi et al., 2007) provide an indi-
cation of ground motions. Monument topples during earthquakes are
common in Japan (e.g., Ikegami and Kishinouye, 1950; Omote et al.,
1977) due to the design of many shrine tombstones that do not key in
to underlying support stones.

A simple calculation using West's formula (Milne, 1885) comparing
the seismic (ac) and restoring (gravitational acceleration, g) moments
needed to initiate uplift, rocking, and subsequent toppling of a block
around one edge is possible if the geometry (relative width, b to height,
h ratio, b/h) of the toppled block is known:

ac >
b
h
g ð1Þ
Table 1
Seismometer data and estimated ground motions from back-calculation of monument topp

Site numbera Site description JMA
(km)

NIG016 K-NET seismometer station 22
NIG017 K-NET seismometer station 22
NIG018 K-NET seismometer station 14
NIG019 K-NET seismometer station 29
NIG021 K-NET seismometer station 43
NIG024 K-NET seismometer station 44
NIG025 K-NET seismometer station 50
KKNPP Foundation mat seismometer 8
BC-TT1 Cemetery 4
RK14 Konsengi Temple 12
RK29 Shrine/cemetery 6
RK42 Shrine 10
RK43 Cemetery 10
RK44 Cemetery 10
RK48 Cemetery 14
RK54 Cemetery 11
RK58 Tombstone monument store 15
SA13 Rock wall 16
SD04 Shrine 17
SD16 Temple 13
SP40 Monument 14

a Site numbers are referenced to Kayen et al. (2007).
b Back-calculated values indicate minimum PGA. Values could be higher in all cases.
c Kayen et al. (2007) indicates potential liquefaction at this site and Cirella et al. (2008) s

therefore have been higher.
This analysis requires that the monument basal friction was suffi-
cient to prevent sliding — a point supported by our field observations.
Others have performed similar calculations (e.g., Housner, 1963; Yim
et al., 1980; Ishiyama, 1982; Winkler et al., 1995), and despite recent
debate on the applicability of the method for determining complex
earthquake motions (e.g. Apostolou et al., 2007), the method is still
applicable for determining a lower bound for monument rocking
ground motions (i.e., PGA may be higher to initiate toppling).

We used observations from thirteen sites with overturned monu-
ments, located between 4 and 17 km epicentral distance, to calculate
b/h ratios, and therefore equivalent minimum PGA values (by Eq. (1))
ranging between 0.17 g and 0.5 g (Table 1). Only the most slender
blocks, and therebymost prone to toppling, were used to provide a con-
servative basis for ground response. Evenwith these restrictions, topple
ratios (number of monuments toppled to total number of monuments)
averaged nearly 70% and were 100% at many sites indicating that
minimum shaking levels for toppling were ubiquitous at these sites.
These results provide reasonable estimates for ground motion in areas
where recorded measurements do not exist, although it is important
to note that the true “peak” ground acceleration may have been higher
than that calculated from this “minimum peak” analysis.

The computed PGA contours (Figure 5) from statistical kriging of all
PGA data indicate a minimum threshold for landsliding of approximately
0.18 g. This is consistent with previous research; Khazai and Sitar (2004)
found a similar horizontal PGA threshold (0.15 g) for landsliding in the
1999Mw7.3 Chi-Chi, Taiwan earthquake as didWang et al. (2010) in a re-
gional analysis from the 2008 Wenchuan, China earthquake. PGA was
highest in the central Kashiwazaki coast area (as shown by the
seismometer-based measurements that define two bulls-eye contours
there) but caused few landslides in the flat topography of this region. In
areas with high landslide concentration such as the Nishiyama Hills and
coastal areas north and south of Kashiwazaki, PGA values range from
0.2 g to 0.35 g and no increased correlation between PGA and landslide
distribution is apparent. Due to a lack of PGA measurements in the main
landslide-affected areas, it is possible that accelerations were higher, for
example, as a result of topographic amplification not exhibited in other
PGA measurements and estimates. Given that the ratio of topographic
les.

epicentral distance Recorded or back-calculated horizontal PGAb

(g)

0.43
0.32
0.86c

0.60
0.35
0.25
0.29
0.76
0.33
0.39
0.29
0.18
0.35
0.37
0.31
0.39
0.18
0.50
0.17
0.50
0.31

howed difficulty with matching observed PGA to modeled source inversions. PGA may



Fig. 4. Toppled monuments at 12 km JMA epicentral distance with approximate 90% topple ratio. Typical width and height of the most slender blocks (arrow) is 25 cm by 75 cm
(b/h=0.33).
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relief at the coast (H; 30 to 80 m) to the incident seismic-wave length (λ;
30 to 100 m; Kayen et al., 2007; K-NET, 2008) is near unity (H/λ=0.2 to
2.7) suggests that topographic amplification of the steep cliffs may have
occurred, potentially increasing PGA by 25 to 50% (e.g., Ashford et al.,
1997; Harp and Jibson, 2002). However, the incident angle of incoming
seismic waves (~40° as calculated from the major southeast dipping
fault plane; HERP, 2008) toward the coastal slopes was less likely to
have induced topographic amplification because the coastal slopes are
aligned facing, rather than away from the seismic source. In such cases,
deamplification of PGA commonly occurs (e.g., Ashford and Sitar, 1997;
Meunier et al., 2008). We therefore judge that topographic amplification
did not take place and does not offer an explanation for high PGA levels
or increased landslide concentrations near the coast.

7. Correlation with geologic and topographic conditions

The lack of explanation offered by ground motion response for high
landslide concentrations in both coastal and inland areas dictates that
susceptibility characteristics such as slope inclination and geological
substrate be investigated. This includes analysis at both the regional
(Kashiwazaki-wide) and sub-regional (coastal, inland areas) scales.

7.1. Correlation with topographic slope

We investigated the correlation between topographic slope and
landsliding throughGIS analysis of a 5 mDEM available for themajority
of the Kashiwazaki region (Figure 1). Using only the data within each of
the ground and aerial reconnaissance boundaries, all DEM-generated
slope cells were binned in 5° increments (Figure 6a). Mean (14°, 18°)
and maximum (85°, 85°) values for the ground and aerial reconnais-
sance areas, respectively, are consistent and highlight the varying
topography of the region. Using the same slope map, we determined
the maximum slope angle of each landslide for both ground and aerial
inventories (Figure 6b). These results indicate that themajority of land-
slides were triggered on relatively steep slopes averaging 42° and 45°
for the aerial and ground-based inventories, respectively.

Normalizing each landslidemaximum slope angle bin for contribut-
ing slope angle area (i.e., deriving a slope-angle-based landslide
concentration by dividing Figure 6b by Figure 6a) highlights this obser-
vation, namely, that steep slopes failed ubiquitously with normalized
landslide concentrations exceeding 900 LS/km2 within the steepest
slopes (Figure 7). Thehighest, seemingly unreasonable, landslide concen-
tration values are a product of the low frequency of occurrence of steep
slopes (Figure 6a) in the region coupledwith the high frequency of occur-
rence of landslides on those slopes. Similar to previous studies (e.g.,
Keefer, 2000) the overall relationship is exponential and the data is well
fit by trend lines for both ground and aerial-based inventories. Interest-
ingly, the point of maximum exponential curvature (~45°, defined as
κ= f″(x)/(1+ f′(x)2)3/2, where f(x) is the exponential function in Fig. 7,
and not entirely obvious when plotted in linear space) is approximately
10° greater than that found in other studies (Keefer, 2000 — 34°;
Wasowski et al., 2002 — 35°). We interpret this as a further indication
that the steepest slopes were particularly susceptible to landsliding dur-
ing this earthquake.

The areas of high landslide incidence (coastal areas and Nishiyama
Hills) can be investigated in more detail by calculating the average of
the maximum slope angles for all landslides contained in each subre-
gion. The results (Table 2) are generally consistent between the ground
and aerial-based inventories, and indicate that coastal landslides
occurred in areas with very steep (40° to 65°) slopes. In all subregions,
average values are on the order of the point of maximum curvature
(45°) previously identified indicating that these areas are in the partic-
ularly susceptible range for landsliding based on slope. Despite this
seemingly strong correlation between slope and areas of high landslide
concentration, there are other areas within the region that have slopes
equal to or exceeding the landslide values which did not experience
significant landsliding. For example, in the vicinity of Mount Yoneyama,
(Figure 1) at the southern endof the study region, slopes are significant-
ly steep (>50°) but had few documented landslides. Thus, whereas
slope alone explains much of the landslide distribution, it does not en-
tirely explain the high landslide concentration areas.

7.2. Correlation with geology

We performed additional GIS analysis to investigate potential
correlations between bedrock geologic unit and the landslide
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Fig. 5. Estimated minimum peak horizontal ground acceleration contour map from seismometer and overturning monument data (see Table 1). Some seismometer measurements
are outside the region shown and incorporate site effects at those locations. Place names denoted by initials (i.e., “CK”) are described in Fig. 1.
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inventories. Using existing geological mapping of the Kashiwazaki re-
gion (Kobayashi et al., 1989, 1993, 1995, and Takeuchi et al., 1996),
we simplified the overall geology into eight units (Figure 8) and calcu-
lated geology-normalized landslide concentrations for each landslide
inventory. The results (Figure 9) indicate that several units were partic-
ularly susceptible to landsliding, namely Pliocene and Miocene sedi-
mentary units, typically consisting of sandstones and mudstones, and
interestingly, Pleistocene dune sands. The sand dunes are part of the
Arahama sand dune complex and, in the lower (Pleistocene) beds, are
bonded by weak clay-organic cementation (Tazaki et al., 1989). Al-
though the outcrop area of the Pleistocene beds is relatively small in
the Kashiwazaki region (~2 km2), weakly cemented sands are particu-
larly susceptible to failure from seismic shaking (Sitar and Clough,
1983).

Compared to the M6.7 Northridge, California, USA earthquake in
which geology-normalized landslide concentrations were also calculat-
ed (Parise and Jibson, 2000), our landslide concentration results are
generally “low” (b3 LS/km2). However, in the Northridge event, the
number of landslides (~11,000) was much higher. Our estimates are
comparable to those calculated from the 1980 Irpinia, Italy earthquake
(Wasowski et al., 2002) in which values were generally less than 1 LS/
km2 and in which there were fewer landslides (~200). Overall, we
were not able to distinguish particularly susceptible areas of our land-
slide distribution based on geology alone. For example, whereas the
high landslide concentration in the Nishiyama Hills was generally
located within Pleistocene sedimentary units (Figure 8), these units
outcrop over a wide area of the region where landslides did not occur.
We must therefore turn to subregional analyses of the high landslide
concentration areas to explain the observed landslide distribution
from the earthquake.

8. Analysis of high landslide concentration areas

8.1. Nishiyama Hills landslide concentration

The Nishiyama Hills, located south of Izumozaki, showed a high
landslide concentration from the aerial reconnaissance data
(the ground-based effort did not completely investigate this area).
Our ground-motion correlations indicate a negative correlation with
PGA; here, values decreased as the landslide concentration increased.
However, as shown by our analyses, topographic slope and geology
did correlate, in part with the high incidence of landsliding here.
Namely, steep (>40°) Miocene and Pleistocene sedimentary slopes
can be identified as the source for most of the documented landsliding.
In contrast, the similarly steep slopes in the Mount Yoneyama area and
which did not experience widespread landsliding are composed of
mid-Pliocene volcanic units. On the subregional scale, the localized
geologic structure of the Nishiyama Hills also likely influenced the
increased susceptibility to landsliding. Here, the late-Cenozoic, Oginojo
anticline with steeply (60° to 90°) dipping sedimentary limbs extends
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Fig. 6. Slope angle frequency distribution for (a) all slopes within each reconnaissance boundary, and (b) maximum slope angle for each landslide inventory.
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from northeast to southwest along the length of the high landslide
concentration zone (Figure 8, Kobayashi et al., 1993; Kobayashi et al.,
1995). We suggest that this structure provided ample opportunity for
dip-slope failures on subvertical, alternating mudstone and sandstone
sequences. Although this line of reasoning can explain the elevated
landslide concentration in the Nishiyama Hills, we suggest one other
possible explanation. Nishimura et al. (2008) noted aseismic, compres-
sion and uplift of up to 4 cm to the west of and along the Oginojo anti-
cline following the earthquake, indicating that the fold–belt itself
underwent additional deformation separate from the thrust movement
of the 2007 offshore fault rupture. Synthetic aperture radar (SAR) stud-
ies also noted uplift here with up to 10 cmmeasured over a 15 km long
by 1.5 km wide area on the west side of the Nishiyama Hills (HERP,
2008). The results from Nishimura et al. (2008) suggest that this
deformation is a result of a static stress increase in either the northwest
dipping fault plane (Figure 1) or another weak shallow fault running
beneath the anticline. In either scenario, the stress increase could have
caused slope-weakening strain increases in the near surface (e.g.,
Morton et al., 1989), thereby also leading to an increase in landslide sus-
ceptibility in this region.

8.2. Coastal area landslide concentrations

A combination of steep slopes and weak geologic unit strength also
likely caused the above-average landsliding along the coast during the
earthquake. Whereas ground motions were not high in all areas of the
coast, steep slopes formed in geologic units with high susceptibility
are ubiquitous here. The slope correlation data show that the four
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Fig. 7. Slope-normalized landslide concentration and exponential trend lines for landslide inventory data between 15° and 80°. The highest values are a result of the low frequency
of occurrence of the steepest slopes.
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coastal areaswith high landslide concentrations (Kutsuta, Cape Kannon,
Oumigawa, and Yoneyama; Figure 3) all have higher than average
slopes for the region (Table 2, Figure 6) insinuating that the coastline
was particularly susceptible to seismic shaking. Although this observa-
tion is not new for cliffed coastlines (e.g., Griggs and Scholar, 1997)
our analyses provide quantitative data to bracket the degree of suscep-
tibility (Figure 7). The coastal landslide areas also generally corroborate
positively with theweaker geologic units of the area, in particular Pleis-
tocene, Pliocene, and Miocene sedimentary units. Although the general
correlation between geology and landsliding is not strong (Figure 9),
field observations (Kayen et al., 2007) and laboratory testing by
Gratchev and Towhata (2008) at the site of the Oumigawa landslide
(OG — Figure 1; Figure 10) indicate that surficial materials along the
coast are particularly weak, especially in cyclic shaking. Finally, we
posit that theweathered, weakened state of bedrock from coastal influ-
ence may also have been a causative factor for the increase in observed
landsliding in these areas. Under constant wave action, groundwater
seepage, and cliff-face erosion, many coastal slopes are likely in a meta-
stable state that requires very little seismic ground motion to fail. Our
field observations indicate pre-failure coastal landslide slopes had incli-
nations upwards of 40° in many cases and earthquake-induced slide
planes generally occurred in highly weathered, landslide-prone mate-
rials (Kayen et al., 2007). This enhanced susceptibility suggests that, in
a geomorphologic sense, earthquake-induced coastal landslides could
be identified separately from inland landslides when determining spa-
tial correlations (i.e. plotting a coastal landslide threshold curve above
Table 2
Subregional landslide inventory slope statistics.

Subregion Ground-based landslide
inventory averagea

Aerial-based landslide
inventory averagea

Kutsuta (KU) n/ab 43°
Cape Kannon (CK) 41° 39°
Oumigawa (OG) 63° 56°
Yoneyama (YO) 52° 53°
Nishiyama Hills (NH) n/a 42°

a Averages denote the mean of the maximum DEM grid cell values in proximity to
each landslide.

b n/a denotes detailed data not available for this region.
that determined for all landslides from Keefer, 2000, for example; see
Figure 3). Whereas the Niigata Chuetsu–Oki earthquake provides such
an example, to date, there are insufficient processed case studies to de-
velop such an approach.
9. Conclusions

The 2007 Mw 6.6 Niigata Chuetsu Oki earthquake caused extensive
landsliding throughout the Kashiwazaki area of Japan. Whereas the
average landslide concentration from this event (0.4–0.9 LS/km2) is
low compared to the nearby 2004 Niigata Chuetsu, Japan earthquake
(up to 30 LS/km; Kieffer et al., 2006), it is similar to other recent earth-
quakes having slightly greater magnitudes (0.5 LS/km2 in the 1989 Mw

6.9 Loma Prieta, California— Keefer, 2000; ~1.1 LS/km2 in the 1994 Mw

6.7 Northridge, California — Harp and Jibson, 1996). Compared to the
2004 Niigata earthquake, the 2007 event affected an area of lower
topographic relief and without as great a known landslide hazard. The
2007 earthquake also occurred during drier conditions compared to
the 2004 earthquake (i.e., in 2004, ten typhoons occurred in Japan
before the earthquake; Kieffer et al., 2006), andwas epicentered farther
from susceptible slopes, thus explaining the lower landslide concentra-
tion in 2007.

In addition to documenting the major landslide effects of the earth-
quake, our analysis of existing aerial and ground-based landslide inven-
tories identified two areas of particularly high landslide concentration
that are not easily explained by typical measures of seismic correlation
(i.e., seismic source distance and PGA). Susceptibility factors related to
steep slopes and weak geologic units appear to have caused the occur-
rence of these high landslide concentrations. In the Nishiyama Hills,
steep dip-slopes in potentially weak sedimentary strata coupled with
aseismic uplift and compression of an anticline fold belt were likely
responsible for increased landsliding. In the coastal areas, steep,
weakened slopes under the influence of wave erosion and groundwater
seepage were particularly susceptible to slope failure, suggesting that
coastal slopes, in general, may be more susceptible to earthquake-
induced failure. Whereas the presented results explain the landslide
distribution from only one earthquake, they highlight the need for
both regional and subregional ground motion and susceptibility
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Fig. 8. Simplified geological map of the Kashiwazaki region (adapted from Kobayashi et al., 1989, 1993, 1995, and Takeuchi et al., 1996). Place names denoted by initials (i.e., “CK”)
are described in Fig. 1.

Fig. 9. Geology-normalized landslide concentration for landslide inventory data within select geological units. Data for alluvium and Pleistocene volcanics are not shown due to
their low landslide concentration. High value for ground-based landslide inventory data in Pliocene sedimentary units is due to a single small outcrop located between Oumigawa
(OG) and Yoneyama (YO) in the ground-based reconnaissance area (see Figure 8).
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Fig. 10. The Oumigawa train station landslide located south of Kashiwazaki exemplifies the metastability and high seismic susceptibility that many coastal slopes exhibited.
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analysis in explaining potentially complex documented landslide distri-
butions from earthquakes.
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