
Controls of earthquake faulting style on near field landslide
triggering: The role of coseismic slip

L. Tatard1,2 and J. R. Grasso1

Received 30 August 2012; revised 7 May 2013; accepted 8 May 2013; published 17 June 2013.

[1] We compare the spatial distributions of seven databases of landslides triggered by
Mw=5.6–7.9 earthquakes, using distances normalized by the earthquake fault length. We
show that the normalized landslide distance distributions collapse, i.e., the normalized
distance distributions overlap whatever the size of the earthquake, separately for the events
associated with dip-slip, buried-faulting earthquakes, and surface-faulting earthquakes. The
dip-slip earthquakes triggered landslides at larger normalized distances than the oblique-slip
event of Loma Prieta. We further identify that the surface-faulting earthquakes of
Wenchuan, Chi-Chi, and Kashmir triggered landslides at normalized distances smaller than
the ones expected from their Mw ≥ 7.6 magnitudes. These results support a control of the
seismic slip (through amplitude, rake, and surface versus buried slip) on the distances at
which landslides are triggered. In terms of coseismic landslide management in mountainous
areas, our results allow us to propose distances at which 95 and 75% of landslides will be
triggered as a function of the earthquake focal mechanism.
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1. Introduction

[2] Interactions between earthquakes and landslides are
currently analyzed either from a triggering factor approach,
i.e., the ground motions generated by the earthquake faulting,
or from a conditioning factor approach, i.e., the geometry of
the slope and its material properties. While numerous studies
aim to quantify the control of the geology and geomorphol-
ogy parameters on the spatial distribution of landslides
[e.g., Parise and Jibson, 2000; Keefer, 2000; Murphy et al.,
2002; Hancox et al., 2003, 2004; Sepúlveda et al., 2005; Sato
et al., 2007; Kamp et al., 2008; Jinhuin et al., 2010; Dai
et al., 2010; Lee, 2010], a few focus on the possible seismic
ground motion thresholds for landslide onset [Keefer, 2002;
Khazai and Sitar, 2004; Dadson et al., 2004; Meunier et al.,
2007]. The seismic ground motions recorded at a given slope
are the convolution of (i) the earthquake source effect, which
corresponds to the nucleation and propagation of the seismic
slip and generation of seismic waves; (ii) a path effect, which
corresponds to the modification of the emitted wave field by
the crust heterogeneities during its propagation toward the
target site; and (iii) a site effect, which corresponds to the possi-
ble local amplification by the topography and/or the geology of

the emitted wave field at a given frequency.Keefer [2002] gives
empirical landslide triggering thresholds from Arias intensity
values (a function of ground acceleration and duration notably),
depending on the landslide types. Khazai and Sitar [2004]
showed a qualitative agreement between the landslide locations
and the iso-values of peak ground acceleration (PGA), for the
Mw=7.6 Chi-Chi landslides. Dadson et al. [2004] showed a
linear relationship between the area affected by landsliding
and the vertical component of the PGA for the Chi-Chi earth-
quake, whileMeunier et al. [2007] showed a linear relationship
between the density of coseismic landslides and both the ver-
tical and horizontal components of the PGA for the Mw=7.6
Chi-Chi and the Mw=6.6 Northridge earthquakes. While
these peak ground motion values may be efficient to predict
landslide occurrences, they are related to a single value of
the ground motion. A comprehensive analysis of the influ-
ence of the whole ground motion on landslide triggering is
not yet available.
[3] On the other hand, Keefer [2002] showed that landslide

maximum triggering distances scale with the earthquake
magnitude, which suggests a direct control of the earthquake
source mechanics on landslide triggering. Also, Gorum et al.
[2011] highlighted a qualitative correlation between land-
slide distribution and earthquake source mechanics, as the
coseismic slip distribution and the fault geometry, for the
Wenchuan earthquake.
[4] To capture how the earthquake source mechanics may

interact with landslide occurrences close to the earthquake fault,
the seismic source can be broken down as a two-step process
[e.g., Sibson, 2002]: (i) The slip on the fault plane, which is
constrained to be slow slip to avoid seismic wave onset,
induces a permanent deformation around the fault plane that
may emerge as surface displacement. This permanent seismic
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deformation scales, on a given volume, as the product of the
surface that slips by the slip value. This product is defined as
the earthquake deformation potency [Ben-Zion, 2003, 2008].
(ii) Because the seismic slip occurs with a nonconstant slip
velocity, it triggers seismic waves that induce seismic shaking
all around the fault. In the near field, i.e., 1 to 5 fault length
distance from the earthquake, this severe shaking may induce
permanent damage within the rock matrix [Sibson, 2002;
Karabulut and Bouchon, 2007]. These seismic waves further
propagate away from the seismic fault in the far field.
[5] To understand the role of the earthquake source mechan-

ics on landslide triggering, we investigate seven of the
best constrained earthquake-triggered landslide databases
withMw=5.6–7.9 source sizes, including dip-slip, buried fault
earthquakes, oblique-slip earthquakes, and surface-faulting
earthquakes. We use the probability distribution functions
(PDFs) of the number of triggered landslides relative to the
distance to the seismic fault to cross-analyze the seven land-
slide spatial distributions. Then, in order to compare quantita-
tively the seven landslide spatial distributions to each other,
we normalize the landslide distances to the earthquake fault
by the corresponding earthquake ruptured fault length. Once
normalized, we analyze how the distributions superpose on
each other for each faulting style group. When distributions
overlap, i.e., a so-called “data collapse” is achieved, the nor-
malizing parameter (e.g., the amplitude of the earthquake slip
in our study) is demonstrated as a control parameter for the
studied distributions (e.g., the landslide distances to the fault)
[e.g., Stanley, 1987; Barenblatt, 1996]. Our results originally
suggest the faulting style (amplitude and rake of seismic slip,
surface versus buried fault slip) has a direct role on distance
triggering for earthquake-landslide interactions. We then dis-
cuss implications for the mechanics of landslide triggering

and for early response to coseismic landslide hazard in moun-
tainous area.

2. Data

[6] The seven landslide databases we work with are associ-
ated to the Mw7.9 Wenchuan earthquake (China), Mw7.6
Chi-Chi earthquake (Taiwan), Mw7.6 Kashmir earthquake
(Pakistan), Mw7.2 Fiordland earthquake (South Island, New
Zealand), Mw6.9 Loma Prieta earthquake (California, USA),
Mw6.6 Northridge earthquake (California, USA), and Mw5.6
Rotoehu earthquake (North Island, New Zealand). Two events
are pure reverse faulting (Fiordland, Northridge), one normal
faulting (Rotoehu) and the last four events, the Chi-Chi,
Kashmir, Wenchuan, and Loma Prieta earthquakes, have a
4%, 10%, 33%, and 55% of strike-slip component, respec-
tively. The three Mw≥ 7.6 earthquakes are surface-faulting
earthquake (see Table 1 and Figure S1 for details).
[7] The landslide inventories were set up using either satel-

lite images (Wenchuan, Chi-Chi and Kashmir), or aerial pho-
tographs (Fiordland and Northridge), or were set up in the
field (Loma Prieta and Rotoehu). The number of mapped land-
slides varies from 51 (Rotoehu) to more than 60,000 for the
Wenchuan database (Figure 1, Table 2, and Figure S1 for
details). As the coseismic landslide inventories were set up
differently for each event, heterogeneities in the resolutions
in space, time, and size of landslide occurrences exist among
the seven catalogs.

2.1. Location Accuracy

[8] The uncertainty on the landslide location is in the
0.1–2.3 km range and is mainly due to the conversion of a 3-
D landslide to a single point, having a single latitude and lon-
gitude. The uncertainty is then approximately equal to half the

Table 1. Earthquake Databases

Wenchuan Chi-Chi Kashmir Fiordland Loma Prieta Northridge Rotoehu
Date 12 May 2008 20 Sep 1999 8 Oct 2005 22 Aug 2003 18 Oct 1989 17 Jan 1994 18 Jul 2004

Mw 7.9 7.6 7.6 7.2 6.9 6.6 5.6
Focal mechanism thrust thrust thrust thrust thrust thrust normal
Strike-slip component
(% of horizontal slip)

33% a 10% e 4% f None g 55% h None j No data

Depth (km) 15 b 8 e 11 f 23 g 17 i 17 j 8 k

Depth (km) of upper fault edge 0 b 0 e 0 f 10 g 1.5 i 5 j 7 k

Strike (�) 225 b 3 e 138 f 35 g 135 i 122 j 35 k

Dip (�) 39 b 29 e 29 f 29 g 70 i 40 j 61 k

Rake (�) 120 b 66 e 140 f 95 g 135 i 101 j no data
Lfield (km) 240 c 100 e 75 f None g None i None j None k

Lwc (km) 170 d 106 d 106 d 56 d 35 d 22 d 4 d

Linv (km) 300 b 100 e 75 f 60 g 40 i 15 j 4 k

Specificity of mainshock offshore 10 km away from
closest relief

within earthquake
swarm

aRen et al. [2010].
bZhang et al. [2009].
cXu et al. [2009].
dWells and Coppersmith [1994].
eMa et al. [2001].
fAvouac et al. [2006].
gMcGinty and Robinson [2007].
hKanamori and Satake [1990].
iWald et al. [1991].
jWald et al. [1996].
kHurst et al. [2008].
Lfield corresponds to the ruptured fault length measured on the field, Lwc corresponds to the ruptured fault length calculated from Wells and Coppersmith

[1994], Linv corresponds to the ruptured fault length given by inversion.
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runout distance, and can reach 2.3 km in our databases (see
Table 2 and Figure S2 for details). The earthquake-landslide
distances are also affected by uncertainty on the location of
the seven seismic faults. It corresponds, for the surface ruptur-
ing earthquakes, to the difference between the mapped surface
fault trace and the linearized one we use, and is approximately
equal to 5 km. For the buried earthquakes, the fault location
uncertainty depends on the inversion technique used to esti-
mate the fault dimension and is approximately equal to 2 km
(see Figure S2 for details).
[9] Another issue when addressing the quality of the land-

slide inventories is the limitation of the landslide reconnaissance
to the area of intense landsliding, i.e., close to the mainshock lo-
cation. This is well exemplified with the Kashmir inventory,
which is limited to the extent of a single SPOT 5 image [Sato
et al., 2007]. For the other inventories, too, some landslides that
occurred at large distances from the mainshock may have been
missed. Indeed, Tatard et al. [2010] found earthquake-landslide

interactions at distances as large as 20 times the mainshock fault
length. To our knowledge, there is no quantitative evaluation of
possible under-sampling at large distances for any of the land-
slide inventories we used. However, landslide maps from
Figure 1 show rough continuous cluster of events, supporting
a homogeneous sampling. We checked for all the inventories
that the size of these clusters are truncated neither by the lack
of available data nor by the lack of topography (see section 4).
In this study, we bound our analysis to the spatial pattern of
triggered landslides in the near field, i.e., at distance smaller
than 1–5 fault length distance from the mainshock. These are
also the distances where most of the landslides occurred.

2.2. Time Accuracy

[10] The timing of earthquake-triggered landslides depends
on the reconnaissance techniques used to build up the invento-
ries. For the four inventories built up using field and airborne
inspection (Fiordland, Loma Prieta, Northridge, and Rotoehu),

Figure 1. Maps of landslides triggered by earthquakes. (a)Mw7:9Wenchuan, China event; (b)Mw7:6Chi-Chi,
Taiwan event; (c)Mw7:6 Kashmir, Pakistan event; (d)Mw7:2 Fiordland, New Zealand event; (e)Mw6:9 Loma
Prieta, USA event; (f)Mw6:6 Northridge, USA event; and (g)Mw5:6 Rotoehu, New Zealand event. Black star,
mainshock epicenter; saw-like red line, surface fault (Figures 1a–1c), vertical projection of fault plane upper edge
on the surface (Figures 1d–1g); red lines: definition of hanging wall box. Beach balls are focal solutions from
Harvard Centroid Moment Tensor catalog.
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the landslide time accuracy is within 1–7 days, as estimated
from the time delay between the earthquake occurrence and
the landslide reconnaissance (Table 2 and Figure S1). For the
three inventories built up using remote sensing techniques
(Wenchuan, Chi-Chi, and Kashmir), the time accuracy, which
is the delay between the pre-earthquake and postearthquake
satellite images, varies from 1 to 7 months (up to several years
for some of the 52 Wenchuan satellite images) (Table 2). For
all inventories, there is an issue on the respective role of the
mainshock and of the following aftershocks in triggering
landslides, as there is no instantaneous landslide reconnais-
sance right after the mainshock occurrence (Table 2). While
there are few reports on landslide triggering by aftershocks
[e.g.,Hung, 2000], we are not aware of any reports of landslides
triggered by aftershocks for the seven inventories we study.

2.3. Size Accuracy

[11] Another uncertainty in the landslide inventories is
related to inaccuracies on discrete landslide identification.
Several contiguous events may be mapped as one single
event. This uncertainty, although not quantified for the pub-
lished inventories we used, is independent of the landslide
distance to the fault and therefore equally affects the absolute
number of landslides at any distance to the fault. For the
Fiordland, Loma Prieta, and Rotoehu landslide inventories,
there are no or few volume or area estimates (Table 2). This

way, it is not possible to correct the landslide inventories
from their respective detection threshold [e.g., Dussauge
et al., 2002] nor quantify the completeness of these invento-
ries. While these uncertainties prevent us to compare abso-
lute landslide patterns, we address this problem and
minimize the influence of local catalog defects by using prob-
ability density functions, rather than discrete distributions, to
characterize landslide distance distributions to the earthquake
fault (see section 3 for details).

3. Method

3.1. Data Selection: Hanging Wall Landslides

[12] In order to investigate the role of the earthquake source
mechanics on landslide triggering, we restrict our analysis to
the landslides that occurred on the hanging wall, where the
seismic deformation (transitory and permanent) is the strongest.
In effect, (i) the seismic shaking is larger in the hanging wall
than in the foot wall due to multiple reflection and wave trap-
ping notably [e.g., Campbell, 2003; Chang et al., 2004],
and (ii) the maximum of permanent deformation is located
in the hanging wall for dip-slip and oblique-slip earth-
quakes [e.g., Stein, 1999, for a review]. Ultimately, the
landslides we used for analysis are the ones located in the
red boxes of Figure 1, whose lateral extent is equal to L,
the length of the fault that ruptured during the earthquake.

Figure 1. (continued)
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3.2. Distances to Earthquake Fault

[13] In the landslide community, both distances to epicen-
ter and to surface fault trace are used [e.g., Keefer, 2002, and
references therein]. Because we investigate the role of the
seismic slip on landslide triggering in the near field, it rejects
the earthquake as a single point source process. Accordingly,
we cannot use distances to either epicenter or hypocenter
and use distances d to the earthquake fault. For surface faulting
earthquakes, i.e., the Wenchuan, Chi-Chi and Kashmir events,
we define d as the distance between the landslides and the
linearized surface fault trace. For the blind earthquakes whose
ruptures did not reach the surface (Fiordland, Loma Prieta,
Northridge, and Rotoehu), we define d as the distance between
landslides and the vertical projection of the upper edge of
the earthquake fault plane on the surface [Joyner and Boore,
1981; Joyner and Boore, 1988; Bolt and Abrahamson,
2003]. The uncertainties on the fault locations, as derived from
seismic and geodetic inversion, are in the 2–5 km range (see
Figure S2 for details).
[14] Note that we also used landslide distances to the

earthquake fault plane, rather than the earthquake fault
trace, and found that it does not impact our results signifi-
cantly (Figure S3).

3.3. Probability Density Function of Triggered
Landslide Spatial Distribution

[15] To analyze the seven landslide spatial distributions,
we use PDFs corresponding to a density of landslide occur-
rences per distance bins. They are less sensitive to the lack
of calibrated landslide catalogs than discrete functions. We
computed the density of the number of landslides using
a log binning and a lognormal kernel of width equal to 0.1
[e.g., Izenman, 1991]. We then normalized each bin by the
total number of landslides triggered by the earthquake. The

convolution with a lognormal kernel ensures a smoothing of
sparse data sets [e.g., Tatard et al., 2010]. The normalization
by the total number of landslides allows us to compare all data-
bases, even though the absolute number of landslides within
each database spans 3 orders of magnitude (cf. Table 2). For
the analysis, we focus on the global shape of the PDF rather
than on the small-scale variations. Specifically, we focus on
the decrease of the density of triggered landslides.

3.4. Collapse of Triggered Landslide
Spatial Distributions

[16] In order to (i) robustly compare the seven landslide
distributions and (ii) quantify the control of earthquake
source parameters on landslide triggering, we normalize the
distance distributions by the size of the triggering earthquake.
When normalized distributions superpose, i.e., the studied
landslide distributions have their landslide decay at similar
normalized distance, it demonstrates the key control of the
normalizing parameter on the triggering process [e.g., Bak
et al., 2002; Tahir et al., 2012]. Because the earthquake fault
length L (the fault length on which coseismic slip is resolved)
scales with the earthquake magnitude [e.g., Wells and
Coppersmith, 1994; Ben-Zion, 2008], we define the normalized
distance as d�wc = d/Lwc. Lwc is the earthquake fault length
derived from Lwc ¼ 100:59Mw [Wells and Coppersmith, 1994,
Table 2A], with Mw the earthquake moment magnitude. Lwc is
the only metrics for fault length values that is available for all
of the seven catalogs we use (see Table 1 for values). Field
estimates Lfield are available only for the three surface faulting
shocks, i.e., the Wenchuan, Chi-Chi, and Kashmir events
(Table 1). For all events but the Rotoehu one, inversion esti-
mates for fault lengths Linv are also resolved through inversion
of seismic and/or GPS records (Table 1). As tests of robustness,
we check if our results are stable when using different

Table 2. Landslide Databases

Wenchuan Chi-Chi Kashmir Fiordland Loma Prieta Northridge Rotoehu

Measurement 2.5 to 15 m resolution:
ASTER, ALOS, Cartosat-
1, SPOT-5, IKONOS a

20 m SPOT 5
image c

2.5 m SPOT 5
images e

Airborne
inspection g

Field
investigation h

High-altitude
aerial photography

(1:60,000) i

Airborne and
field inspection j

Uncertainty on landslide
mapping (m)

2.5–15 a 20 c 2.5 f up to 500 i 30 h 30 i no data

Δtaft (days) 6 to 250 a 6 c 12 e 3-7 g 0 h 0 i 1–6 j

Δtbef (months) < 1 to 84 a 2 c 7 e

N landslides 60,104 a 9272 c 2424 e 459 g 1705 h 11,111 i 51 j

Vmax (m
3) 7.4 108 b 120 106d 80 106 f 7 105 g > 27 106 h 8 106 i 3–5 103 j

Rmax (km) 4.6 108 b 4.0 106d 1.5 106 f 1.2 105 g 1 h 0.45 i 0.3 j

Data on volume None None None < 30% < 60% None < 30%
Data on area 100% 100% 100% < 30% < 30% 100% < 30%
Lithology Heterogeneous a Heterogeneous c Heterogeneous

e
Coarse

crystalline
rocks g

Moderately
cemented
sediments h

Weakly cemented
clastic sediments i

Unconsolidated
pyroclastics and
tephra deposits j

aGorum et al. [2011].
bDai et al. [2010].
cLin et al. [2003].
dHung [2000].
eSato et al. [2007].
fHarp and Crone [2006].
gHancox et al. [2003].
hKeefer et al. [1998] and Keefer [2000].
iHarp and Jibson [1996].
jHancox et al. [2004].
Δtaft, time delay between the mainshock and the landslide reconnaissance (post earthquake image); Δtbef, time delay between the mainshock and the pre-

earthquake image. Vmax, Rmax volume and runout of the largest landslide of the database.
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normalized distances such as d�inv = d/Linv and d�field = d/Lfield,
when values are available (see Figure S4).
[17] To further quantify the comparison among the seven

distance distributions of triggered landslides, we define d�95
and d�75 as the maximum distances reached by 95 and 75%
of the landslides, respectively.

4. Results

4.1. Characterization of the Seven Landslide
Spatial Distributions

[18] The spatial PDFs of the hanging wall landslides are
globally described by a rough plateau followed by a decay of
landslide density with increasing distance to the seismic fault
(Figure 2). The second-order variations on the PDFs are domi-
nated by the availability or lack of inland topography. Because
the Fiordland mainshock fault is located ~20 km offshore, there
is a lack of landslides between 0 and 20 km, as the probable
submarine landslides are not reported in the inventory. We test

the influence of the fault location by shifting the hanging wall
box eastward or westward and find similar landslide distribu-
tions, supporting robust results (Figure S2). For the
Northridge event, the local minimum of landslides at 8–20
km from the fault is controlled by the lack of topography
within the corresponding distance range. Here also, we test
the impact of fault location uncertainties on the landslide
PDF. We retrieve similar landslide distributions when shifting
the hanging wall box eastward or westward (Figure S2).
[19] We check how the location of the shoreline, located

at some 20 and 40 km from the seismic fault for the Loma
Prieta and Northridge events, respectively, may control the
decrease of the landslide density. For both events, numer-
ous earthquake-triggered landslides cluster on the shoreline
(Figure 1). Because the probable submarine landslides are
not reported in the inventories, we may miss the largest
distances at which landslides were triggered. Nevertheless,
for these two events, the onsets of the decrease of the
number of landslides occurred at distances significantly
smaller than the shoreline distance (Figures 2e and 2f).
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Figure 2. Distance distributions to the seismic fault for the landslides on the hanging wall. (a) Wenchuan,
(b) Chi-Chi, (c) Kashmir, (d) Fiordland, (e) Loma Prieta, (f) Northridge, and (g) Rotoehu. Distances on the
top axis are normalized by Lwc , the mainshock fault length as computed using Wells and Coppersmith
[1994] relationship (for details see section 3). The gray shaded rectangles correspond to areas without
terrestrial topography (Figure 1, details in Figure S1).
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Since we do capture the global decaying pattern of the
number of landslides, our databases are validated to study
near-field landsliding.
[20] For the Kashmir event, the landslide reconnaissance

was performed at maximum distances of 60 km, due to the size
of the single SPOT image used for the inventory [Sato et al.,
2007]. However, we show that the decrease of the number of
landslides with distance to the fault does not overlap with the
finite size of the SPOT image (Figures 1c and 2c). The use
of this landslide inventory, although set up from a single satel-
lite image, allows us to capture a representative snapshot of the
spatial pattern of landslides triggered in the near field and on
the hanging wall.

4.2. Role of the Amplitude of the Coseismic Slip on
Landslide Spatial Distributions

[21] The three buriedMw7.2, Fiordland,Mw6.6 Northridge,
and Mw5.6 Rotoehu earthquakes are pure dip-slip events;
they share a similar rake orthogonal to the fault trace. We
analyze the 1-D landslide distance distribution using the
average coseismic slip over the whole fault plane. Therefore,
2-D slip heterogeneity on the fault planes are not taken into
account. The main variation in source processes between the
three events is the amplitude of their average coseismic slip
values. For these three sequences, the corresponding landslide
distance distributions span over 2 orders of magnitude with the
maximum triggering distances in the 10 to 100 km range.
When normalized by Lwc, the fault length that slipped during
the earthquake, the three landslide distance distributions over-
lap (Figure 3). These distributions give 0:7 < d�75 < 1:9 and
2:9 < d�95 < 4:1 (Table 3). Since the fault length Lwc for each
earthquake scales with the average displacement ADd

wc , with
d ~ 1 [e.g., Wells and Coppersmith, 1994; Ben-Zion, 2008],
both fault length and average displacement correlate with
landslide triggering distances. Because the earthquake potency
to deform a given volume is defined as the product of the fault
slip by the fault surface [Ben-Zion, 2003, 2008], our results

suggest the coseismic deformation may be another control
parameter for the spatial occurrence of landslides triggered
by dip-slip earthquakes.
[22] Our results support that the change in landslide trig-

gering distances is predicted, as a first-order pattern, by the
known scaling relationship between fault length, fault slip,
and earthquake magnitude. This way earthquake-triggered
landslides emerge as ground failures through inelastic defor-
mation contemporary to the earthquake slip and shaking.
[23] As an attempt to validate the scaling of landslide trig-

gering distances with the magnitude, we analyze the land-
slides triggered by the Mw = 8, buried, dip-slip earthquake
of Pisco, Peru, of 15 August 2007. This earthquake has a
hypocenter depth of 39 km and is representative of thrust
faulting from subduction zone [Sladen et al., 2010]. The
landslide inventory associated with this earthquake was set
up on the field by the Ingemmet, the Peruvian institute in
charge of natural hazards, and reports 133 landslides
[Zavala et al., 2009]. Using the empirical relationship pro-
posed by Keefer [2002], one may expect a larger number of
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Figure 3. Distance distributions of landslides triggered on the hanging wall by the three dip-slip, buried
earthquakes. (a) Regular distributions, (b) normalized distance distributionsd�wc ¼ d=Lwc, with Lwc the earth-
quake fault length as computed usingWells and Coppersmith [1994] relationship. Thick lines: landslide dis-
tance distributions; thin dashed lines: landslide distance distributions with associated uncertainty (see Figure
S2 for values). Note that, for small values of distances, i.e., landslides close to the projected fault trace, the
uncertainty value is much larger than the distance to the projected fault trace value. Accordingly, the error
bar dives almost vertically for a distance to the fault plane equal to the uncertainty value.

Table 3. d�95 and d�75 Normalized Distances for All Earthquakesa

Earthquake Focal
Mechanism Catalog d�95 d�75 d�95�%DS d�75�%DS

Surface-faulting
earthquakes

Wenchuan 0.7 0.1 0.4 0.1
Chi-Chi 0.8 0.2 0.8 0.2
Kashmir 0.5 0.1 0.4 0.1
Mean 0.7 0.1 0.5 0.1

Buried, oblique-slip
earthquake

Loma Prieta 1.0 0.3 2.3 0.6

Buried, dip-slip
earthquakes

Fiordland 3.2 1.9 3.2 1.9
Northridge 2.9 0.7 2.9 0.7
Rotoehu 4.1 1.9 4.1 1.9
Pisco 2.2 1.3 2.2 1.3
Mean 3.1 1.5 3.1 1.5

ad*95 and d
*
75 are the distances normalized by LWC at which 95 and 75% of

the landslides occurred, respectively. d*95-%DS and d*75-%DS are the distances
normalized by LWC and weighted by the strike-slip component of the
coseismic slip at which 95 and 75% of the landslides occurred, respectively.
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landslides to be triggered for a Mw8 earthquake than the
observed one. Nevertheless, the landslide distance distribution
derived from satellite imaging (P. Lacroix et al., Automatic
method for landslide inventories in panchromatic SPOT5
images: application to the earthquake-triggered landslides
of Pisco, Peru, 2007, Mw8.0., submitted to Remote
Sensing of Environment, 2013) is similar to the one we re-
trieved using the field inventory. This way the Ingemmet in-
ventory is one representative sample of the landsliding
spatial pattern. Because the Pisco mainshock fault is located
some 100 km offshore, and because there is no topography
from the coast up to 10 to 30 km inland, there is a lack of
landslides at distances between 0 to 130 km to the fault
(Figure 4). Adding the Pisco event along with the three
other buried, dip-slip events, confirms the landslide spatial

distributions to collapse together, with 2:2 < d�95 < 4:1
and 0:7 < d�75 < 1:9 (Figure 5b and Table 3). The collapse
is achieved for a 2.4 magnitude difference, i.e., fault length
in the 4–200 km range. These results support that, for bur-
ied, dip-slip earthquakes, the distance at which landslides
are triggered is a scale-independent process when normal-
ized by the magnitude of the triggering earthquake.
[24] Similar results are retrieved when normalizing by Linv,

the ruptured fault length calculated from inversion, rather
than Lwc (Figure S4), or when using distances to the earth-
quake fault plane, rather than to the projection of the surface
fault trace (Figure S3). Since distance uncertainties are small
compared to the distances at which landslide density de-
creases, its impact is weak on our results. The Rotoehu event,
presenting the smallest landslide-earthquake fault distances,
is the most affected by the location errors.

4.3. Role of the Coseismic Slip Rake on Landslide
Spatial Distributions

[25] To go beyond the impact of the seismic slip ampli-
tude on landslide triggering distances, we isolate the possi-
ble role of seismic slip rake on landslide triggering patterns.
From Table 3 and Figures 6a and 6b, the Loma Prieta
oblique-slip earthquake triggered landslides at shorter
distances (d�95 ¼ 1:0 and d�75 ¼ 0:3) than the three dip-slip
earthquakes (2:2 < d�95 < 4:1 and 0:7 < d�75 < 1:9). To fur-
ther isolate the underlying mechanics that may relate the
earthquake slip rake to the landslide triggering distances,
we define the Lwc�%DS normalized distance, i.e., Lwc is
weighted by the percentage of the dip-slip component DS of
the earthquake slip. It corresponds to the amount of slip or-
thogonal to the fault plane. When normalized by Lwc�%DS,
with DS=100% for the dip-slip earthquakes and DS=45%
for Loma Prieta (Table 1), the distance distributions of land-
slides triggered by the three blind, dip-slip Fiordland,
Northridge, and Rotoehu earthquakes and the Loma Prieta
oblique-slip, blind earthquake overlap (Figure 6c). The
Loma Prieta normalized output values of d�95�DS ¼ 2:3
and d�75�DS ¼ 0:6 are of the same order of magnitude than
the distances d�95 and d�75 associated with the three dip-slip
earthquakes (Table 3). For the same slip values, our result
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Figure 5. Distance distributions for landslides triggered on the hanging wall by the four buried, dip-slip
earthquakes. (a) Regular distributions, (b) normalized distance distributions dwc ¼ d=Lwc , with Lwc the
earthquake fault length as computed using Wells and Coppersmith [1994] relationship. See caption of
Figure 3 for details.
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argues that oblique-slip earthquakes trigger landslides at
shorter distances than the dip-slip earthquakes. This result
confirms that the faulting style as measured by the dip-slip
component of the earthquake has a role on landslide trig-
gering distances.
[26] Similar results are retrieved when normalizing by Linv,

the ruptured fault length calculated from inversion, rather
than Lwc or when using distances to the earthquake fault
plane, rather than to the earthquake fault trace. Normalizing
the landslide distance distributions by the vertical and the
horizontal components of AD, the average displacement, re-
spectively equal to AD� sin(dip) and AD� cos(dip) did not
improve the collapses significantly.
[27] As a key validation of the role of the slip rake on

landslide triggering distances, we highlight the landslide
pattern triggered by theMw7.9 Denali strike-slip earthquake
of 3 November 2002. For this earthquake, landslides were
reported as “bounded to an unexpectedly narrow 30-km
wide band width that straddled the fault-rupture zone over
its entire 340-km length” [Eberhart-Phillips et al., 2003;

Jibson et al., 2006]. From our analysis, such an unexpected
pattern for an earthquake of this magnitude appears as
characteristic of landslide triggering by earthquakes with a
strong strike-slip component.

4.4. Surface Faulting, Buried Fault Slip, and
Earthquake Triggered Landslide Distribution

[28] For the three Mw = 7.6, 7.6, and 7.9 surface faulting
earthquakes, the decrease of the number of landslides with
distance to the surface fault trace collapses at distances smaller
than the ones associated with the buried earthquakes, i.e., 0:5 <
d�95 < 0:8 and 0:1 < d�75 < 0:2 (Figure 7 and Table 3).
[29] When we normalize the seven databases by Lwc�%DS,

with %DS equal to 66, 90, and 96% for the Wenchuan,
Chi-Chi, and Kashmir events, respectively, we fail to suppress
the gap between the spatial distributions of the landslides trig-
gered by the buried and by the surface-faulting earthquakes
(Figure S5). It confirms that the effect of the strike-slip compo-
nent of these surface faulting earthquakes does not dominate
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Figure 6. Distance distributions of landslides triggered on the hanging wall by the three buried, dip-slip
earthquakes and the buried, oblique-slip earthquake. (a) Regular distributions, (b) normalized distance
distributions d�wc ¼ d=Lwc , with Lwc the earthquake fault length as computed using Wells and
Coppersmith [1994] relationship. (c) Normalized distance distributions dwc�DS

� ¼ d= Lwc�%DSð Þ, with
%DS the dip-slip component of the earthquake slip in percent. Note that %DS ¼ 100% for the three dip-
slip events. Thickest line: landslides triggered by oblique-slip earthquake; thick lines: landslides triggered
by pure dip-slip earthquakes; thinnest lines: landslide distance distributions with associated uncertainty (see
Figure S2 for values). See caption Figure 3 for details.
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the landslide distance pattern we observe. From our databases,
surface-faulting earthquakes are the least efficient in triggering
landslides away from the fault.
[30] Similar results are retrieved when normalizing by Lfield,

the ruptured fault length mapped on the field, rather than Lwc
(Figure S4) or when using distances to the earthquake fault
plane, rather than to the surface fault trace (Figure S3). Fault
and landslide location uncertainties do not impact the land-
slide-earthquake fault distances significantly (Figure 7). These
results support the surface versus buried earthquake slip, apart
from its amplitude and rake, to have a role on landslide
distance distributions.
[31] As a final note, our analysis argues for the unexpect-

edly small 30 km landslide triggering distances reported for
landslides triggered by the Mw8.0 strike-slip Denali earth-
quake [Eberhart-Phillips et al., 2003], to emerge from the
combination of both the strong strike-slip component and
the surface expression of the earthquake slip.

5. Discussion

[32] Our results support that, for a common faulting style, i.
e., buried, pure dip-slip earthquakes, the efficiency to trigger a
landslide at a given distance, relatively to the size of the earth-
quake, is within the same order of magnitude for all earth-
quakes. This result is achieved for fault lengths in the 4–200
km range, i.e., Mw 5.6–8.0 earthquake magnitudes. When
corrected from the earthquake magnitude, each earthquake slip
on a given fault plane induces the same deformation field as a
function of the distance to the earthquake fault. This result,
which emerges from the scaling log(AD) = a+ b * log(L)
[Wells and Coppersmith, 1994], argues for low-frequency
ground motions, e.g., the Peak Ground Displacement values,
which also merge the permanent seismic deformation, to have
a role on landslide triggering distances. It is to be noted that
PGA does not scale with distance to the fault and magnitude
the same way displacements do [e.g., Douglas, 2003, for a
review]: in the near field, as magnitude increases, PGA values
saturate to a constant value.
[33] For pure dip-slip earthquakes, 75% of the landslides are

triggered at distances smaller or equal to 0:7 < d�75 < 1:9 fault
length distances from the fault (Table 3). For the Loma Prieta
oblique slip event, 75% of the landslides are triggered at dis-
tances smaller or equal to 0.3. To further check the effect of
the strike-slip component of the Loma Prieta earthquake in re-
ducing the distances at which landslides are triggered, we test
how the distance distribution associated to an equivalent dip-
slip Loma Prieta earthquake collapses with the other dip-slip
events distance distributions. 75% of landslides are then trig-
gered at distances smaller or equal to 0.6 Lwc, i.e., close to
the lower bound of the pure dip-slip triggering distances
(Table 3). Our results highlight the role of the coseismic slip
amplitude and rake on landslide triggering distances.
Bommer et al. [2003] and Douglas [2003] reported that dip-
slip earthquakes trigger larger high-frequency ground motions
such as PGA and PGV (Peak Ground Velocity) in the near
field compared to strike-slip earthquakes. Also, for a similar
coseismic slip amplitude, the seismic deformation induced
by pure dip-slip events is larger in the hanging wall than the
seismic deformation of oblique-slip events [e.g., Stein, 1999].
[34] While the surface-rupturing Mw ≥ 7.6 Chi-Chi,

Kashmir, and Wenchuan earthquakes are the largest events

of our databases, they triggered landslides at smaller dis-
tances than those expected from their magnitude, i.e., 0:1
< d�75 < 0:2 fault length (Table 3). On one hand, for the same
imposed vertical displacement, the displacement response of
the upper crust, as seen as a thin elastic plate, is two times
larger and two thirds less diffuse (as estimated from the
half-width of the uplift bulge) for surface breaking fault than
for buried fault [e.g., Turcotte and Schubert, 2002]. On the
other hand, in the near field, Pitarka et al. [2009] reported
that buried earthquakes trigger larger ground motions than
surface-faulting earthquakes.
[35] The case of the “unexpectedly narrow 30 km width

distance from the fault plane for landslide triggered by the
Denali earthquake” [Eberhart-Phillips et al., 2003] is ratio-
nalized, from our results, as the direct cumulative effect of
a strike-slip component and surface-faulting slip for this
earthquake. Our analysis suggests that, for a given earth-
quake size, both the oblique-slip and the surface-faulting slip
reduce the distance potency in landslide triggering. It further
supports the seismic slip as an additional control parameter
for landslide triggering distances.
[36] During the earthquake faulting, the slip duration, i.e., the

time on which the seismic slip is completed, may last up to
a few tens of seconds for the largest shock [e.g., Singh et al.,
2003]. Because of uncertainties on landslide timing (see
Table 2), we cannot further identify whether the duration on
which the seismic deformation is applied is important for land-
slide triggering. Accordingly, the question on the relative con-
tribution of the seismic deformation and seismic deformation
rate on the triggering of landslides remains an open question.
It questions the relative role of PGD, PGV, and PGA on land-
slide triggering.
[37] As a final note, our results support that, in the near field,

the faulting style (amplitude, rake, surface versus buried slip)
influences the landslide triggering process during earthquake
shaking. In the far field, i.e., at distances larger than 10 fault
lengths, there is no reported evidence of the role of
slip patterns and faulting style on landslide triggering
[e.g., Delgado et al., 2011]. Landslides triggered at these
large distances relatively to the one expected from the
magnitude of the earthquake trigger can be defined as
far-field triggered landslides [e.g., Tatard et al., 2010;
Delgado et al., 2011; Jibson and Harp, 2012].
[38] Apart from this near-field/far-field conceptual framework

to analyze landslide triggering, our results provide distances to
fault trace or surface projection of the fault within which 75–
95% of landslides are located, depending on the earthquake
faulting style. It refines themaximumdistance envelope for land-
slide triggering previously proposed by Wilson and Keefer
[1985] as soon as the earthquake focal mechanism is available.
Additional inventories are mandatory to be able to refine how
earthquake source properties control landslide triggering.

6. Conclusions

[39] In order to understand how seismic source properties
may control the distance distribution of earthquake-triggered
landslides, we grouped the landslide databases as a function
of the faulting mechanism of the trigger earthquake. First,
we showed landslide distances distributions triggered by
dip-slip, buried, M5.6–7.2 earthquakes, i.e., the Rotoehu,
Northridge, and Fiordland events, collapse together once
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the distances are normalized by the ruptured fault length L of
the trigger earthquake. This result supports the coseismic de-
formation, through the earthquake slip amplitude, as another
controlling parameter of landslide triggering distances. The
collapse is robust when adding the Mw8.0 dip-slip, buried
event of Pisco, Peru. Second, the buried, oblique-slip earth-
quake of our database, i.e., the Loma Prieta event, triggered
landslides at shorter normalized distances than the landslides
triggered by the three dip-slip, buried earthquakes. When
normalized by the dip-slip component of the earthquake slip,
the landslide distance distributions of these four buried earth-
quakes collapse. This result argues for the earthquake slip rake
to have a role on landslide triggering distances. Third, the land-
slides triggered by the three Mw7.9, 7.6, 7.6 surface faulting
earthquakes (Wenchuan, Chi-Chi, Kashmir), were triggered
at normalized distances smaller than the ones expected from
their magnitude. This result highlights the surface versus buried
faulting to be a third parameter of the seismic source that con-
trols landslide triggering distances. All these results are robust
when using a different proxy for both the normalized distance
(Linv, the earthquake fault size from geophysical inversions,
Lwc from Wells and Coppersmith empirical relationship) and
the distance to earthquake fault (distance to the earthquake fault
plane, distance to the earthquake fault trace). In terms of
coseismic landslide management in mountainous areas, our
results allow us to propose distances at which 95 and 75% of
landslides will be triggered, as a function of three coseismic slip
patterns (amplitude, rake, and buried versus surface slip).
These normalized distances are equal to 2:2 < d�95 < 4:1
and0:7 < d�75 < 1:9 for buried, dip-slip earthquakes and0:5 <
d�95 < 0:8 and 0:1 < d�75 < 0:2 for surface-slip earthquakes.
As soon as the earthquake focal mechanism is available, it
would allow the rescue team to focus on the potentially most
damaged areas.
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