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Abstract

The 12 January 2010 Port-au-Prince, Haiti, earthquake (Mw 7.0) triggered tens of
thousands of landslides. The purpose of this study is to investigate the correlations of the
occurrence of landslides and their erosion thicknesses with topographic, geologic, and seismic
parameters. A total of 30,828 landslides triggered by the earthquake covered a total area of
15.736 km?, distributed in an area more than 3,000 kmz, and the volume of landslide
accumulation materials is estimated to be about 29,700,000 m’. These landslides are of
various types, mostly belonging to shallow disrupted landslides and rock falls, but also
include coherent deep-seated landslides and rock slides. These landslides were delineated
using pre- and post-earthquake high-resolutions satellite images. Spatial distribution maps and
contour maps of landslide number density, landslide area percentage, and landslide erosion
thickness were constructed in order to analyze the spatial distribution patterns of co-seismic
landslides. Statistics of size distribution and morphometric parameters of co-seismic
landslides were carried out and were compared with other earthquake events in the world.
Four proxies of co-seismic landslide abundance, including landslides centroid number density
(LCND), landslide top number density (LTND), landslide area percentage (LAP), and
landslide erosion thickness (LET) were used to correlate co-seismic landslides with various
environmental parameters. These parameters include elevation, slope angle, slope aspect,
slope curvature, topographic position, distance from drainages, lithology, distance from the
epicenter, distance from the Enriquillo-Plantain Garden fault, distance along the fault, and
peak ground acceleration (PGA). A comparison of these impact parameters on co-seismic
landslides shows that slope angle is the strongest impact parameter on co-seismic landslide
occurrence. Our co-seismic landslide inventory is much more detailed than other inventories
in several previous publications. Therefore, we carried out comparisons of inventories of

landslides triggered by the Haiti earthquake with other published results and proposed



possible reasons of any differences. We suggest that the empirical functions between
earthquake magnitude and co-seismic landslides need to update on the basis of the abundant

and more complete co-seismic landslide inventories recently available.
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1 Introduction
At 16:53 local time on 12 January 2010, a catastrophic earthquake with Mw 7.0 struck

the Port-au-Prince region of Haiti (Calais et al., 2010). The epicenter was located at latitude
18°27"25"N, longitude 72°31'59"W, approximately 15 km southwest of Port-au-Prince and
close to the surface trace of the Enriquillo-Plantain Garden fault, with a focal depth of 13 km
according to the National Earthquake Information Center, U.S. Geological Survey (NEIC,
2010). The earthquake caused widespread damage in and west of the capital city of
Port-au-Prince, and killed more than 230,000 people (Bilham, 2010; Bellerive, 2010; Calais et
al., 2010; Hough et al., 2010; Koehler & Mann, 2011). The earthquake also triggered
extensive landslides, some of which caused damages such as blocked roads, dammed rivers
and streams, and threatened infrastructures in many parts of Haiti (Eberhard et al., 2010;
Jibson & Harp, 2011; Stumpf and Kerle, 2011; Xu et al., 2012).

Co-seismic landslide inventory compiling is essential for associated co-seismic
landslides studies, and spatial distribution statistical analysis of those landslides is important
in understanding which areas are most susceptible to landsliding in future earthquakes. Early
studies of landslide inventory compiling and simple spatial distribution analysis have been
summarized by Keefer (1984, 1999, 2002) and Rodriguez et al. (1999). In recent years, more
and more studies of co-seismic landslides related to individual earthquake events have

emerged. Table 1 listed the inventories of co-seismic landslides triggered by 21 main



earthquakes worldwide in recent years based on field investigations and/or GIS and remote
sensing technologies.

The 2010 Haiti earthquake provides us a good opportunity to compile a detailed
co-seismic landslide inventory and to study the spatial distributions and effects of landslides
triggered by a transpressional-fault related earthquake in a subduction zone. The main purpose
of this study is to characterize the spatial distribution of landslides triggered by the Haiti
earthquake by correlating four proxies of co-seismic landslide abundance, including landslide
centroid number density (LCND), landslide top number density (LTND), landslide area
percentage (LAP), and landslide erosion thickness (LET), to various impact factors that
control the occurrence of co-seismic landslides. These factors include elevation, slope angle,
slope aspect, slope curvature, topographic position, distance from drainages, lithology,
distance from the epicenter, distance from the Enriquillo—Plantain Garden fault, distance
along the fault, and peak ground acceleration (PGA). In addition, size distributions and
morphometric parameters of co-seismic landslides were analyzed and compared with
co-seismic landslides triggered by other events. We also compared the controls of seven
impact parameters on co-seismic landslides, and the results show that slope angle has the
strongest control on co-seismic landslide occurrence. Finally, we analyzed the differences
between our new inventory of landslides triggered by the Haiti earthquake and other

inventories.
2 Tectonic setting

The Haiti earthquake occurred in a complex deformation zone that separates the North
America plate and the Caribbean plate (Mann et al., 1984; Frankel et al., 2010; DesRoches et
al., 2011). Global positioning system (GPS) studies show this plate boundary zone is
dominated by left-lateral strike slip motion and compression with a rate of about 20 mm/yr,
with the Caribbean plate moving east-northeastward with respect to the North America plate
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(Fig. 1; Dixon et al., 1998; DeMets et al., 2000; Manaker et al., 2008; Calais et al., 2010;
Prentice et al., 2010). This results in the oblique convergence between the two plates (Dixon
et al., 1998; Mann et al., 2002; Calais et al., 2010). There are three main fault systems in this
area, including the North Hispaniola fault zone (NHFZ), Septentrional fault zone (SFZ), and
the Enriquillo-Plantain Garden fault zone (EPGFZ) (Fig. 1; Mann et al., 1984; Calais and de
Lépinay, 1991; Calais et al., 1992, 1998, 2010; Frankel et al., 2010). In addition, there are
also thrust faults within the island that accommodate the compressional component of the
motion (Frankel et al., 2010).

The epicenter of the earthquake was located near the Enriquillo-Plantain Garden Fault
(Fig. 1), which accommodates part of the oblique convergence between the North America
and the Caribbean plates (Wdowinski & Hong, 2010). The fault is a major structural feature
that cuts through the center of the southern peninsula of Haiti, and an emergent oceanic
plateau complex of Late Cretaceous age crops out along the fault (Koehler & Mann, 2011). In
this study, the Enriquillo-Plantain Garden fault was mapped on the basis of its geomorphic
expression in the study area using satellite imagery, SRTM and ASTER GDEM. Along most
of its length, the fault is topographically well expressed as a strong, linear, N85°E-trending
feature in the landscape (Eberhard et al., 2010; Prentice et al., 2010). The fault system is
characterized by several prominent stopovers that result in pull-apart basins at extensional left
steps and high topographic push-ups at compressional right steps, consistent with active
left-lateral strike-slip motion (Mann et al., 1995; Prentice et al., 2010). Prominent tectonic
geomorphic features of the fault include long, linear river valleys, restraining bend push-up
blocks, extensional basins along releasing bends, captured drainages, and north- and
south-facing mountain escarpments (Koehler & Mann, 2011). Related structural features
include northwest-trending anticlines, synclines, and thrust faults (Mann et al., 1984, 1995;

Koehler & Mann, 2011).



The earthquake had a complex mechanism that includes both thrust and left-lateral
strike-slip movement (Jibson & Harp, 2011). This focal mechanism is consistent with oblique
left-lateral strike-slip motion along a 252°-striking nodal plane or oblique thrusting along a
northwest-striking plane. Preliminary finite fault model results indicate a maximum slip of
about 4.5 m (about 1.8 m in average) with little deformation at the surface (NEIC, 2010).
Many crustal earthquakes with Mw 7.0 or greater are accompanied by surface ruptures that
can be traced for tens of kilometers. Thus the earthquake was initially thought to have
occurred along the Enriquillo-Plantain Garden fault with surface ruptures. However, no
surface rupture was identified after extensive investigations (Eberhard et al., 2010; Hayes et
al., 2010; Prentice et al., 2010; Koehler & Mann, 2011). Later, several studies showed that the
earthquake instead occurred on a previously unmapped north-dipping Léogéane fault
subparallel to the Enriquillo-Plantain Garden fault (Calais et al., 2010; Hayes et al., 2010;
Prentice et al., 2010; Hashimoto et al., 2011; de Lépinay et al., 2011). In fact, earthquakes of
similar magnitude may also occur without accompanying surface ruptures. For example,
during the 2013 Lushan, China, Mw 6.6 earthquake, only brittle compressive cracking in the
cement-covered pavements can be observed, but continuous fault surface ruptures can not be
found (Xu et al., 2013b). The 18 October 1989 Loma Prieta, California, earthquake (Mw 6.9)
was a similar-size, shallow, oblique-slip earthquake that occurred close to a major strike-slip
fault but was not accompanied by surface ruptures (Prentice and Schwartz, 1991; Arnadottir
and Segall, 1994; Prentice et al., 2010), though several researchers (e.g., Harp, 1998) also
suggest that cracking on the Summit Ridge is fault rupture spread across a wide zone.

Based on historical earthquake records of the area, this event was one of the most
disastrous Mw 7.0 earthquakes, joining the 15 September 1751, 21 November 1751, and 3
June 1770 events that also caused widespread destruction in Port-au-Prince and the

surrounding regions (Scherer, 1912; Ali et al., 2008; Prentice et al., 2010). Although the



locations of these historical events are poorly known, they are thought to have occurred on the
Enriquillo-Plantain Garden fault and/or the Muertos fault (MF) system (Fig. 1). This, however,
has not been confirmed in the field (Koehler & Mann, 2011; Calais et al., 2010; Scherer, 1912;
Prentice et al., 2010; Manaker et al., 2008). The aftershock sequence of the 2010 event
extended predominantly west of the epicenter for about 60 km and includes 59 earthquakes
with magnitude 4.5 or greater. The aftershocks distributed across an area about 30 km wide.
The two largest aftershocks, with M 6.0 and M 5.9, occurred seven minutes after the main
shock and on 20 January, eight days after the main shock. The aftershocks show
predominantly strike-slip focal mechanisms, but several events with thrust mechanism also

occurred (Koehler & Mann, 2011).
3 Bedrock geology of the study area

We obtained the bedrock information from the geological map of “Carte Geologique
D'Haiti, Feuille Sud-Est: Port-au-Prince”, with a scale of 1:250,000 (Lambert et al., 1987).
According to the map, there are 14 classes of bedrock lithologies (Fig. 2), which are:
Sedimentary rocks (Quaternary)

1: Qa: Alluvium, fluvial cones, gravels, mangrove-related sediments or deposits.

2: Qc: Limestone, marine terraces.

Sedimentary rocks (Tertiary)

3: P: Pliocene. Marls and sandstones, old cones, marls and sands of the Central Plateau
and Gros Morne basin.

4: Ms: Upper Miocene. Marl, marl and sandstone of the Central Plateau and Gros Morne
basin.

5: Mi: Lower Miocene. Sand clay-clay flysch sandstone of the Central Plateau;
calcareous sandstone of Gros Morne basin, limestone of Chainon mountain of Paincroix and

Peninsula South Island.



6: O: Oligocene. Limestone and marl of South Island and Matheux mountain; clays and
sandstones of Gros Morne basin; coarse limestone and conglomerates (on the edge of Canal
of Tortue).

7: Es: Upper Eocene. Pelagic limestones of the Selle Massif.

8: Ems: Upper Mid-Eocene. Pelagic biomicrites of the South Island and southern slopes
of the Nord Massif; limestone of the platform of the Nord Massif.

9: Ep: Upper Paleocene, Lower to Middle Eocene. Volcanogenic conglomerates and
sandstones of the Selle Massif; marl, sandstone and limestone marl of the Black Mountains;
limestone on the platform and pelagic limestones.

Sedimentary rocks (Cretaceous and Tertiary)

10: Pi: Maastrichtian to Danian. Marl and limestones of the Selle Massif; clay and
volcanic detrital rocks of the Hotte Massif; also pelagic limestones of the South Island.
Sedimentary rocks (Cretaceous)

11: Cs: Cretaceous (Senonian). Pelagic limestones of the South Island and the Massif of
Newfoundland, and other limestones of the same age.

12: Cc: Lower to Middle Cretaceous. Calcarenites and red marls of the South Island.
Igneous rocks (Cretaceous)

13: Ca: Series of blocks of Jacmel road.

14: Cb: Complex tholeiitic and sedimentary rocks of the South Island and other massive

flows with or without sedimentary intercalations.

4 Landslides triggered by the earthquake

4.1 Visual interpretation of landslides triggered by the earthquake

A detailed and comprehensive co-seismic landslide inventory is important for subsequent

landslides spatial distribution analysis and hazard assessment, as well as other studies of



earthquake-triggered landslides (Keefer, 2002; Harp et al., 2011; Guzzetti et al., 2012; Xu,
2014a; Stumpf and Kerle, 2011). After the Haiti earthquake, Jibson and Harp (2011) carried
out field investigations of some of the co-seismic landslides. However, for the very large
amount of landslides triggered by the Haiti earthquake, to prepare a landslide inventory only
based on field investigations is unrealistic. On the other hand, the availability of many pre-
and post-earthquake high-resolution satellite images on the Google Earth platform allowed
researchers to conduct a more detailed visual interpretation of earthquake-triggered landslides.
This allowed us to construct a detailed inventory of landslides triggered by the 2010 Haiti
earthquake. In this study, high-resolution images from the Google Earth platform in true color
with RGB visible bands fusion were used for recognizing co-seismic landslides. Ideally,
images of different wave bands, such as infrared band or near-infrared bands, can be analyzed
separately to obtain the best results of landslide identification. Due to the accessibility of
images in the study area, however, we chose to use the images freely accessible from the
Google Earth platform, and our results suggest that the true color images (RGB combination)
can also provide satisfactory results. In this study, we followed several principles for the
landslide visual interpretation based on high-resolution satellite images: (i) all landslides that
can be recognized in the images should be mapped; (ii) both landslide boundaries and the
positions of landslide source area should be mapped; and (iii) landslide complexes should be
divided into individual ones. In addition, it is necessary to distinguish co-seismic landslides
from pre-earthquake landslides and post-earthquake landslides triggered by rainfall or other
factors. We have used the following criteria during the landslide visual interpretation
processes: (i) If a landslide did not exist on the pre-earthquake image but exists on
post-earthquake images, it is considered as a co-seismic landslide. (ii) If there are more than
one remote sensing images taken after the earthquake at different times, a landslide exists on

later images but is absent on older images is considered a post-earthquake landslide triggered



by rainfall or other events, rather than a co-seismic landslide. (iii) If a landslide exists on both
pre- and post-earthquake images and shows the same morphology and texture, it is considered
a pre-earthquake landslide not triggered by the earthquake. More detailed criteria of
distinguishing pre-earthquake, co-seismic, and post-earthquake landslides were listed in Xu
(2014a).

Here we show several examples of landslides that we do not consider as co-seismic
landslides triggered by the Haiti earthquake. Figure 3 are two sets of pre- and post-earthquake
satellite images that show several pre-earthquake landslides were not affected by the
earthquake. Figures 3a shows a landslide that existed in the image taken pre-earthquake on 10
May 2008 (bright part) and figure 3b shows the landslide maintained the same shape on the
image taken post-earthquake on 13 January 2010. This indicates the landslide occurred before
the earthquake, probably due to rainfall or some other reasons. Thus the landslide is not
considered as a co-seismic landslide. Similarly, Figures 3¢ and 3d show pre- and
post-earthquake images of several landslides. There is no clear shape change of the landslide
in the images, thus we also consider these landslides as pre-earthquake landslides and
excluded them from the landslide inventory related to the Haiti earthquake. In figure 4, on the
other hand, we show a landslide triggered by post-earthquake rainfall or other events rather
than the main shock. The landslide was absent in the image of figure 4a, taken on 18 August
2010, but can be clearly observed in the image of figure 4b, taken on 9 November 2010. This
shows the landslide was not triggered by the earthquake but most probably triggered by a
rainfall event between 18 August and 9 November, 2010.

Figure 5 shows two sets of images in three acquisition times. No landslide was present in
the image of figure 5a, taken on 4 February 2009 (pre-earthquake). After the earthquake
occurred, a landslide appeared to be triggered by the earthquake and showed up in the image

(Fig. 5b) taken on 13 January 2010. Later, the landslide was enlarged as shown in figure 5c¢



most probably by subsequent rainfall events. Figures 5d, e, and f show another similar case of
a landslide most likely triggered by the Haiti earthquake and enlarged by subsequent rainfall
events. Therefore, when delineating co-seismic landslides, we need to observe the initial
images as soon after the earthquake occurred as possible (e.g., Figs. 5b and 5Se).

Field investigations in the co-seismic landslide area will further improve the accuracy of
landslide inventories. This is, nonetheless, difficult to accomplish in the earthquake affected
area due to accessibility issues. However, the images we obtained from the Google Earth
platform are with very high (sub-meter) resolutions. We have also compared our results with
field photos taken by a low-altitude helicopter (Jibson and Harp, 2011). With the
high-resolution pre- and post-earthquake images, the results obtained in this study are

comparable to results obtained by field investigations.

4.2 Landslide classification

Field investigations show most of the landslides triggered by the Haiti earthquake were
mainly of disrupted rock falls and rock slides in the limestone and weathered basalt that are
the dominant bedrocks in the region surrounding the Enriquillo-Plantain Garden fault (Jibson
& Harp, 2011). Many of the landslides blocked stream drainages and impounded lakes. Some
of the larger landslide dams had already been breached, and the streams were flowing through
them in a stable state (Jibson & Harp, 2011). Landslide densities were the greatest in deeply
weathered, sheared, fractured, and altered limestone, but weather basalt slopes produced much
fewer landslides (Jibson & Harp, 2011). In this study, we classified the landslides triggered by
the Haiti earthquake into four classes based on the correlations of published field
investigation results (Jibson & Harp, 2011) and high-resolution satellite images. These classes
include coherent deep-seated landslides, shallow disrupted landslides, rock falls, and rock
slides. The definitions of the four terminologies are summarized in Keefer (1984, 2002).

(i) Coherent deep-seated landslides
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Figure 6 shows a group of co-seismic coherent deep-seated landslides triggered by the
Haiti earthquake. Figure 6a shows two such landslides composed by sandstone and limestone
and about 100 m apart. The areas of the two landslides are about 12,500 m? and 20,000m”.
The left one is 160 m long and 100 m wide, and the right one is 220 m long and 100 m wide
in its widest part. The right one dammed the stream and formed a small lake. Figure 6b show
a coherent landslide composed by sandstone and limestone. The area of the landslide is about
8,500 m?. The highest length and width of the landslide body are about 130 m and 90 m. The
elevations of the landslide crown and the shear opening materials are about 370 m and 350 m,
respectively. This indicates the landslide occurred on a relatively gentle slope. Figure 6c¢
shows a deep-seated landslide composed by sandstone and limestone (unit Mi in the bedrock
geology) and with an area of about 13,000 m>. The highest length and width of the landslide
are about 180 m and 100 m. This landslide also blocked a stream and formed a small dammed
lake. Figure 6d shows another co-seismic deep-seated landslide about 20,000 m? that occurred
in limestone bedrocks. The highest length and width of the landslide are about 210 m and 120
m. All of the coherent deep-seated landslides in Figure 6 showed a slight to moderate amount
of internal disruption and short movement distances of the landslide bodies. Such landslides
are unusual compared with the other three landslide types.

(i) Shallow disrupted landslides

Shallow disrupted landslides are the major type of co-seismic landslides in earthquakes
worldwide (Keefer, 2002). Such landslides are often small, less than 10,000 m3, and show
coalescing landslide complexes. Figure 7 shows two sets of pre- and post-earthquake images
with dense co-seismic shallow disrupted landslides.

(i) Rock falls
The movement types of rock falls include bouncing, rolling, and free fall. They are often

related with joints and fractures oblique to the foliation and with high internal disruption.



Figure 8 shows a group of rock falls triggered by the Haiti earthquake. Figure 8a shows a rock
fall of about 3,500 m* composed by limestone. Its estimated volume is about 7,000 m’. Figure
8b shows several rock falls that occurred on a steep coastal cliff composed by limestone.
Total area of the rock falls in the white rectangle (Fig. 8b) is about 35,000 m?, with a total
volume of about 100,000 m®. The highest elevation of landslide materials is about 140 m and
part of these materials moved into the sea. Figure 8c shows a large rock fall and several
smaller rock falls that occurred on a south-facing slope, with an approximate area of 26,000
m’ and volume of 80,000 m’. The bedrock geology of the area is limestone (unit Ems). Figure
8d mainly shows two rock falls (i and ii) and one deep-seated landslide (iii) that occurred on
bedrocks of sandstone and limestone (unit Mi). The i and ii rock falls were about 5,300 m’
and 2,400 m® in area, with estimated volumes of about 10,000 m’ and 4,000 m’, respectively.
The rock fall i1 blocked a stream and formed a small dammed lake. Between the two rock falls,
a deep-seated landslide also occurred. It is about 4,400 m* and with an estimated volume of
10,000 m’. It is noteworthy that the rock fall ii also likely occurred at the front of the
deep-seated landslide body.
(iv) Rock slides

Unlike rock falls that can occur on both dip slopes and reverse slopes, rock slides often
occur on dip slopes with continuous slipping surface and are often with high internal
disruption. Figure 9 shows several rock slides triggered by the Haiti earthquake. Figure 9a
shows a rock slide with an area of about 44,000 m” and a volume about 200,000 m’. The
landslide materials are composed by sandstone and limestone, and moved from the top
elevation of 400 m to 240 m. The longest horizontal runout distance is about 300 m and the
largest width is nearly 150 m. Figure 9b shows a rock slide with an area of about 24,000 m*
and a volume about 100,000 m®. The landslide materials are also composed by sandstone and

limestone. Figure 9¢ shows a relatively small rock slide of about 2,500 m” in area and 5,000



m’ in volume. The rock slide also occurred in the unit Mi containing sandstone and limestone.
In Figure 9d, a rock slide of about 3,700 m? in area and 8,000 m’ in volume dammed a stream.

The landslide materials are composed by limestone in the unit Ems.

4.3 Landslide inventory

Within days after the Haiti earthquake, a large number of pre-and post-earthquake
satellite images were available on Google Earth (last accessed September 2011) and
facilitated the preparing of detailed inventories of earthquake-triggered landslides (Jibson &
Harp, 2011; Koehler & Mann, 2011). Although there have been a few publications (Jibson
and Harp, 2011; Harp et al., 2013; Gorum et al., 2013) about landslides triggered by the Haiti
earthquake, due to the more and more available high-resolution satellite images on the Google
Earth platform, the initial inventories appear not very complete. Therefore, we decided to
carry out a thorough visual interpretation of co-seismic landslides and to prepare a more
detailed landslide inventory. We have utilized available satellite images with sufficiently high
resolution to identify and map all but the smallest landslides triggered by the Haiti earthquake.
An individual landslide was delineated as a solid polygon, and the location of landslide crown
was also plotted as a point. In the end, 30,828 individual landslides triggered by the
earthquake were detected. In addition, centroids of these landslide polygons were also
extracted for the subsequent landslide spatial distribution analysis. The smallest landslide
triggered by the earthquake detected in this study only had a surface area of about 1 m* due to
the very high resolution and quality of satellite images on Google Earth.

Our results show that the Haiti earthquake triggered more than 30,000 landslides in an
asymmetrical distribution pattern (Fig. 10). The landslides distributed in an area about 3000
km?, with a width of about 90 km in the east-west direction and centered of the epicenter, and
almost the entire north-south extent of the onland part of the peninsula (Fig. 10). The

landslides covered a total area of about 15.736 km®. The landslide area percentage (LAP),
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which is expressed as a percentage of the area affected by landslide activity, was LAP =
(15.736 km® / 3192.85 km?®) x 100% = 0.493%, and the landslide number density (LND),
which is calculated as the number of landslides per square kilometer, was LND = 30828
landslides / 3192.85 km® = 9.655 landslides/km®. In addition, in order to carry out statistics of
co-seismic landslide erosion (landslide volume), we used a simple scaling relationship to
convert individual landslide area to individual landslide volume:

Vi = axA/ (1)

where V; is the volume of a landslide (the i landslide) and A is the area of the landslide.
The two scaling parameters o and y are constants varying with different landslide types and
cases. Since we do not have information of actual volumes of the landslides triggered by the
Haiti earthquake to invert the two constants, we assigned the two constants as o = 0.146 and y
= 1.332, which are derived from various types of landslides based on a previous study (Larsen
et al., 2010). The volumes of each individual landslide can therefore be derived respectively
based on the area and equation (1). The total volume of all landslides was calculated as about
29,700,000 m’. Thus the landslide erosion thickness (LET) of the study area is 29,700,000 m’
/ 3,192.85 km® = 9.3 mm. Keefer (1994) proposed a regressed relation between the seismic
moment and the volume of landslides related to an individual earthquake event as
V=Mo/10"#?"13) \where Mo is measured in dyn-cm and V is in m®. The relation was applied
to the Irpinia region, Italy, and a quantitative measure of the long-term hazard from
earthquake-triggered landslides was provided (Parise, 2000). The seismic moment of the Haiti

earthquake is 4.39x10* dyn-cm (http://www.globalemt.org/CMTsearch.html). Therefore, the

total landslide volume can be calculated as about 55,300,000 m’ (41,000,000-74,600,000 m’ ).
This is higher than our calculation, but within the same order of magnitude.
As shown in figure 10, there are two landslide high density areas (areas I and II). Both

areas are ellipse-shaped. The area II is located east of the epicenter, with east-west trending


http://www.globalcmt.org/CMTsearch.html

long axis. The epicenter is located approximately at the western end of the long axis. The area
I is located about 20 km southwest of the epicenter and direction of its long axis is
northwest-southeast trending.

In order to prepare maps of LND, LAP, and LET of the study area, we constructed 1 km
x 1 km grid cells throughout the area (Fig. 10). All vertical and horizontal lines are in integer
kilometer coordinates (the map projection is WGS 1984 Lambert Conformal Conic, with
the Central Meridian: -72.5, Standard Parallel 1: 18.0, Standard Parallel 2: 18.5, and
Latitude Of Origin: 18.0). The results show the highest LND and LAP values are in grid “a”
in figure 10, with 349 landslides/km? and 24.4%, respectively. The pre- and post-earthquake
images of grid “a” are shown in Figures 11a and 11b. The LET of grid “a” is 489 mm. The
largest LET value, which is about 680 mm, is found in grid “b” in figure 10. The pre- and
post-earthquake images of this grid are shown in figures 11c and 11d. Although grid “b” has
the largest LET value, the LND and LAP values of this grid are not very high, only 136
landslides/km® and 15.6%, respectively. This is due to a deep-seated landslide and a large
shallow disrupted landslide that are the major landslides in this grid (Figs. 11c and 11d). In
addition, we prepared distribution maps and contour maps of LND, LAP, and LET,
respectively. Figure 12 shows the distribution map and contour map of LAP. The contour

interval in figure 12b is 1%.

4.4 Landslide size and morphometric parameters

The co-seismic landslide cumulative number-area and number-volume relationships are
shown in figure 13. Similar to landslides triggered by other earthquake events (Xu et al., 2014;
Dai et al., 2011), the two curves bend towards horizontal at small landslide areas. This
indicates it is very difficult to obtain a complete sample for small landslides even though we
have used high-resolutions satellite images to map co-seismic landslides. There are several

reasons for this, including: (i) small-scale landslides may be covered by large landslides; (ii)
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several coalescing small-scale landslides may be mapped as a large landslide; (iii) human
generated omission (false negative) errors that result in overlooking small-scale landslides,
due to the large number and distribution area and the high density of landslides triggered by
the Haiti earthquake. However, in figure 13a, there is an obvious inflection point of the curve
at landslide area of about 100 m’. Therefore, the inventory of landslides of area larger than
100 m” should be quite complete and comprehensive. The colored background of figure 13a
shows the density of landslide points, and most of the co-seismic landslides fall in the area
between 10 and 1000 m?. In fact, 26,661 landslides, which are 86.5% of the total number, are
in this area range. Figure 13b shows a similar trend as figure 13a. A total of 23,642 landslides,
or 76.7% of the total number, fall in the volume range between 10 m> and 1000m”.

Simple morphometric parameters of the co-seismic landslides, including length, width,
height, aspect ratio, and angle of reach, were analyzed. Length (the horizontal distance from
the crown of a landslide to its tip) was computed along the direction of landslide movement.
Width was measured as the average width, calculated as the area divided by length. Height
was measured as the elevation difference between the crown of a landslide and its tip. The
shape of a landslide can be described by its aspect (length/width) ratio (Parise and Jibson,
2000; Xu and Xu, 2014). Generally, a high aspect ratio is typical of flow-type landslides or
disrupted slides, whereas a low value mostly corresponds to a rotational landslide (Parise and
Jibson, 2000). Previous studies show that the average aspect ratios associated with landslides
triggered by the 1994 Northridge, California, M 6.7 earthquake (Parise and Jibson, 2000) and
the 2010 Yushu, China, Mw 6.9 earthquake (Xu and Xu, 2014) were about 2.6 and 4.15,
respectively. Figure 14 shows the correlations between landslide aspect ratio and landslide
number. The ratios of most landslides (29,116 landslides, or 94.4 % of the total number) are
less than 8. The statistical result shows that aspect ratios of the landslides triggered by the

Haiti earthquake range from 1.37 to 53.4, and the average aspect ratio is 3.76. This result



shows that the average landslide aspect ratio related to the Haiti earthquake is similar to that
of the Yushu earthquake-triggered landslides, and that both of them are greater than the
average aspect ratio related to the Northridge earthquake-triggered landslides. This is
probably because the magnitudes of the Haiti and Yushu events are higher than that of the
Northridge event. The larger magnitude resulted in generally higher strong ground motion and
peak ground acceleration. For the Yushu event, there were almost no coherent landslides due
to the special geology of the area (Xu and Xu, 2014), but there were more coherent landslides
triggered by the Haiti earthquake (Fig. 6) that have lower aspect ratios. Therefore, the average
aspect ratio of landslides triggered by the Haiti earthquake is slightly lower than that of
landslides triggered by the Yushu earthquake.

Height (H)/length (L) ratio is another landslide morphometric parameter. Qi et al. (2011)
carried out a statistic analysis of height/length ratios of 66 long runout rock avalanches from
the 2008 Wenchuan earthquake and obtained a relationship that is H = 0.2638 L + 212.4. In
this study, a total of 453 Haiti earthquake-triggered landslides of volume larger than 10,000
m’ were used to construct a similar relationship (Fig. 15). We mandatorily set the intercept to
the origin since both the horizontal runout length and height should be zero as landslides
become small enough. Based on the 453 landslides, we obtained a relationship, H = 0.595 L,
with R* = 0.6972. The coefficient is 0.595, which is much higher than the 0.2638 derived
from 66 long runout rock avalanches triggered by the 2008 Wenchuan earthquake (Qi et al.,
2011). This is probably because the sampled landslides (Qi et al., 2011) of the Wenchuan
earthquake (mainly rock avalanches) were larger than those in this study, which contain
various landslide types, and this led to a higher angle of reach in Haiti due to larger landslides
always show lower angle of reach (Corominas, 1996). In addition, the large difference in
ground motion during the two earthquakes may be another factor responsible for the result.

The 453 landslides triggered by the Haiti earthquake experienced relatively gentle ground



motion comparing with the Wenchuan event, and thus have relatively short runout distances.
Landslide angle of reach is calculated as the arctangent of height/length value. Figure 16
and Table 2 show the distribution of angle of reach of three different groups of landslides,
including 19,889 landslides of area larger than 100 m?, 3,564 landslides of area larger than
1,000 mz, and 103 landslides of area larger than 10,000 m’. Angle of reach distributions with
landslide number and landslide number percentage were constructed based on the three
groups of landslides. The results show landslides of angle of reach between 5° and 15° are the
most with area larger than 100 m®. For landslides of area larger than 1,000 m?, the main range
of angle of reach is between 15° and 30°. The result of landslides of area larger than 10,000
m’ shows that the most frequent range of angle of reach is 25°-40°. There is thus a tendency
that the angle of reach of larger landslides is generally higher than that for smaller ones. This
perhaps because the coherent deep-seated landslides of large areas mostly have higher angle
of reach due to their smaller horizontal runout distance (Keefer, 2002), whereas
shallow-disrupted landslides of small areas have lower angle of reach due to their larger

horizontal runout distance.
5 Co-seismic landslides controlling parameters analysis

The occurrence of landslides in an earthquake can be related to topographic, geologic,
and earthquake parameters. For the Haiti earthquake-triggered landslides, the correlations of
the landslides with controlling parameters were performed using four indexes of landslide
abundance, including landslide centroid number density (LCND), landslide top number
density (LTND), landslide area percentage (LAP), and landslide erosion thickness (LET). A
total of 11 parameters were selected, including six topographic parameters (elevation, slope
angle, slope aspect, slope curvature, topographic position, and distance from drainages), one
geological parameter (lithology), and four earthquake parameters (distance from the epicenter,
distance from the main fault-EPGF, distance along the EPGF, and PGA).
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5.1 Topographic parameters

The available DEM of the study area include the SRTM DEM and ASTER GDEM in
about 90 m and 30 m resolutions, respectively. However, since only 4,029 co-seismic
landslides had area larger than 900 m” (the area of one grid of ASTER GDEM), we resampled
the ASTER GDEM into a new pseudo high-resolution DEM in 5 m resolution. Although the
resampling process will not increase any more detailed terrain information, it will not reduce
or change the topographical information in a regional scale either. Then, landslide polygon
map of vector format can be converted into a grid cell format in 5 m resolution. The errors can
be greatly reduced comparing with converting into landslide raster map in 30 m resolution.
Subsequently, thematic maps of slope angle, slope aspect, slope curvature, and topographic
position were derived from the 5 m resolution DEM based on the GIS platform.

The elevations of the study area are from 0 m to 2276 m and with an average elevation of
522.29 m. Thus we divided the study area into ten classes, including <200 m, 200—400 m,
400-600 m, 600—-800 m, 800-1,000 m, 1,000-1,200 m, 1,200-1,400 m, 1,400—1,600 m,
1,600-1,800 m, and > 1,800 m. Correlations of elevation with the areas of classes, LCND,
LTND, LAP, and LET are shown in figure 17. It can be observed that the area of class
decreases with increasing elevation, and most of the study area is at low altitude. There is no
evident correspondence between co-seismic landslides and elevation. Landslide abundances
of the elevations of 200-1,200m show the largest values. Different tendencies of
LCND/LTND curves and LAP/LET curves indicate uneven distribution characteristic of
similar-scale landslides in different elevation classes. The class of 600-800 m appears to
register larger-scale landslides due to its high LAP value and relatively low LCND and LTND
values. The maximum values of LCND and LTND are 13.61 and 13.53 landslides/km?,
respectively, and both of them appear at elevation 200400 m. The largest LAP and LET

values, both occur at 600-800 m, are 0.712 % and 14.52 mm. The LTND curve appears
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slightly towards the direction of higher elevations since top point elevation of a landslide is
higher than its centroid point.

The slope angle range of the study area is 0°-75.83° and was classified in intervals of 5°.
Although areas of slope angle lower than a threshold (such as 5° or 10°) were sometimes
excluded from the statistical analysis (e.g., Meunier et al., 2007; Lee, 2013), many other
studies did not mandatorily exclude such areas in order to keep the integrity of earthquake
affected areas (e.g., Parise and Jibson, 2000; Wang et al., 2007; Kamp et al., 2008; Gorum et
al., 2013). Therefore, we decided to keep the areas of low slope angle in this study. The
average slope angle of the study area is 15.24°, and most slopes of the study area are
relatively gentle. According to the 5° interval of slope angle, the study area was divided into
11 classes. Relationships of slope angle with areas of classes and landslide abundances were
shown in figure 18. Slope angles of most of the study area (about 2,902 km?, 90.9% of the
study area) are less than 30°. When the slope angle is higher than 10°, the steeper the slopes
are, the smaller area they cover. The four landslide abundance proxies (LCND, LTND, LAP,
and LET) show similar correlations with slope angle (Fig. 19). This indicates various scales of
co-seismic landslides distributed in all slope angle classes. Except for slope angle >45° that
only cover small areas (13.05 km® and 8.38 km?, or 0.409% and 0.263% of the study area,
respectively), all of the four landslide abundance proxies show a rising tendency with
increasing slope angles. Such results suggest a strong control of slope angle on co-seismic
landslide occurrence, similar to other earthquake events worldwide (Dai et al., 2011; Gorum
et al., 2011, 2013; Xu et al., 2014). All of the maximum LCND, LTND, and LAP values
occurred at 45°-50°, and their values are 50.12 and 50.73 landslides /kmz, and 3.498%. The
maximum LET value of 78.93 mm, however, occurred at 40°—45°.

Slope aspect may also influence co-seismic landslide occurrence because different slope

aspect may be differently affected with respect to the slipping direction of the seismogenic
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fault or the propagating direction of seismic waves (Xu et al., 2014). Regional tectonic stress
regime may also play a role in co-seismic landslides, and this may reflect by slope aspects
(e.g. Gupta, 2005). We divided slope aspect of the study area into nine classes, including flat,
north, northeast, east, southeast, south, southwest, west, and northwest. The statistical result
(Fig. 19) shows the relationship between co-seismic landslide abundance and slope aspect. As
shown in figure 19, east-facing slopes have the most landslides. This may correspond with the
moving direction of the southern block of the Enriquillo-Plantain Garden fault, since most of
the study area is located south of the fault. This implies that the favorite slope orientation for
landslide occurrence is corresponding with the direction of crustal movement or regional
tectonic compressive stress. Moreover, the inertial force asserted to the slopes during the
earthquake perhaps results in the materials on the slopes being thrown out. The east direction
is also consistent with the principal stress direction of the earthquake struck area long before
the earthquake. Such phenomena have also been observed in other earthquake events,
including the 2008 Wenchuan, China, earthquake (Xu et al., 2014), the 2010 Yushu, China,
earthquake (Xu et al., 2013a), and the 2013 Lushan, China, event (Chen et al., 2013; Xu and
Xiao, 2013). The curves of LCND and LTND, LAP, and LND show different trends in figure
19. This indicates different scaled landslides concentrate in different classes of slope aspect.
For example, many small-scaled landslides appeared to occur on south-facing slopes due to
the LAP value of the class is relatively small. All of the maximum values of LCND, LTND,
LAP, and LET appear at class 4 (east-facing slopes) and the values are 15.09 landslides/km?,
15.03 landslides/kmz, 0.709%, and 13.79 mm, respectively. In general, the curves of LCND
and LTND are coincident since the slope aspect of the top and centroid points of a landslide
are almost the same.

Slope curvature represents the shapes of the slopes. In our analysis using ArcGIS

software, it is calculated as the second derivative of the surface (Moore et al., 1991). Positive
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values mean convex slopes, negative values indicate concave slopes, and values close to zero
represent flat-surface slopes. We divided slope curvature of the study area into 12 classes. The
correlations between slope curvature values, areas of the classes, and LCND, LTND, LAP,
and LET values are shown in figure 20a. The area of slope curvature values of -0.1 to 0.1 are
the largest, and this means most of the study area are covered by relatively flat-surface slopes.
In general, when slope curvature gets closer to zero, the values of landslide abundance proxies
(LCND, LTND, LAP, and LET) become smaller. This suggests planar surface slopes are less
prone to co-seismic landslides than convex or concave slopes. The four landslide proxies
show a similar trend, which indicates that the scales of co-seismic landslides were not affected
by slope curvature values. Unlike most other topographic parameters, the LCND and LTND
values show clear differences. For concave slopes, LCND values are always higher than
LTND values, whereas it is the opposite for convex slopes. This indicates landslide top points
are more likely to locate at convex slopes than concave slopes. This is probably because top
points of landslides usually correspond to convex slopes such as ridges, isolated peaks, and
convex rocks, etc., whereas centroids of landslides corresponds to slope bodies that are not
convex slopes. All of the maximum values of the four indexes occurred at slope curvature of
less than -2 m'l, and the values are 24.86 and 19.38 landslides/kmz, 1.707%, and 27.79 mm. If
we only divide the classes by the absolute value of slope curvature (ignoring if the slopes are
convex or concave), it is clear that landslide occurred much less on flat-surface slopes (Fig.
20b).

Topographic position may also be a controlling parameter of co-seismic landslides. It is
generally classified into six classes including ridges, upper slopes, middle slopes, flat slopes,
lower slopes, and valleys (Weiss, 2001). More recently, Jenness et al. (2013) renamed some of
the categories and developed an extension to be analyzed with ArcGIS. In this work, the study

area were classified into six categories, including valleys, lower slopes, gentle slopes, steep
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slopes, upper slopes, and ridges based on the extension and the DEM of the study area. Most
of the study area belongs to the class of steep slopes. It should be noted that the definition of
steep slopes of topographic position in this study is not exactly the same as conventional
definition of steep slopes that is based on slope angle (Fig. 18). The classification of
topographic position of a cell in DEM takes into account not only the slope angles, but also
the average elevations of the neighboring cells. Therefore, although the slope angles of most
study area are less than 30°, the topographic position class of steep slopes covers the largest
area. None of LCND, LTND, LAP, or LET shows obvious correlations with topographic
position. In general, valleys and lower slopes have higher values of the four proxies, followed
by steep slopes, upper slopes, and ridges. This perhaps because the downcutting of rivers may
cause the lower slopes to be unstable and loose deposits and weathered materials often
accumulate in areas of valleys and lower slopes. Such correlations also appeared in some
other earthquake events, such as the 2008 Wenchuan earthquake (Xu et al., 2014) and the
2010 Yushu earthquake (Xu et al., 2013a). The LCND values are slightly higher than the
LTND values in valleys and lower slopes, but are the opposite in upper slopes and ridges. This
corresponds to the locations of the top points and centroids of a landslide.

Co-seismic landslides mostly occur along rivers. This perhaps because (i) the
downcutting of rivers results in many unvegetated steep slopes that are prone to co-seismic
landslides; (i1) a lot of loose slope materials accumulate near the drainages and are prone to
failure during strong ground shaking. The drainages of the study area are delineated from
high-resolution satellite images and DEM. In order to correlate co-seismic landslides with
distance from drainages, we first constructed zones with 100 m distance intervals from the
drainages. Then, we divided ten classes of distance from drainages, including 1: 0-100 m, 2:
100-200 m, 3: 200-300 m, 4: 300400 m, 5: 400-500 m, 6: 500-600 m, 7: 600-700 m, §:

700-800 m, 9: 800900 m, 10: 900-1,000 m, and 11: > 1,000 m. The map of the zones was
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then converted into a raster map with 5 m resolution. Correlations of distance from drainages
with LCND, LTND, LAP, and LET values showed that landslide abundance values decrease
as distance from drainages increase. At the 0-300 m distance from the drainages, the four
proxies of landslide abundance show a rapid decrease, and the values decrease slowly at other
classes. This pattern indicates a strong control of the drainages for co-seismic landslides that
are close to the drainages. All of the maximum values of LCND, LTND, LAP, and LET occur
at 0—100 m distance from drainages. The values are 21.16 and 18.94 landslides/kmz, 1.222%,
and 23.47 mm. The centroid of a landslide is always closer to the drainages than its top point,
thus the LCND value is higher than the LTND value at the class of 0—100 m distance from
drainages. The two controlling parameters of topographic position and distance from
drainages have somewhat similar meanings. For example, valleys have short distance from
drainages and ridges mean long distance from drainages. Therefore, the correlations of
co-seismic landslides with distance from drainages are similar to that with topographic

position.

5.2 Lithology

Lithology is generally considered to play important roles in co-seismic landslide
occurrence. The study area is covered by two major lithology groups, including sedimentary
rocks and igneous rocks (Fig. 2). Most of the study area is covered by sedimentary rocks
(about 2,373 km?, 74.3% of the study area). The class Ems covers the largest area (about
1,010 kmz, 34.4% of the study area), followed by class Cb, which covers about 749 kmz,
about 23.5% of the study area. The four co-seismic landslide abundance proxies show
different patterns corresponding with the 14 classes of lithology (Fig. 21). The class Cs has
the highest LAP and LET values, which are 1.746% and 38.43 mm. This is followed by
classes Mi and Ca, which show 0.84% and 17.1 mm, 0.72% and 9.9 mm, respectively. For the

LCND and LTND values, both classes Cs and Ca have similar maximum values: 25.31 and
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25.34 landslides/km? for class Cs, and 25.04 and 24.94 landslides/km” for class Ca. They are
followed by class Mi, with 19.77 and 19.79 landslides/km®. Although class Ems does not have
high numbers of the landslide proxies, due to its large class area, total landslide numbers
(10,702 and 10,696 landslides based on centroid and top point), area (6.06 km?), and erosion

volume (about 11,769,000 m) of the class are the highest.

5.3 Earthquake parameters

In order to carry out statistics of co-seismic landslide spatial distributions and earthquake
parameters, we selected four parameters, including distance from the epicenter, distance from
the Enriquillo-Plantain Garden fault, distance along the Enriquillo-Plantain Garden fault from
the epicenter, and peak ground acceleration (PGA). We constructed zones with 2 km distance
intervals from the epicenter (18°27'25"N, 72°31'59"W, NIEC, 2010) for the study area. The
vector format map of the zones was converted into a raster map with 5 m resolution for the
subsequent statistical analysis. The study area was divided into 28 classes. As shown in figure
22, the four proxies of landslide abundance are generally higher at classes less than 30 km
from the epicenter than at classes more than 30 km from the epicenter. However, the pattern
does not show continuous decrease with increasing distance from the epicenter. The
maximum values of LCND and LTND occur at 0—2 km from the epicenter, with the values of
25.56 landslides/km®. The maximum values of LAP and LET, however, appear at 1618 km
from the epicenter, with values of 1.101 % and 22.57 mm. The four indexes show differences
in different classes. This indicates that the scales of co-seismic landslides are controlled by the
distance from the epicenter. The sharp drop of the values of the four indexes suggests the
earthquake energy decay notably at about 30 km away from the epicenter.

Several previous studies (e.g., Calais et al., 2010; Hayes et al., 2010; Prentice et al., 2010)
suggested that instead of the Enriquillo-Plantain Garden fault, a blind fault named the

Léogane fault is the actual seismogenic fault of the earthquake. Ideally, it would be perfect if
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we analyze the co-seismic landslide distribution with the Léogane fault. However, since (i)
the exact location of the Léogane fault is unclear due to no obvious geomorphic expression of
the fault; (i1) the Léogane fault is suggested to be only a few km north of and sub-parallel to
the Enriquillo-Plantain Garden fault; (iii) many aftershocks show strike-slip focal
mechanisms (Koehler & Mann, 2011), consistent with the EPGF, we decided to still use the
Enriquillo—Plantain Garden fault to carry out statistical analysis of co-seismic landslides with
distance from the seismogenic fault. Furthermore, the geometry of the two faults implies that
the blind Léogane fault is a branch of the Enriquillo-Plantain Garden fault and the
Enriquillo-Plantain Garden fault may still play important roles for the Haiti earthquake.
Therefore, we think this would not influence the analytical results. This does not, however,
indicate we think the EPGF was the actual seismogenic fault. The band width was set to be 1
km distance from the fault. The outer bands with no co-seismic landslide were combined with
their neighboring bands. As a result, there are 7 bands in the northern block and 32 bands in
the southern block of the Enriquillo—Plantain Garden fault. Figure 23 shows the correlations
of areas of classes, and LCND, LTND, LAP, and LET values with the distance from the fault.
In figure 23a, we analyzed without considering the differences of the southern or northern
blocks, whereas in figure 23b, the two blocks were analyzed separately. In figure 23a, the
maximum values of LCND, LTND, LAP, and LET, found at 0—1 km to the fault, are 22.85
and 22.82 landslides/kmz, 1.356%, and 27.19 mm. Except for a sudden increase at 10—-12 km
to the fault, the four indexes generally decrease with increasing distance from the fault. As
shown in figure 23b, most of the co-seismic landslides (28,323 landslides covering about 1.15
km?, 91.9% of the total landslide number and 92.7% of the total landslide area) occurred in
the southern block of the fault. A similar decreasing trend of landslide abundance with
increasing distance to the fault, similar to figure 23a, is present. The maximum values of the

four indexes (25.49 and 25.39 landslides/km?, 1.724%, and 33.96 mm) occur at 0—1 km from
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the fault in the southern block. On the other hand, landslides at 0-2 km from the fault in the
southern block show higher LAP and LET increase but lower LCND and LTND increase
comparing with other classes (Fig. 23b). This indicates that larger co-seismic landslides are
relatively abundant near the Enriquillo—Plantain Garden fault (within 2 km from the fault in
the southern block).

The geometrical characteristics of seismogenic faults usually influence the distribution of
co-seismic landslides (Xu et al., 2013c; Gorum et al., 2011). The Enriquillo—Plantain Garden
fault can be divided into five segments (Fig. 24), including the Miragoane, Goave, Dufort,
Momance, and Dumay segment from west to east (Prentice et al., 2010). In order to assess
co-seismic landslide abundance changes along different segments of the fault, a map of 2 km
wide bands perpendicular to the fault on both sides of the epicenter was produced (Fig. 24).
As a result, the study area is divided into 47 classes from west to east and the epicenter is
located at between classes 26 and 27. There are 25 bands west of the epicenter and 22 bands
east of the epicenter. Figure 24 also shows the correlations of the co-seismic landslides with
the distance along the Enriquillo-Plantain Garden fault. Three areas of obvious high
co-seismic landslide concentration are present at 22-26 km west to the epicenter (classes
13-15), 8-12 km west to the epicenter (classes 20 and 21), and 618 km east to the epicenter
(classes 29-34). The Goave and Momance segments correspond to more co-seismic
landslides than the other three segments. These results show that the co-seismic landslide
occurrence was obviously different along different segments of the fault. The maximum
values of LCND and LTND occur at class 21 (8-10 km west of the epicenter), which are
31.88 and 31.87 landslides/kmz, whereas the maximum values of LAP and LET occur at class
14 (22-24 km west of the epicenter), which are 1.7.92% and 36.06 mm. The LCND and
LTND values at class 14 are 30.37 and 30.31 landslides/km?, slightly less than those at class

21. Such differences of the co-seismic landslides may result from local site effects such as
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geology, lithology, and topography, but they are more likely produced by differences of
different segments of the fault. More detailed analyses of the segments of the
Enriquillo-Plantain Garden fault are needed in order to test this hypothesis.

In general, there is a good correlation between distribution of co-seismic landslides and
peak ground acceleration (PGA). The PGA data of the Haiti earthquake is obtained from the
U.S. Geological Survey (2010). Range of the PGA values of the study area is from 0.12 g to
0.7 g with a 0.04 g interval (Fig. 25). There are nine classes of PGA of the study area,
including 1: <0.16 g,2: 0.2 g,3: 0.24 g,4: 0.28 g,5: 0.32 g,6: 0.36 g, 7: 0.4 g, 8: 0.44 g, and
9: >0.48 g. Figure 25 also shows the correlations of PGA values with the co-seismic landslide
abundances. Except for class PGA>0.48 g, the LCND, LTND, LAP, and LET values show
increasing trends with increasing PGA values. Although the area around Léogane (Figs. 10
and 25) is covered by PGA values of >0.48 g, the co-seismic landslide abundances are quite
low there due to the area is a plain area with gentle topography. Perhaps 0.44 g is also partly
affected by the gentle topography. The sudden increase of the four co-seismic landslide
indexes from class 0.24 g to class 0.28 g indicates a sudden increase of ability to trigger many
co-seismic landslides at PGA values of 0.24-0.28 g in the study area. Values of the four
co-seismic landslide proxies at classes <0.28 g show similar trends, whereas they show
different patterns at classes 0.32—0.44 g. This suggests that the distributions of different scaled
co-seismic landslides at PGA 0.32-0.44 g are uneven. The maximum LCND and LTND
values occur at PGA 0.44 g, which are 23.18 and 23.39 landslides/kmz, whereas the maximum
LAP and LET values occur at 0.4 g, which are 1.131% and 20.79 mm. It should be noted that
the PGA data we used in this study were downloaded from the U.S. Geological Survey
(USGS) website (2010), since there is limited near-field seismic stations in the area to provide
real PGA values. However, the PGA contour data from USGS were derived from shake map

simulation with the consideration of earthquake parameters, focal mechanism solutions,
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regional tectonic setting, and topography (Wald et al., 2006). Therefore, we suggest the USGS
PGA data provide good ground acceleration information in this area without good near-field

seismic station coverage.
6 Controls of the impact parameters on co-seismic landslides

A simple bivariate statistical method can be used to compare the controls of impact
parameters on co-seismic landslides occurrence (Xu and Xu, 2014; Xu et al., 2014). Based on
this method, a percentage related to an impact parameter of co-seismic landslides can be
derived, and this percentage indicates the spatial intensity of landslides related to that impact
parameter. For example, when constructing the percentage curve based on the relationship
between slope angle and co-seismic landslide area, we plot the horizontal axis as the
cumulative percentage of area (the area of different slope angle divided by the total area), and
the vertical axis as the corresponding cumulative percentage of co-seismic landslide area
(landslide area in a particular slope angle class divided by the total landslide area). The shape
of this curve would represent the controlling degree of the impact parameter on co-seismic
landslides area. If the co-seismic landslide area is only slightly controlled by a parameter, the
curve would appear as a straight line and the area percentage under the curve would be close
to 50%. In the contrary, if co-seismic landslides were strongly controlled by a parameter, the
curve would be a convex curve and the area percentage under the curve would be greater than
50%. In an extreme case that the landslides are entirely controlled by one impact factor, the
area of all landslides would be totally coincident with one class of that impact parameter.
Under such circumstances, the influence percentage value of that factor can be calculated
using the following equation:

P=100% — (0.5 x L/A) x100% (2)
where P is the influence percentage on co-seismic landslides of that parameter, L is the total
landslide area, and A is the total area of the study area. For any parameter of the Haiti

30



earthquake, the P is “100% — (0.5 x15.736/3,192.85) x100%”, which is about 99.75%. Of
course, such ideal situation does not exist in reality.

In this study, 28 curves were constructed for the 4 co-seismic landslide proxies (LCND,
LTND, LAP, and LET) and 7 co-seismic landslide impact parameters (slope angle, slope
curvature, distance from epicenter, distance from the Enriquillo-Plantain Garden fault, PGA,
distance from drainages, and lithology). The results were shown in Table 3 and figures 26 and
38. In figure 26, the 28 curves were separately shown in 7 figures base on the 7 impact
parameters in order to see the differences between the 4 co-seismic landslide proxies. We
found that the 4 curves related to most of the impact parameters show similar trends. Only the
curves related to slope angle show clear difference between the 4 proxies. Therefore, we
suggest that slope angle has highest control of landslide scales triggered by the
Haiti-earthquake, even though this phenomenon is not easily observable in figure 18. In figure
27, the 28 curves were separately shown in 4 figures based upon the 4 co-seismic landslide
proxies. We can observe in this figure that the area percentage under the curve of slope angle
is the highest no matter which proxy is selected. This result also suggests that the Haiti
earthquake-triggered landslides were mostly controlled by slope angle. This method, however,
has two limitations: (i) the co-seismic landslide impact parameters are assumed to be
independent from one another, and (ii) the results may be affected by the selection of the

study area.
7 Analysis and discussions

For the 2010 Haiti earthquake, Jibson & Harp (2011) firstly estimated that the
earthquake would trigger 4,000-5,000 landslides by an empirical function of earthquake
magnitudes and earthquake-triggered landslides worldwide (Keefer, 2002; Malamud et al.,
2004). Subsequently, Harp et al. (2013) reported that at least 7,000 landslides were triggered
by this earthquake. Recently, Gorum et al. (2013) delineated 4,490 landslides triggered by the
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Haiti earthquake. In this study, based on a thorough analysis of high-resolution satellite
images, we detected 30,828 co-seismic landslides and prepared a new and much more
comprehensive co-seismic landslide inventory related to the Haiti earthquake. However, we
try to analyze the reasons of such obvious difference from other aspects.

There may be several different reasons for such a large difference in the number of
detected co-seismic landslides. In this study, several principles are used: (i) All landslides
were delineated as polygons, including very small landslides as long as they can be
recognized in the images. (ii) The landslide complexes were separated into individual
landslides. (iii) If a landslide exists on both pre- and post-earthquake images, it is considered
a pre-existing landslide only if its shape remained the same in both images. Otherwise the
landslide is considered a co-seismic landslide. In previous point-based landslide inventories
(Jibson & Harp, 2011; Harp et al., 2013), small-scaled landslides may have been overlooked
since the co-seismic landslides have very high density, so that it is very difficult to pick up all
co-seismic landslides. A polygon-based inventory would be better in this aspect. However,
Gorum et al. (2013) used polygons to represent landslides but still reported only 4490
co-seismic landslides. We suspected that there are three possible reasons for this difference: (i)
There may be coalescing landslide complexes that were not separated into individual
landslides; (ii) co-seismic landslides occurred on old landslide slopes (landslides show
different shapes on pre- and post-earthquake satellite images) may have been considered as
pre-earthquake landslides; (iii) small-scaled landslides may have been ignored.

The situation where small-scaled landslides were overlooked can also be observed by the
landslide area and number distribution curve (Fig. 13). In this study, the curve bends and
drops at about 100 m” of landslide area, but the curve of the co-seismic landslide inventory by
Gorum et al. (2013) bends and drops at about 1000 m* of landslide area. This indicates many

co-seismic landslides of area less than 1000 m> were not included or were delineated as
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landslide complexes. In addition, density showing in figure 13 is the density of points
projected on the map, which represents the scale distribution of the landslide. For example, in
figure 13a, the high density value corresponds to landslide area between 10 m*> and 1000 m?,
and this indicates most of the co-seismic landslides are of the area range. The 1 km % 1 km
grid of the largest landslide number, landslide area and landslide volume (Fig. 11) also show
the high density of the Haiti earthquake-triggered landslides. The largest values of LND, LAP,
and LET based on the 1 km x 1 km grids are 349 landslides/km?, 24.42%, and 679.7 mm. The
correlations of the LND, LAP, and LET values and distribution area (or number) of 1 km x 1
km grids were shown in figure 28. The universal power laws between landslide abundances
per 1 km® (LND, LAP, and LET) and the cumulative area (cumulative number of 1 km x 1 km
grids) were shown in figures 28a, b, and c. The very few abnormalities in figure 28 indicate
rather even spatial distribution of the co-seismic landslides in different scales.

It is noteworthy that only 4,000-5,000 landslides should have been triggered by the Haiti
earthquake based on calculations of the empirical function of earthquake magnitude and
earthquake-triggered landslides worldwide (Keefer, 2002; Malamud et al., 2004; Jibson &
Harp, 2011). Much more co-seismic landslides were detected in this study. Two major
reasons are responsible for this difference: (i) The recent availability of very high resolution
(about 0.5 m) satellite images enabled much more detailed co-seismic landslide analysis. (i1)
New principles of co-seismic landslides interpretation (e.g., co-seismic landslides should be
delineated as long as they can be recognized on images; landslides complexes should be
separated into individual landslides) were proposed and the completeness of co-seismic
landslide inventories is significantly improved. Therefore, it may be necessary to update the
empirical functions based on more and more new and complete co-seismic landslide data that
become available recently. In addition, strong ground shaking, steep topography and specific

geologic conditions have been traditionally considered as major factors of co-seismic
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landslides. However, several other factors have been proposed to have played some roles in
the spatial distribution patterns of co-seismic landslides, such as topographic position
(Meunier et al., 2008), structural characteristics of seismogenic faults (Gorum et al., 2011; Xu
et al., 2014), and whether they are triggered by earthquakes with surface-rupture or not (Xu,
2014b). We hope our results would stimulate future analyses and discussion on new potential
co-seismic landslide controlling factors, and to validate the controls of these factors on

co-seismic landslides.
8 Conclusions

In this paper, we conducted a detailed visual interpretation of landslides triggered by the
2010 Haiti earthquake. The results show that at least 30,828 landslides were triggered by the
earthquake. These landslides distributed in an area larger than 3000 km?, and covered about
15.736 km®, with an estimated landslide erosion volume about 29,700,000 m’. Spatial
distribution maps and contour maps of landslide number density, landslide area percentage,
and landslide erosion thickness were constructed respectively in order to analyze the spatial
distribution patterns of the co-seismic landslides. Two ellipsoid-shaped areas of high
co-seismic landslide density are present. One is located east of the epicenter, showing an
east-west trending long axis, and the epicenter is located at about the west end of this long
axis. The other area is located about 20 km southwest of the epicenter and its long axis has
northwest-southeast trending. Four co-seismic landslide abundance proxies, including
landslide centroid number density (LCND), landslide top number density (LTND), landslide
area percentage (LAP), and landslide erosion thickness (LET) were used to correlate the
co-seismic landslides with landslide controlling parameters. Statistical results show that there
are generally positive correlations between co-seismic landslides and slope angle and PGA,
and generally negative correlations with the distance from the Enriquillo-Plantain Garden
fault. Co-seismic landslide abundances with the distance along the fault show that the Goave
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and Momance segments of the fault correspond to more landslides. As slope curvature values
gets closer to zero, the number of co-seismic landslides decreases. The elevation range of high
landslide susceptibility is between 200 m and 1,200 m. The co-seismic landslides occurred
preferably on east oriented slopes, probably due to the movement direction of the seismogenic
fault. The co-seismic landslides show different abundances in different lithology classes, but
most of the landslides occurred within 30 km from the epicenter. Slope angle may have the
strongest control on the Haiti earthquake-triggered landslides. Since many detailed and more
complete co-seismic landslide inventories become available with the recent availability of
high-resolution remote sensing datasets, it may be necessary to update the empirical functions

based on these new co-seismic landslide data.
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Table 1 Regional co-seismic landslide inventories related to recent earthquakes based on field

investigations, GIS, and remote sensing technologies.

Earthquake Magnitude Distribution
Date Type Number Area References
events (Mw) area
August Jibson and
Mineral, Virginia 5.8 Points 33,400
23,2011 Harp, 2012

Xuetal.,
Polygons 2,036 1.194 >1,455
April 14, 2013a
Yushu, China 6.9
2010 Zhang et al.,
Points 282
2010

Xu et al.,
Polygons >197,481 1,160 110,000
2014
Parker et al.,
Polygons 73,367 565.8 13,800
2011
‘Wenchuan, May 12, Gorum et al.,
7.9 Points <60,000 20,000
China 2008 2011
Dai et al.,
Polygons >56,000 811 41,750
2011
Xu et al.,
Polygons >48,000 711.8 ~50,000
2009

Aysén Fjord, April 21, Sepulveda et
6.2 Polygons 538 17 ~400
Chile 2007 al., 2010



Wang et al.,

Polygons 1,212 7.99 275
2007

Chigira and
>1,000

Yagi, 2006

362 Sassa, 2005

Sato et al.,

1,353
Mid-Niigata, October

2005
6.6

Japan 23,2004 Sekiguchi

and Sato,
20006;
4,438 Yamagishi

and

Iwahashi,

2007

Denali fault, November Jibson et al.,
7.9 Points 1,000-10,000 ~9,000
Alaska 3,2002 2004
Avaj, Iran June 22, 6.5 Points 59 3,600 Mahdavifar
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2002 et al., 2006

Marzorati et

Umbria—Marche,  September al., 2002;
6.0 Polygons ~200
Ttaly 26, 1997 Carro et al.,
2003

Harp and
Jibson,
Northridge, January
6.7 Polygons 11,000 23.8 10,000 1995, 1996;
California 17, 1994
Jibson and
Harp, 1994

March 5, Tibaldi et al.,
Ecuador 7.0 2,500
1987 1995

June 17, Pearce and
Murchison 7.7 Polygons >7,400 200 5,000
1929 O’Loughlin,




1985;

Adams, 1980
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Table 2 Landslide number and landslide number percentage in different angle of reach of three

conditions, including area larger than 100 m2, larger than 1,000 m2, and larger than 10,000 m.

Number of
Angle of
area> 1000  Number %
reach
mZ
<5 82 2.301
5-10 337 9.456
10-15 474 13.300
15-20 593 16.639
20-25 535 15.011
25-30 532 14.927
30-35 471 13.215
35-40 370 10.382
40-45 123 3.451
45-50 34 0.954
50-55 12 0.337
55-60 1 0.028
>60 0 0
Total 3564 100
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Table 3 Table of area under curve (AUC) values of landslide area and landslide number.

Landslide parameters\proxies 1 2 3 4
A 75.119 69.329 70.507 79.301
B 54252 53.449 53296 54914
C 66.156 68.438 68.436 64.972
D 63.364 63364 63.363 63.107
E 65.477 67.034 67.037 64.849
F 64.772 62.402 61.712 65.263
G 65.61 63.68 63.694 68.118

A: slope angle, B: slope curvature, C: distance from epicenter, D: distance from the

Enriquillo-Plantain Garden fault, E: PGA, and F: distance from drainages. 1: landslide area, 2:

landslide centroid point number, 3: landslide top point number, and 4: landslide accumulation

material volume.

53



72° W 71° W 70° W 69° W

North American
plate

North American plate

\\ I () I :

NHE>

19° N

~ e f
S A N

+ Epicenter

[1 Study area
v Main faults
(] Continents

18° N

Caribbean plate

20° N

19° N

Dominican Republic \

18° N

74° W 73° W 72° W 71° W 70° W 69° W

Fig. 1 Location of study area, shown by the gray polygon. Thin blue lines indicate generalized
PGA value contour lines. NHFZ: North Hispaniola fault zone; SFZ: Septentrional fault zone;

EPGFZ: the Enriquillo-Plantain Garden fault zone; MF: Muertos fault.
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Fig.3 Pre-earthquake landslides are shown in two locations. a and b is located at 18°29'02.70"N,

72°1122.28"W; c and d is located at 18°29'46.48"N, 72°11'37.86"W. Images a and c were taken

on 10 May 2008 and b and d were taken on 13 January 2010.
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Fig. 4 Alandslide (18°29'16.89"N, 72°24'37.53"W) occurred after the earthquake but may be

triggered by rainfall. a was taken on 18 August 2010 and b was taken on 9 November 2010.

Upward is north.
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Fig. 5 Two places of co-seismic landslides probably enlarged by rainfall. a, b, and ¢ are images

showing a landslide located at 18°29'40.75"N, 72°24'48.69"W. The images were taken on 4

February 2009, 13 January 2010, and 9 November 2010, respectively. d, e, and f are images of a

landslide located at 18°30'58.78"N, 72°30'30.08"W. The images were taken on 26 August 2009,

25 January 2010, and 9 November 2010, respectively.
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Fig. 6 Several typical co-seismic coherent deep-seated landslides. a: two coherent deep-seated

landslides (18°17'54.15"N, 72°38'18.95"W) within a short distance. The image is taken on 25

January 2010 and upward is north. b is located at 18°18'50.87"N, 72°36'57.32"W, and the image

was taken on 25 January 2010 and upward is north. c is located at 18°19'37.21"N, 72°39'47.57"W.

The image is taken on 25 January 2010 and upward is west. d: the landslide is located at

18°12'17.83"N, 72°43'35.27"W and the image is taken on 27 June 2010 and upward is north.
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Fig. 7 Development of shallow disrupted landslides. The first site is located at 18°26'13.52"N,

72°25'44.65"W as shown in a and b. The dates of the images were 4 February 2009 and 8

November 2010, respectively. The second site (shown in ¢ and d) is located at 18°28'29.18"N,

72°30'47.24"W. They were taken on 4 February 2009 and 13 January 2010, respectively. Upwards

of all of the four images are north.
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Fig. 8 aandb are two rock falls occurred at (18°28'07.75"N, 72°29'15.00"W) and

(18°26'31.30"N, 72°49'44.20"W), respectively. a was taken on 13 January 2010 (upward is

northeast) and b was taken on 25 January 2010 (upward is south). c is located at 18°28'51.78"N,

72°26'42.00"W, taken on 13 January 2010 and upward is north. d shows several rock falls at

18°19'38.90"N, 72°40'01.32"W, and the images was taken on 25 January 2010 (upward is west).
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Fig. 9 Several rock slides triggered by the Haiti earthquake. a shows a rock slide located at

18°17'50.27"N, 72°38'38.01"W. The image was taken on 25 January 2010 (upward is west). b is
located at 18°21'38.49"N, 72°42'14.65"W. The image was taken on 14 January 2010 (upward is
north). c is located at 18°19'25.09"N, 72°39'07.99"W. The image was taken on 25 January 2010
(upward is west). d is located at 18°2720.60"N, 72°24'19.85"W, and the image was taken on 13

January 2010 (upward is west).
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Fig. 10 Spatial distribution of landslides triggered by the Haiti earthquake. Blue lines represent

PGA contours downloaded from U. S. Geological Survey (2010). I and II are two landslide high

density areas. We also constructed 1 km x 1 km grid cells (shown in grey). The red square a

represents the grid cell with the highest value of landslide number density and landslide area

percentage, and b represents the grid cell with the highest value of landslide erosion thickness.

63

18°30'N



Fig. 11 Examples of 1 km % 1 km grids pre- and post-earthquake images. a: taken on 4 February

2009, b: taken on 21 January 2010, c: taken on 2 June 2005, and d: taken on 23 October 2010. The

red square in a and b show the grid of the largest landslide number density and landslide area

percentage located at the grid a in the Figure 10, and the red square in ¢ and d show the grid of the

largest landslide erosion thickness located at the grid b in the Figure 10.
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Fig. 15 Relationship between landslide height and horizontal runout length. A total of 453 landslides of

area larger than 10,000m?2 triggered by the Haiti earthquake were used to carry out the statistics.
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Fig. 25 (a) Distribution of PGA values of the study area and (b) relationships of co-seismic landslides and
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Fig. 26 Cumulative landslide area curves to analyze the influence of the 7 impact parameters on the

landslide occurrences, separately shown by different impact parameters. A: slope angle, B: slope curvature,

C: distance from epicenter, D:

drainages, and G: lithology. The curves are: 1: landslide area, 2: landslide centroid point number, 3:

landslide top point number, and 4: landslide accumulation material volume.
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Fig. 27 Cumulative landslide area curves to analyze the influence of the 7 impact parameters on the
landslide occurrences, separately shown by different landslide proxies. 1: landslide area, 2: landslide
centroid point number, 3: landslide top point number, and 4: landslide accumulation material volume. The
curves are: A: slope angle, B: slope curvature, C: distance from epicenter, D: distance from the

Enriquillo-Plantain Garden fault, E: PGA, and F: distance from drainages.
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Fig. 28 Curves of LND, LAP, and LET with the area distribution. a: LND (centroid); b: LAP; c: LET.
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