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ARTICLE INFO ABSTRACT

Am'd? history: Coseismic landslides pose immediate and prolonged hazards to mountainous communities, and provide a rare
Received 12 August 2016 opportunity to study the effect of large earthquakes on erosion and sediment budgets. By mapping landslides
Received in revised form 16 January 2017 using high-resolution satellite imagery, we find that the 25 April 2015 M,,7.8 Gorkha earthquake and aftershock
Accepted 22 January 2017

sequence produced at least 25,000 landslides throughout the steep Himalayan Mountains in central Nepal. De-
spite early reports claiming lower than expected landslide activity, our results show that the total number,
area, and volume of landslides associated with the Gorkha event are consistent with expectations, when com-
pared to prior landslide-triggering earthquakes around the world. The extent of landsliding mimics the extent
of fault rupture along the east-west trace of the Main Himalayan Thrust and increases eastward following the
progression of rupture. In this event, maximum modeled Peak Ground Acceleration (PGA) and the steepest topo-
graphic slopes of the High Himalaya are not spatially coincident, so it is not surprising that landslide density cor-
relates neither with PGA nor steepest slopes on their own. Instead, we find that the highest landslide density is
located at the confluence of steep slopes, high mean annual precipitation, and proximity to the deepest part of
the fault rupture from which 0.5-2 Hz seismic energy originated. We suggest that landslide density was deter-
mined by a combination of earthquake source characteristics, slope distributions, and the influence of precipita-
tion on rock strength via weathering and changes in vegetation cover. Determining the relative contribution of
each factor will require further modeling and better constrained seismic parameters, both of which are likely
to be developed in the coming few years as post-event studies evolve. Landslide mobility, in terms of the ratio
of runout distance to fall height, is comparable to small volume landslides in other settings, and landslide vol-
ume-runout scaling is consistent with compilations of data on larger slope failures. In general, the size ratios of
landslide source area to full landslide area are smaller than global averages, and hillslope length seems to largely
control runout distance, which we propose reflects a topographic control on landslide mobility in this setting. We
find that landslide size dictates runout distance and that more than half of the landslide debris was deposited in
direct connection with stream channels. Connectivity, which is defined as the spatial proximity of landslides to
fluvial channels, is greatest for larger landslides in the high-relief part of the High Himalaya. Although these fail-
ures are less abundant than those at lower elevations, they may have a disproportionate impact on sediment dy-
namics and cascading hazards, such as landslide reactivation by monsoon rainfall and landslide dams that lead to
outburst floods. The overall high fluvial connectivity of coseismic landsliding in the Gorkha event suggests cou-

pling between the earthquake cycle and sediment/geochemical budgets of fluvial systems in the Himalaya.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Coseismic landslides have long been recognized as important sec-
ondary hazards of earthquakes in mountainous regions and potential
contributors to mountain-scale erosional budgets (Keefer, 1994, 2002;
Dadson et al., 2004; Hovius et al., 2011; Parker et al.,, 2011; Li et al,,
2014). Landslides associated with earthquakes can contribute substan-
tially to loss of life (Marano et al., 2010; Petley, 2012). For example,
about 20,000 of 100,000 fatalities caused by the 2008 M,,7.9 Wenchuan
earthquake in China have been attributed directly to landsliding (Huang
and Fan, 2013). The debris generated by the tens to even hundreds of
thousands of landslides associated with large earthquakes is also a po-
tentially significant sediment source. Thus, these events may play a
key role in the erosional budgets of active mountain belts (Keefer,
1994; Parker et al., 2011; Hovius et al., 2011; Li et al., 2014; Wang et
al., 2015), as well as in biogeochemical cycling during orogenesis (e.g.,
St-Onge and Hillaire-Marcel, 2001; Jin et al., 2015; Wang et al., 2016).

Several features of coseismic landslide distributions determine their
role as hazards and as erosional agents, including (i) the landslide num-
ber, area, and volume (e.g., Keefer, 1994; Malamud et al., 2004; Marc et
al,, 2016); (ii) the location of landslides (e.g., Dai et al., 2011); (iii) their
mobility, i.e., the reach or horizontal runout distance of a failed mass,
typically relative to its fall height or volume (e.g., Heim, 1932; Hsu,
1975; Davies, 1982; Dade and Huppert, 1998; Legros, 2002), and (iv)
their connectivity, i.e., the extent to which landslide debris directly en-
ters fluvial channels (e.g., Dadson et al., 2004; Meunier et al., 2007; Li
etal., 2016). Despite a growing literature on earthquake-triggered land-
slides, the relative rarity of large earthquakes limits the available data
and thus the scope for building and testing models predicting landslide
magnitudes, locations, mobility, and connectivity. The April 2015 M,,7.8
Gorkha earthquake in Nepal offers a wealth of new information for
understanding coseismic landslides. In this paper, we present a
high-resolution map of Gorkha-triggered landslides and explore
the implications of this inventory for understanding some of the fun-
damental characteristics of coseismic landslides. Specifically, we re-
port the number, area, and estimated volume of landslides
associated with the Gorkha event with a polygon inventory, meaning
the area extent of individual landslides are mapped, and we assess
how these values compare to inventories from previous earthquakes.
The Gorkha inventory statistics provide a framework from which we
speculate on the causative parameters determining landslide loca-
tions, which may explain how and why landslide density varied spa-
tially during this earthquake. Finally, we evaluate both the mobility
of Gorkha-induced landslides in light of past studies and theoretical
expectations, and the connectivity between landslide debris and the
fluvial channel system. Landslide mobility may influence connectiv-
ity, with implications for how landslides affect sediment dynamics
(cf. Li et al., 2016), but such links have not been evaluated directly
in past studies.

Landslide mobility in particular has received less attention in prior
work on earthquake-triggered landslides compared to other (e.g., rain-
fall-triggered) landslide events. Yet mobility directly relates to potential
societal impact because with increasing travel distance, landslides are
more likely to affect population centers and infrastructure and to dam
rivers. Landslide mobility also modulates the influence of coseismic
landsliding on sediment dynamics because longer travel distances are
also expected to mean greater coupling between hillslope and fluvial
systems. Most mobility studies have focused on relatively few, isolated
large landslide events, such as the tragic 2014 Oso landslide (Iverson
et al,, 2015). With a few exceptions (e.g., Finlay et al., 1999; Qi et al.,
2011; Guo et al.,, 2014), little prior work has assessed mobility in
datasets of smaller landslides (<10° m> volume). To our knowledge,
analysis of mobility for an entire coseismic landslide inventory has not
been previously presented, though some studies have considered
more restricted case studies of earthquake-associated failures (Qi et
al.,, 2011; Zhang et al.,, 2013; Guo et al., 2014). The Gorkha event

provides an opportunity to investigate the mobility characteristics of a
large, statistically robust population of smaller landslides. By focusing
attention on mobility of the Gorkha dataset, we hope to answer ques-
tions about the similarities and differences in mobility of small versus
large volume failures, contribute to understanding dominant factors af-
fecting horizontal travel length or reach, and assess how mobility relates
to the connectivity of landslide debris with fluvial channels, and thus
long-term sediment-related hazards.

1.1. Background: the 2015 M,,7.8 Gorkha earthquake sequence and associ-
ated landslide event

The Himalayan front has long been recognized as an area of high
seismic hazard (e.g., Molnar and Deng, 1984; Wesnousky et al., 1999;
Bilham, 2004; Bollinger et al., 2014). Active continental convergence
of India and Asia occurs at a rate of about 45 mm/yr (Sella et al.,
2002), of which 20 mm/yr is accommodated by the seismogenic Main
Himalayan Thrust (Lavé and Avouac, 2000). Earthquakes on this fault
have included probable M9 events in the past, such as a large earth-
quake in 1505 (Bilham, 2004). However, only M8 earthquakes and
smaller have occurred in Nepal in the last century, including the 1934
M,y ~8 Bihar-Nepal quake (Bilham, 2004).

The Himalayan front is also recognized as a region of unusually high
landslide hazard, particularly during the rainy summer monsoon season
(e.g., Gerrard and Gardner, 2000; Petley et al., 2007; Korup et al., 2010).
Steep topographic relief, intense precipitation, and high population
density combine with the seismic potential to produce frequent fatal
landsliding. Most non-seismic landslides occur during the summer
months when heavy monsoon rainstorms destabilize slopes and trigger
failures (Petley, 2012). Heavy landsliding in association with past earth-
quakes has been described along the Himalayan thrust, including during
the 1934 M,, ~8 Bihar-Nepal quake (Pandey and Molnar, 1988), the
1950 M,,8.5 Assam quake (Mathur, 1953), and the 2005 M,, 7.6 Kashmir
quake (Owen et al., 2008), and supply of sediment from earthquake-
triggered landslides in medieval times catastrophically clogged river
valleys in central Nepal (Schwanghart et al., 2016).

The 25 April 2015 M,,7.8 Gorkha event ruptured a ~140 km long,
east-west segment of the Main Himalayan Thrust (MHT) but did not
produce a surface break (Fig. 1; Hayes et al., 2015). The rupture initiated
near Barpak, ~80 km northwest of Kathmandu, and propagated east-
ward. The event was followed by a series of large aftershocks, including
a M,,7.2 event on 12 May which ruptured a portion of the MHT directly
east of the 25 April rupture (Avouac et al.,, 2015). Nearly nine thousand
deaths and economic losses equivalent to billions of US dollars resulted
from the mainshock alone (Zhao, 2015). Due to the magnitude of the
event and the proximity of the rupture plane to the surface, extensive
landsliding was anticipated from this earthquake.

Immediately after the event, various international groups began
working to identify landslides triggered by the quake for disaster-relief
and early scientific purposes (British Geological Survey, 2015; ICIMOD,
2015; Kargel et al., 2016). Early reports of landslide numbers (e.g.,
n = 4312; Kargel et al.,, 2016) were lower than expected for the mo-
ment magnitude of the earthquake (e.g., compared to the >10.000 land-
slides expected for an earthquake of this magnitude based on statistical
relationships between landslide event magnitude and moment magni-
tude for shallow crustal earthquakes; Malamud et al., 2004). However,
early field evaluation suggested that number would rise to a few tens
of thousands with more detailed investigations (Collins and Jibson,
2015). More than 69 landslide dams were formed, which temporarily,
fully, or partially blocked rivers and posed threats to populations down-
stream (Collins and Jibson, 2015).

2. Methods

High-resolution, high-quality satellite imagery collected weeks to a
few months after the Gorkha event enabled mapping of coseismic
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Fig. 1. Landslide inventory. A) Satellite image of central Nepal showing landslides related to the April-May 2015 Gorkha earthquake sequence (UTM projection with WGS 1984 datum).
B = Barpak, K = Kathmandu, BK = Bhote Kosi, L = Langtang. Obscured areas due to persistent cloud cover (purple) are excluded from density and area calculations. B) Landslide
inventory relative to topography. C) Example of pre- and post-earthquake imagery used for identifying coseismic landslides located near the epicenter (Barpak). Source (orange) and

full area (yellow) polygons of each landslide are differentiated.

landslides in detail (Figs. 1 and 2). We examined pre- and post-earth-
quake orthorectified and georeferenced images in order to visibly iden-
tify coseismic landslides (Fig. 1C). We were able to differentiate scar
(source) areas and deposit (runout) areas, allowing us to create the
first inventory for a complete coseismic landslide event that to our
knowledge includes such delineation as polygons. This mapping super-
seded immediate response and recovery efforts comprised of point
identification of landslide locations (Kargel et al., 2016) or lines along
landslide long axes (Earthquakes Without Frontiers, 2015). In this
study, closed polygons that follow the landslide perimeter and source
area are determined in a GIS framework. Having polygons within a
GIS framework permits analysis of topographic, climatic and seismic
characteristics with the landslide inventory for source and full areas
separately. Since the time of submission of this manuscript for publica-
tion, we have become aware of two other polygon-based inventories for
this event reported in the scientific literature: a complete inventory
from Martha et al. (2016), and a partial inventory (with landslides
only >1000 km? area) from Xu et al. (2016).

Following identification of landslides in plain view, we calculated
geospatial statistics using ~30 m horizontal resolution digital topogra-
phy data derived from the Shuttle Radar Topography Mission, i.e.,
SRTM data (Farr et al., 2007). The 30 m SRTM data for Nepal includes
large holes in some areas, but these were mostly outside of the region
of landslide mapping in this study. However, routine void filling using
the ArcGIS void filling tool was completed prior to analysis.

2.1. Landslide mapping from satellite imagery

Coseismic landslides were mapped by comparing pre- and post-
event high-resolution satellite photographs (Fig. 1C; data archived
with the USGS as Roback et al., 2017). We primarily used DigitalGlobe
Worldview-2 and -3 imagery, supplemented with Astrium'’s Pleiades
satellite data and imagery sourced from Google Earth where the Digital
Globe data was cloud-covered or distorted. Resolution of imagery
(ground sample distance) used in our mapping is 20-50 cm in most
areas. Acquisition dates of imagery used to map landslides ranged
from 26 April to 15 June 2015, with most images collected between 2

May and 8 May 2015 (Fig. 3B). Because few cloud-free images were
available in the first week following the mainshock, it is possible that
some mapped landslides may have been triggered by large aftershocks
or by rainfall. When multiple sets of imagery from different dates
were available for an area, the imagery which was least distorted was
used to map the outline of landslide sources and deposits, and earlier
imagery was used to confirm the earliest date that the landslide could
be recognized. Areas obscured by clouds, steep terrain, or severely
distorted imagery were excluded from the statistical calculations and
indicated as such with closed polygon regions (Fig. 1, Roback et al.,
2017). These areas are identified in Fig. 1. We attempted to identify
landslides associated only with the main shock on 25 April, but in
some cases imagery was not available until after the 12 May M,,7.2 af-
tershock (this affected 3349 of 24,915 total mapped landslides). Rarely,
some other areas, accounting for 1752 landslides, required use of post-
monsoon imagery to define the landslide polygon extent (i.e., collected
after 15 June), and in these cases, identification of the landslide as post-
earthquake/pre-monsoon and the approximate pre-monsoon size were
verified from distorted or cloudy pre-monsoon imagery.

The high quality imagery available for this event allowed us to recog-
nize landslides as small as a few tens of square meters and to delineate
landslide source from the full landslide area. Pansharpened and
orthorectified visible-light and panchromatic images were assessed for
visible changes in land cover or texture and outlined manually onto
the georeferenced imagery. Small landslides were recognized by chang-
es in reflectivity due to surface disruption or loss of vegetative cover,
and larger landslides were identified by the fresh appearance of mor-
phologic features (i.e. scarp, toe, lateral margin). Source areas were de-
lineated by recognition of the headscarp, which usually formed a
circular or oval depression at the uppermost part of the landslide, and
exposed landslide scar. Distinction between source (i.e. landslide scar)
and deposit areas were recognized based on textural differences, espe-
cially where exposed rock versus debris could be recognized as such.
Source areas are minimum areas because debris often obscured the
lower slip surface and debris transport likely also included some
amount of entrainment. However, we acknowledge that such distinc-
tion can be uncertain and the uncertainties difficult to quantify. Fresh
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landslides were most easily recognized by the changes in spectra asso- Combining adjacent landslides into single polygon features, or
ciated with vegetation loss but were generally more difficult to recog- “amalgamation,” is known to skew landslide inventory statistics by
nize above treeline. At these higher elevations, landslides were easily overestimating the total volume affected by landsliding and increasing
observed where fresh deposits overlaid snow but otherwise were iden- or decreasing the number of large and small landslides respectively (Li
tified by more subtle changes in reflectivity or morphology of bedrock et al,, 2014; Marc and Hovius, 2015). In order to minimize such effects,
surfaces. The difficulty in identifying landslides in areas without vegeta- adjacent landslides with separate source areas were mapped as sepa-
tion or snow may bias observations toward minimum estimates of rate polygons to the greatest extent possible. Where deposits from mul-
landsliding in these settings. tiple source areas joined, the deposit area below the converging point
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dramatically steepen, marking the change from the Middle Hills/Lesser Himalaya to the High Himalaya. A) Topographic slope derived from SRTM digital topography (30 m resolution).
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to: C) peak ground acceleration from the USGS ShakeMap model v.9 (July 2015); D) surface projection of modeled finite fault slip (Galetzka et al., 2015), with circles representing the
source location of 0.5-2 Hz energy (Galetzka et al., 2015; Avouac et al., 2015); E) contours of mean annual precipitation, derived from reanalyzed TRMM 2B31 data (Bookhagen and

Burbank, 2010).


Image of Fig. 2

K. Roback et al. /| Geomorphology 301 (2018) 121-138 125

was assigned only to the largest contributing source area to prevent
double counting of deposit areas in the inventory. In some cases,
branched runout areas were identified from a unique source area and
were mapped as a single polygon.

2.2. Data sources used for calculating landslide statistics

The elevation and slope of landslide polygons were derived from
1 arc sec, or ~30 m horizontal resolution, SRTM digital topography
(Fig. 2; Farr et al., 2007). Slope statistics include the maximum slope
and mean slope from pixels within the full-area polygon for each land-
slide. While the high-resolution imagery enabled mapping of many
small (<100 m?) landslides, precise characterizations of elevation and
particularly slope was not possible for such small features because of
the relatively coarse resolution of the DEM.

Estimated PGA from the 25 April main shock was calculated for each
landslide feature using the latest version of the USGS ShakeMap for that
event (v9, released 2 July 2015). ShakeMap estimates are based on
ground motion attenuation equations constrained by instrumental
strong ground motion records and felt/damage reports where they
exist (Earle et al., 2009). Due to a paucity of felt reports and direct mea-
surements across the study area, the ShakeMap PGA for this event is
poorly constrained (“Grade C”). Modeled finite fault slip estimates
were derived from Galetzka et al., 2015 (Fig. 2). Mean annual precipita-
tion data were taken from TRMM 2B31 reanalysis (Bookhagen and
Burbank, 2010), which provides sufficiently high-resolution estimates
to discern spatial trends at the scale relevant to this study (unlike
TRMM 3B41 or APHRODITE data; cf. Andermann et al., 2011). Informa-
tion on the distribution of geologic units in Nepal was collected from
Dhital (2015).

Landslide volume (V), area (A), runout length (L), and height drop of
the landslide mass (H) (i.e. elevation difference from the uppermost
part of the source and the lowermost part of the deposit) were also cal-
culated. Unless stated otherwise, landslide volume was calculated using
a range of area-volume scaling relations, as detailed below. Runout
length was estimated using a simplified polygon enclosure of the
mapped landslides from which the length of the long and short axes
could be determined. Most Gorkha-induced landslides have long, nar-
row, and linear runout paths for which the long axis of the bounding
polygon coincides with the runout path. Deviations from this geometry
include landslides with source areas that align along short cliffs, in
which case the runout length corresponds with the short axis instead.
Also, sharp curves in the runout path can lead to underestimation of
runout distance. For 38 landslides that were found to have anomalously
high mobility via the automated calculation, runout length was
corrected manually. The ratio between the runout length and height
drop, sometimes referred to as the “angle of reach” or “fahrbéschung
angle,” are typical measures of the mobility of the landslide (e.g.,
Heim, 1932; Hsu, 1975; Dade and Huppert, 1998; Iverson, 1997). Land-
slide runout length to height ratios (L/H) were determined only for
landslides with source areas > 10° m?, because smaller areas were sub-
ject to large height uncertainties due to the ~30 m DEM resolution.

2.3. Delineating fluvial channels and evaluating landslide-channel
connectivity

To assess the extent to which landslide debris was delivered to the
river systems of Nepal during the Gorkha earthquake, we evaluated
the position of distal portions of landslides relative to stream channels
(“landslide-channel connectivity”; Dadson et al., 2004; Huang and
Montgomery, 2014; Li et al,, 2016). We identified channelized portions
of the landscape via inspection of satellite imagery and based on local
gradient-upstream contributing area (G-A) relations. On a G-A plot, dif-
ferent geomorphic domains (i.e., hillslopes vs. channels) are typically
characterized by power-law relations with different exponents (e.g.,
Montgomery and Foufoula-Georgiou, 1993; Montgomery and

Buffington, 1997; Sklar and Dietrich, 1998; Montgomery, 2001). We
plotted a region-wide G-A relationship for the area covered by landslide
mapping by calculating the mean slope angle, or gradient (G), for incre-
ments of upstream drainage area (A) determined using ArcGIS flow
routing algorithms (we used 0.1 log unit increments of A in km?), in
all cases using the 30 m SRTM DEM. Geomorphic domains were identi-
fied from this plot using a “pruning” approach (e.g., Stock and Dietrich,
2003; Densmore et al., 2007), i.e., successively adding larger upstream
area data and repeatedly fitting a linear relation to the logarithmic G-
A data until a local statistically optimal fit was achieved. Each domain
is characterized by a locally optimized fit. With this approach, we iden-
tified the A values characteristic of (1) hillslopes, (2) valley heads, (3)
colluvial channels, and (4) fluvial channels (including bedrock and allu-
vial channels), each with successively larger A.

We complemented the G-A approach by evaluating the A value at
the locations where visibly identifiable channels begin, based on inspec-
tion of the satellite images used for landslide mapping (channels were
visibly distinguished by absence of vegetation and distinctive morphol-
ogy). We describe this as the threshold for initiation of “visually identi-
fiable channels.”

Landslide-channel connectivity was evaluated using two approaches
based on raster data and vector data, respectively. For the raster-based
method, the maximum upstream area (Anax) within the extent of the
landslide polygon was derived for each landslide and compared to the
threshold area (A.) for channels. If A.x > A, the landslide was deter-
mined as connected to channels, and vice versa. This approach may
miss landslides that actually intersect channels (underestimating con-
nectivity) if channels are wider than the 30 m DEM resolution and in
other cases may incorrectly identify landslides as channel-connected
due to the simplified geometry of mapped channels. For the vector-
based method, all cells with area values > A. were converted to linear
features with a buffer zone of width ranging from 50 m to 400 m. Land-
slide polygons intersecting with the channel buffer zones were identi-
fied as channel-connected.

3. Results
3.1. Landslide number, volume, and area-frequency statistics

We have identified 24,915 landslides with a total area of 87 km?. Be-
cause some regions of Nepal have remained shrouded by continuous
cloud cover in all available imagery since the earthquake (as of the com-
pletion of our mapping in July 2016), these areas could contain addi-
tional landslides. However, these obscured areas account for only
~10% of the total region affected by landslides and are largely confined
to regions at high elevation where we assume landslide occurrence
was low based on the low landslide densities in nearby areas of similar
elevation. The distal portions of the mapped region also have low land-
slide densities, so while we expect that some landslides occurred at dis-
tances beyond our mapped region, the total number of unmapped slides
is likely small relative to the mapped total.

We estimated total landslide volume (V) using a power-law land-
slide area-volume scaling relationship: V = aAY, where o and -y are em-
pirically-calibrated scaling parameters and A is the full landslide area.
We considered a range of different parameter combinations determined
from global data compilations, including those specific to the Himalaya
(Table 1). We calculated volume for each individual landslide using this
relation and summed these values across the entire mapped inventory.
The resulting estimates of total volume associated with Gorkha-
triggered landslides range from 0.12 to 1.1 km? (Table 1). The scaling
parameters for mixed soil and bedrock landslides in the Himalaya
from Larsen et al, 2010, yield a total volume estimate of
0.81 + 0.11/—0.09 km? (one-sigma range from Monte Carlo error prop-
agation considering reported uncertainties in scaling parameters). The
wide range in total volume estimates underscores the need for more ac-
curate determination of total volume associated with the Gorkha-
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Table 1

Gorkha-triggered landslide volumes estimated using different scaling parameters.
Scaling parameters logo(0t) Y V (km?)
Himalayan mixed soil & bedrock® —0.59 + 0.03 1.36 + 0.01 0.81 + 0.11/—0.10
Himalayan bedrock® —0.49 4+ 0.08 1.34 + 0.02 0.83 + 0.27/—0.21
Global soil (full area)? —0.44 + 0.02 1.145 + 0.008 0.13 + 0.01/—0.01
Global soil (scar area)? —0.65 + 0.02 1.262 + 0.009 0.26 + 0.28/—0.25
Global bedrock (full area)® —0.73 + 0.06 1.35 £ 0.01 0.53 + 0.10/—0.08
Global bedrock (scar area)? —0.63 4+ 0.06 141 + 0.02 1.27 + 0.36/—0.28
Global mixed (full area)® —1.1308 1.45 + 0.0086 0.62 + 0.62/—0.56

Volume calculated by the relation V = oA and reported as median 4+ ranges from 16th and 84th percentiles of 10,000 times Monte Carlo sampling for each group of parameters. Global
soil and bedrock scaling for scar areas were applied only to source areas. Other scaling used the full landslide areas of the Gorkha inventory.

@ Larsen et al.,, 2010.
b Guzzetti et al., 2009.

earthquake, which will most likely be based on local calibration of the
area-volume relationship.

Power-law scaling of landslide area distributions is a typical charac-
teristic of moderate to large landslides in most inventories (Hovius et al.,
1997; Stark and Hovius, 2001; Malamud et al., 2004). We examined the
area-frequency distribution of the Gorkha event by log-binning a nor-
malized, non-cumulative size-frequency distribution, allowing us to
plot frequency-density (f = dN/dA, where N refers to the number of
landslides in each bin) as a function of binned landslide area (A + dA)
(Fig. 3A). Landslide frequency for the smallest landslides is typically
undersampled and is dependent on the resolution of the images used
for mapping, making interpretation of this relationship at low values
of A difficult (Stark and Hovius, 2001). For the Gorkha event,
landslides > 10% m? exhibit a power-law scaling with an exponent (5 of
—2.5 (Fig. 3A). This value is higher than exponents reported for other
coseismic inventories (Northridge, California = — 2.39; Chi Chi, Tai-
wan = —2.30; Wenchuan, China = —2.19; Crosta et al., 2014) and
also higher than the average of event-based and historical inventories
(B = —2.3) reported by Van den Eeckhaut et al., 2007. The higher
value may reflect greater ability to recognize smaller landslides in
high quality imagery, the relative lack of large landslides in the Gorkha
event, or our attempts to divide areas of adjacent landsliding into indi-
vidual slides rather than larger amalgamated complexes. An explana-
tion based on fewer large landslides in the Gorkha event is supported
by field observations (Collins and Jibson, 2015). The less steep power-
law slope (—2.2) found for landslides from the Langtang region
(Lacroix, 2016) may reflect local prevalence of larger landslides; for ex-
ample differences in topography between fluvial versus glacial land-
scapes may set the upper limit on potential landslide size (Gallen et
al,, 2015). Differences may also result from mapping techniques, mainly
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the use of DEM differencing (Lacroix, 2016) versus manual identifica-
tion from satellite imagery (this study).

3.2. Landslide density: first-order patterns

In accord with the observations made by Kargel et al. (2016), we find
that landsliding associated with the Gorkha earthquake was mainly
concentrated in the metamorphic Lesser and Greater Himalayan rock
sequences and located preferentially in the steep topography of the
High Himalaya (Figs. 2, 4). Relatively few landslides were identified in
the moderately steep, lower elevation ranges that surround Kathmandu
Basin. Landslide occurrence abruptly increases across the transition
from moderate slopes of the Lesser Himalaya/Middle Hills to the steeper
slopes of the High Himalaya, across the so-called “physiographic transi-
tion” (Fig. 2A; e.g., Wobus et al,, 2003). This transition is also marked by
high mean annual precipitation (MAP; Fig. 2B).

The Gorkha inventory also shows a generally eastward-directed in-
crease in landslide density (Fig. 5B). A peak in landslide density occurs
near the epicentral region; landslide density then decreases east of the
epicenter before again increasing toward the eastward end of the rup-
ture area. The highest peak in landslide density occurs just east of the
termination of the mainshock rupture, corresponding to the Bhote
Kosi river area (Figs. 1, 2, 5). Landslide density decreases more rapidly
to the west than the east of the epicentral region. Based on our mapping
with immediately post-seismic images (most collected between 2 and 8
May), the east-to-west trend likely predates the 12 May M,,7.2 after-
shock located at the eastern terminus of the main shock rupture area
(Figs. 1, 3B).

Comparison of imagery sets collected on 3 and 25 May over the
highest-density areas of landsliding in the Bhote Kosi suggests that the
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Fig. 3. Probability statistics and time series of the landslide inventory. A) Probability density-area statistics for the Gorkha landslide inventory calculated from the inventory presented in
this paper and from Martha et al. (2016). Best-fit power-law function to the heavy tail of the distribution has a slope of — 2.5 for both inventories. B) Cumulative number of landslides

mapped as a function of time after the main shock.
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M,,7.2 aftershock triggered only a small number of new landslides. We
suggest that the 25 April mainshock effectively cleared most unstable
material off of hillslopes in this area, leaving little weak material on
the hillslopes when the large 12 May aftershock occurred. The eastward
directivity of the main shock rupture may explain the intensity of
landsliding in this area. Because the area was cloud covered between
25 April and 3 May, we cannot assess the role of smaller aftershocks,
which may have preceded the 12 May event, in causing landslides.
However, it is unlikely that such small earthquakes would have gener-
ated strong enough ground motions to initiate a large number of land-
slides because total energy release is dominated by the main shock
and few landslides are generally observed for earthquakes below M4-
5 (Malamud et al., 2004; Keefer, 1994; Marc et al., 2016). Although
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our data allow preliminary evaluation, rigorously quantifying the full ef-
fect of aftershocks on landslide density in the Bhote Kosi region will re-
quire more detailed time series of landslide generation, for example
based on detailed mapping of individual landslides using pre- and
post-aftershock imagery.

3.3. Landslide density: relation to lithology, PGA, and slope

We do not observe a concentration of landsliding in any particular
geologic unit at a regional scale (Figs. 2B, 4). In particular, curvature in
the trace of the Main Central Thrust and Kathmandu Nappe leads to
an equal areal distribution of the Greater and Lesser Himalayan rock
units exposed throughout the earthquake-affected region (Fig. 2B).
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Fig. 5. Landslide inventory statistics. A) Distribution of landslide density (grey) and the percentage of steep slopes (>40°) (black) as a function of elevation. Elevation intervals of the glacial
equilibrium-line altitude (ELA) for the present time and the last glacial maximum (LGM) are shown in blue. B) Landslide density as a function of longitude. C) Landslide density as a
function of topographic slope. D) Landslide density as a function of relief calculated over a 2.5 km circular moving window.
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We observe an even distribution of landslides between units of these
two major lithologic sequences, which both comprise variably meta-
morphosed sedimentary and igneous rocks and are thought to be char-
acterized by similar bedrock erodibility (Lavé and Avouac, 2001;
Craddock et al., 2007) (Fig. 4). Within these units, the highest landslide
abundance is within the most general map units that encompass large
areas (i.e., “Other Proterozoic Crystalline” in the Greater Himalaya, and
“Other Metamorphic” and “Other Sedimentary” in the Lesser Himalaya).
Locally, some units have a high percent of landslide area (i.e., 0.7% of the
area of the Greater Himalayan two-mica leucogranite is covered by
slides; Figs. 2B, 4). These sub-units have restricted geographic exposure
and happen to occur in regions of high-density landsliding in the epi-
central region (near Barpak) and the Bhote Kosi river valley (locations
noted on Fig. 1; also see Fig. 2B). We also do not observe abrupt changes
in landslide density near mapped lithologic contacts, which might oth-
erwise indicate lithologic control on landslide occurrence.

The landslide density from the Gorkha earthquake does not correlate
directly with modeled PGA or with the surface projection of the highest
slip from modeled GPS and teleseismic back projections in the north-
south direction, although density does more closely follow the extent
of rupture and PGA > 0.1 g in the roughly E-W direction (Fig. 6). Except
for the localized region around the epicenter of the 25 April main shock,
high density landsliding occurs at relatively low values of modeled PGA
(mostly 0.2-0.3 g), while moderately steep topography overlies regions
of much higher modeled PGA along the Middle Hills and ranges south of
Kathmandu Basin (0.6-0.8 g). Slip occurred on a shallow thrust fault
plane beneath the Kathmandu Basin and partly along the transition to
the deeper, steep portion of the Main Himalayan Thrust (MHT). Less
than 50% of the landslides are located within the region defined by the
surface projection of the >1 m slip contour (Galetzka et al., 2015), a
proxy for distance to the rupture (Figs. 2D, 6). The remainder of land-
slides is mostly present at greater distances north and northeast of the
rupture area, concentrated above the deepest portion of the fault
plane (Ader et al., 2012) that ruptured in this event (Fig. 2C and D).

Landslide density is also not a simple function of slope or precipita-
tion; for example, the steepest slopes in the High Himalaya are not char-
acterized by the highest landslide density, and landslide density is low
where precipitation is high in the Middle Hills (Figs. 5, 6). Thus, in sum-
mary, we do not observe a single control on the distribution of landslide
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density associated with this event. In the Discussion section, we consid-
er how a confluence of factors may have determined landslide
occurrence.

3.4. Source area characteristics

The characteristics of landslide source areas are important for evalu-
ating mobility (discussed below) and may shed light on how different
landscapes (e.g., vegetated vs. glacial) affect failure mode. Our ability
to distinguish source areas in the high-resolution imagery used in this
study provides a rare view of landslide source area characteristics for a
coseismic inventory. Gorkha landslide sources are typically small com-
pared to the total landslide area and range from <10 m? to >10° m?.
The small source areas are typically above long, narrow runout areas
and deposits. Mean source area size increases with elevation across
the study area (from mean elevation bins of 250 to 5750 m; Fig. 7A).
Mean source area size is uniform for slides with maximum slopes less
than ~40° and increases with increasing maximum slope above this
value (Fig. 7B). The trend of source area size with mean slope is similar
to that with maximum slope, namely increasing area with increasing
slope, although the correlation is not as strong and landslide source
area appears to decline at the steepest mean slopes (Fig. 7C). The asso-
ciation of larger landslides with higher elevations and steeper slopes
may reflect the longer, steeper hillslopes observed in the glaciated ter-
rain and greater potential for producing deep-seated landslides, com-
pared to smaller, shallower landslides observed at lower elevations on
densely vegetated slopes. In general, relief, mean slope, and elevation
are strongly coupled in the Nepal Himalaya (Gabet et al., 2004), suggest-
ing that larger source areas are probably also related to greater relief
and longer hillslope lengths.

3.5. Mobility indices of Gorkha-triggered landslides

Mobility describes the runout characteristics of a landslide, often
evaluated in terms of volume, height drop, and/or topographic slope
(e.g., Heim, 1932; Kent, 1966; Hsu, 1975; Dade and Huppert, 1998;
Finlay et al., 1999; Hunter and Fell, 2003; Iverson et al., 2015). We ana-
lyze mobility by three measures: (1) runout length as a function of slope
and volume, (2) source area to full mapped area ratios (S/F), and (3)

Distance along S-N trend (km) Distance along S-N trend (km) PGA (g)
0 50 150 4O 50 100 150 0.1 0.2 0.3 0.35
s 40 (A)_s17°W 25 —[(B)_s17°W " High frequency 2 5 [(C) e ) ° )
= — 2 3 wave location 2 |SN o ° 112% Slope ()
£ = o 2 =
s § @ g trend..‘. ° § 35
8 =20 89 2 1088
= : 8 ° | gifs
n £ 2 g .} ?
s 2 3. Qo 104Z
E < = S | <Ml
= Landslide RIS »*Candslid 2 le ° oo 2
g o | 0\_, L == andslide 0&, 0
= O —— —&bm-'—
— 40 2 2
< (D) nzsew 5 [E)_N73'w ' RG] 20 .
2 Slope (°)
g 2 |W-E trend ° 3 P
£ 2 = o
£ e 5 a 0® 115G [M32
£33 ) & g
[2RS = o
08)'220 -13 5_72 1§ o 1_0§ o8
[ Rainfall g 2 °® 2
: 2z 2 ° ‘ Q 105
s Landslide L =9 < ° e & 24
Z o0 0 o 0% 0
=0 ~ 100 200 300 0 100 200 300 0.05 0.15 0.25
Distance along W-E trend (km) Distance along W-E trend (km) PGA (g)

Fig. 6. Swath profiles of landslide density and metrics of topography, climate, and seismotectonics; and relations between landslides and PGA and slope. A-B) Swath profiles across the
trend perpendicular to the fault strike (approximately south to north), showing 2 km-wide incremental averages of: A) landslide area density (red curve), rainfall (1998-2009 TRMM-
derived MAP, grey dashed curve), and slope (black curve, from SRTM 30 data); B) landslide area density (red curve), modeled PGA (black curve), and seismic slip (grey dashed curve);
the grey band indicates the locations of 0.5-2 Hz seismic energy sources. C) Cross-plot of mean values of PGA and landslide density within each increment (each 2 km width) along
the N—S swath profile. Color-coding is mean slope angle within each increment. D-E) Swath profiles across the trend parallel to the fault strike (approximately west to east), showing
4 km-wide incremental averages of E) landslide area density (red curve), rainfall (grey dashed curve) and slope (black curve); F) landslide area density (red curve), slip (grey dashed
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runout length to height drop ratios (L/H). The first two measures pro-
vide estimates of landslide spreading, i.e., how a landslide volume is dis-
tributed both downslope and laterally spread across the slope, which
has been argued to be the main controlling factor on landslide runout
(e.g., Davies, 1982; Legros, 2002). The latter measure, the ratio of height
drop to runout length (Heim, 1932), has been suggested to represent
the frictional characteristics of a landslide mass and the surface it over-
rides; ratios observed for small landslides (<10°> m?) match those pre-
dicted from purely frictional slides (e.g., Shreve, 1966; Scheidegger,
1973; Hsu, 1975; Corominas, 1996). The physical meaning of this ratio
has been debated (and questioned) for decades, and other observations
suggest that average values may be modulated by topographic bound-
ary conditions (e.g., Nicoletti and Sorriso-Valvo, 1991). Regardless,
very mobile landslides in the historical record have unusual runout
lengths over fairly gently sloping topography and can be identified by
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high L/H ratios (e.g., Dade and Huppert, 1998). These slides have L/H ra-
tios generally > 2, with ratios of 5 to 10 observed for several well-stud-
ied examples in the historical record. For example, the 2014 Oso,
Washington, USA landslide had a value of approximately 10 (Iverson
etal, 2015).

As expected, larger landslides in the Gorkha inventory have greater
potential energy and thus have longer runout distances, ranging from
more than a few hundred meters to a few kilometers for landslides larg-
er than 10 m? in area (Fig. 8). We observe that landslides that originate
from steeper slopes also tend to be more mobile than those from
shallower slopes on the basis that runout length increases with maxi-
mum slope within the landslide area, but this is largely a function of in-
creasing landslide area (or volume) with increasing slope. Gorkha-
triggered landslides follow a power-law scaling between landslide vol-
ume and runout length similar to data observed for subaerial landslides
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Fig. 8. Landslide area statistics relative to slope and runout length. A) Scatter plot of landslide source area size relative to mean slope and runout length. B) Histogram of mean slope for full
landslide areas for the complete inventory compared to the entire landscape. Mean and maximum slope values are calculated within the full landslide polygons, which includes source,
runout and deposit areas. C) Scatter plot of landslide source area relative to maximum slope and runout length. D) Comparison of runout length versus inferred landslide volume for the

Gorkha inventory compared to published landslide compilations (Legros, 2002).
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in the global compilation of Legros (2002) (Fig. 8D). This compilation fo-
cused on much larger failures; by including the Gorkha data, we find
that the consistent runout-volume relationship extends over >6 orders
of magnitude. In contrast, subaerial debris flows from the Legros (2002)
compilation plot at notably higher runout lengths relative to source vol-
ume, differing by as much as 2 orders of magnitude from subaerial land-
slides (Fig. 8D).

The average landslide source to full mapped area ratio (S/F) ob-
served for landslides associated with the Gorkha earthquake is 0.17. In
contrast, global S/F averages are ~0.34 for soil landslides and ~0.48 for
bedrock landslides, calculated from volume-area scaling parameters
(Larsen et al., 2010, supplementary data) assuming that the volume of
landslide sources and deposits is the same, such that Ag/As = (o/
oq)"Y where s and d refer to scar and deposit, respectively, and that
the full areas are the sum of scar and deposit areas. The low ratio for
Gorkha earthquake-triggered landslides likely reflects topographic in-
fluences; the steep, long hillslopes of the Greater Himalaya enable
source material to run out over long horizontal distances. While runout
distance scales with landslide volume, the proportion of the two (i.e. the
ratio of source to full landslide area) is nearly constant, and we observe a
near linear relationship between the source area size and full area size
(Fig. 9B). In support of this interpretation, scatter plots of S/F ratio ver-
sus mean and maximum slope show no systematic relationship be-
tween these variables (Fig. 9C and D). This tight relationship further
supports the notion that debris runout, in terms of both area and dis-
tance, is primarily a function of source size, which is likely also coupled
to hillslope length.

Subjective bias in distinguishing landslide source from runout areas
could affect S/F ratios. However, the small size of landslide deposit areas
observed for most landslides in satellite imagery from the Gorkha event
corroborate the small mapped source areas with long transport dis-
tances. Field observations of long runout pathways lend further support
to this interpretation. In cases where landslides traveled down perenni-
al or ephemeral stream channels, water or overridden saturated
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materials also may have played a role in transport distance. We have
not undertaken identification of such features, but the Gorkha earth-
quake occurred during low water conditions and at the end of the dry
season in Nepal (Collins and Jibson, 2015). Based on the climatology
leading up to the earthquake, we do not expect local hydrology to
have contributed to runout distances because the near-surface ground
conditions were likely unsaturated and ephemeral streams were dry.
However, dynamic changes in the height of the water table have been
documented in events elsewhere (Wang and Manga, 2015) and such
an effect could potentially enhance landslide runout.

Most mapped landslides had L/H ratios close to 1, with a mean value
of 1.17 (Fig. 10A, B). Thus, although Gorkha-induced landslides had rel-
atively low S/F ratios compared to global averages, in terms of L/H they
were not exceptionally mobile compared to larger volume, highly mo-
bile landslides (e.g., Dade and Huppert, 1998). Prior studies suggest a
size threshold (10° to 0.5 x 10° m?) beyond which L/H rises significantly
as larger landslide masses travel long distances over relatively shallow
slopes (Scheidegger, 1973; Hsu, 1975). Most of the Gorkha-triggered
landslides were smaller than this threshold, though we observe a lack
of increase in L/H with increasing volume of landslides even for those
failures that we estimate were >10° m> (Fig. 10A). This observation is
consistent with studies that examine runout characteristics of small vol-
ume landslides and is in contrast with the well known “size effect” on L/
H for larger landslide volumes (above ~10° m?®), in which case runout
distances relative to height drop increase with volume (e.g., Dade and
Huppert, 1998; Corominas, 1996).

We isolated landslides with L/H ratios above 2 and runout
distances > 200 m (38 landslides) and identify these as highly mobile
relative to the rest of the inventory. The number of highly mobile land-
slides peaks strongly at elevations 2500-3000 m, with more highly mo-
bile landslides above 4000 m than are found in the main distribution
(Fig. 10C). The preference for higher elevations in this distribution likely
reflects changes in landscape morphology and surface-forming mate-
rials at higher elevation and higher relief in this region. For example,
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landslide mobility can be increased by movement across snow or ice-
covered surfaces, and by steep slopes (Nicoletti and Sorriso-Valvo,
1991), all of which are more prevalent at higher elevations in the affect-
ed region. However, we note that the deadly Langtang landslide (Kargel
et al,, 2016), which traveled > 3 km, originated from a very high slope
(2 km) such that the resulting L/H ratio is not remarkable.

3.6. Connectivity of landslide debris with the river system

The mobility of landslides also influences the potential for landslide
debris to be deposited within the fluvial system, where it contributes to
erosional budgets by producing transportable sediment (Dadson et al.,
2004; Li et al., 2016) and further affects sediment dynamics by altering
fluvial grain size distributions (e.g., Attal et al., 2015). Such deposition is
referred to as “connectivity”, which is a function of the landslide runout
path and its intersection with stream channels. The minimum drainage
area by which a “channel” is defined affects connectivity because a ma-
jority of the cumulative length of the drainage network lies within steep
headwater catchments. Defining an appropriate minimum critical
drainage area for the initiation of channel heads (A.) depends on how
much transfer of landslide debris occurs from low-order channels,
which is likely to be a function of the local catchment characteristics
and climatology (e.g. Johnson and Sitar, 1990; Benda and Dunne,
1997; Johnson et al., 2010; Loye et al., 2016). For example, intense mon-
soon rainfall events in the Himalaya may trigger debris flows in low-
order streams and colluvial channels within the Gorkha-affected region
and may be expected to promote high hillslope-channel coupling in low
order channels.

The regional G-A plot for the area affected by Gorkha-triggered land-
slides (Fig. 11A) suggests a transition between colluvial and fluvial
channels at a drainage area of ~0.48 km? based on steepening of the
G-A relationship. This threshold is within the range of areas for fluvial
channelization estimated for basins within this region, but at the
lower end, with other values of 1 km? reported for the nearby Siwalik
Hills of central Nepal (e.g., Lague and Davy, 2003). The initiation of vis-
ibly identifiable channels (which may be colluvial) in satellite images is
at approximately 0.1-0.2 km?, similar to a change in slope of the G-A
plot at 0.19 km?. We calculated connectivity values for both of these
thresholds and illustrate the sensitivity to the choice of threshold
value in Fig. 11B, noting that assuming higher area thresholds (e.g., 1-
3 km?) will make a relatively small difference to our conclusions (within
10% in volume terms). We report connectivity as the percentage of land-
slides connected to channels, in terms of landslide number, area, and
volume (e.g., number of channel connected landslides/total number of
landslides x 100), either for the whole inventory (Fig. 11) or for defined
increments of landslide area, or other parameters (Fig. 12).

Based on the raster-based criterion that mapped landslide areas
overlap directly with identified channels, we calculate that ~15% of
landslides by number intersect the fluvial network (i.e., for A. =
0.48 km?; Fig. 11B). These represent 33% of landslide area and ~50% of
the volume of landslide debris, because larger landslides are more likely
to reach channels (Fig. 12A) and landslide volume scales non-linearly
with area. These connectivity values are similar to those found for land-
slides triggered by the Wenchuan earthquake using a similar methodol-
ogy (16% of landslides by number, 30% by area, and 43 + 9/— 7% by
volume; Li et al,, 2016). A greater proportion of landslides in the Gorkha
inventory (20% by number, 43% by area, and 60% by volume) intersect
channels for A. = 0.19 km?, i.e., based on the criterion of channels
being visibly identifiable.

The coarse resolution of the 30-m DEM and the potential for landslide
debris near channels to interact with the river system means that these
connectivity values based only on drainage area may not accurately esti-
mate the potential influence of landslides on sediment dynamics. To ex-
plore how estimates of connectivity vary for different assumptions, we
also calculate connectivity with a vector-based approach, buffering our
channel network at different distances. Based on our definition of
where visible channels initiate, 36% of landslides (accounting for 57% of
the total landslide area) deliver material to within 50 m of a channel
(see example Fig. 11C), 70% deposit within 200 m, and >90% of landslides
deposit within 400 m of a channel (Fig. 11D). For a higher drainage
threshold, e.g., characteristic of the transition to fluvial channels, about a
third of the landslides (28% by number) occur within 50 m of a channel,
half within 200 m and three quarters within 400 m (Fig. 11D).

3.7. Variation in landslide-river channel connectivity

In order to consider how connectivity varies across the region affect-
ed by Gorkha-triggered landslides, we have calculated the percentage of
the landslide volume that is connected to river channels within binned
intervals of landslide area (Fig. 12A), runout length (Fig. 12B), elevation
(Fig. 12C), and relief (Fig. 12D). In parallel with Wenchuan (Li et al.,
2016), we find that connectivity across the Gorkha region is closely cor-
related with landslide area, with larger landslides more likely to extend
fully across hillslopes to reach channels (Fig. 12A). For the Gorkha case,
we can confirm that this size-effect is related to increases in runout
length for larger landslides (e.g., Fig. 12B). Across the Gorkha inventory,
higher connectivity at higher elevations and higher relief (Fig. 12C, D) is
likely explained by the increasing landslide size at higher elevation (Fig.
7A). Interestingly, connectivity shows little change between 1 and
2.5 km elevation but increases notably for elevations > 2.5 km (Fig.
12C), which coincides approximately with the physiographic transition
between the Lesser and Higher Himalaya. The high-elevation, high-re-
lief regions of the Higher Himalaya are characterized by particularly
high connectivity.


Image of Fig. 10

132 K. Roback et al. /| Geomorphology 301 (2018) 121-138

(A) 1 AL IR IR LR B DL LR LU IR (B) o T LAk I LLL IR ALY LR ALY 100
b —> Fluvial channel Ac (km?) volume Area Number S

0.19 60+1% 43% 20% >
’\? 20 0.48 49+1% 33% 15% 180 %
< o

—_ o s ®
- o e s 0 [¢)
- K>3 \__\ -— >0

g % % ?2 (|\I‘(§ LA ‘5 40 7 60 %
= S8 T = Channel-connected >
201} RS {1 § o
5 1] S - 3
g gE[ P, 260 {403
G} _5£ L o] B 8
g T . ooo% > Largest landslide =
(o |2 = o g 80 @ Langtang| 20 §.

LS| = = T &) =
w |2 =2 = <
= | o) =] T R
T |> o i N <

0.01 pond Uyvvvwdl o vnnd v kil vyl vl el 00 0
10° 102 10" 10° 10' 10* 10°® 10° 102 10" 10° 10" 10? 10°
Upstream contributing area (km2) Upstream contributing area (km2)
100
© (D) [ IAc1 :Io. 19 ;<m2 I I I I I

Landslide
polygon\

% (4
2
uffer zone

along channels

X
¥ 50

% in buffer region (by number)

Il Ac2 = 0.48 km?
80

(o]
o

N
o

N
o

50 100 150 200 250 300 350 400
Buffer width along channels (m)

Fig. 11. Connectivity of landslide debris with river systems. A) Gradient-area relationships for the region affected by Gorkha-induced landslides, derived from 30 m resolution SRTM data
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Mobility indices vary little across the Gorkha inventory and appear
to exert only a weak influence on connectivity (Fig. 12E-H shows volu-
metric connectivity, as in Fig. 12A-D, but plotted for increments of each
mobility index). The much larger range in landslide areas (~3 orders of
magnitude) may mask any second-order influence of mobility (which
varies by at most a factor of 2-3). We have also calculated the median
index value (i.e., median S/F or L/H ratio) for each area bin and compare
these average index values with connectivity (Fig. 12I-L). Connectivity
is highest for the groups of landslides with lowest average S/F ratios
and highest L/H ratios (Fig. 12, ]). Both observations reflect the longer
travel distance of larger-area landslides. Consistent with our observa-
tions about mobility, we find that relief and the maximum slope within
landslide areas are positively related to connectivity (Fig. 12K), likely
because of their influence on runout length (Fig. 7B), while mean
slope has a less clear effect on runout length (Fig. 7C) or connectivity
(Fig. 12L). Although these second-order effects are identifiable, mobility
overall exerts a less significant control on connectivity in the Gorkha
case than might have been expected a priori, largely because of the rel-
atively small variation in mobility across the inventory (Fig. 12E-H).

4. Discussion
4.1. Comparison to other inventories of earthquake-triggered landslides

Initial studies suggested that the number of landslides associated
with the Gorkha event (Kargel et al., 2016) was about an order of

magnitude lower than expected based on other landslide-triggering
earthquakes (cf. Malamud et al., 2004). However, our comprehensive
mapping of the affected area with high-resolution images suggests
that the total number (n = 24.915) and area (87 km?) of Gorkha-trig-
gered landslides identified to date (July 2016) is average for the mo-
ment magnitude release of this event when compared to prior global
compilations (Fig. 13; Malamud et al., 2004; Keefer, 1994). Landslide
number and to a lesser extent area can be sensitive to mapping resolu-
tion, while volume estimates are likely to be less biased since the overall
volume contribution from small-area landslides, which would be
overlooked in low-resolution mapping, tends to be small (Stark and
Hovius, 2001; Li et al., 2014). Interestingly, our estimate of the total
Gorkha landslide volume (0.81 + 0.11/— 0.09 km? assuming the Hima-
layan scaling parameters from Larsen et al., 2010) also matches well
with the first-order trend between earthquake magnitude and landslide
volumes for past events (Fig. 13). Marc et al. (2016) presented a mech-
anistic model describing coseismic landslide volumes and predicted a
volume for the Gorkha event (0.30 + 0.16/—0.11 km?) assuming a
globally average value for their tuning parameter that describes “mate-
rial sensitivity” to landsliding; we calculate a similar volume from their
model (0.33 + 0.26/—0.14 km?) using updated estimates of source
depth (~10 + 2 km; Wang and Fialko, 2015; Duputel et al., 2016;
Elliott et al., 2016) and modal slope across the region mapped in this
study (28 + 8°, 1 standard deviation). Material sensitivity is not inde-
pendently well known, and nor are the most appropriate area-volume
scaling parameters, so although these model predictions do not overlap
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exactly with our estimates from mapping, the first-order similarity
again suggests that the Gorkha event was consistent with other land-
slide-triggering earthquakes (Fig. 13). Overall, we thus conclude that
the magnitude of the Gorkha-triggered landslide event was average
for the earthquake moment magnitude.

The initial impression of less landslide activity than expected (Kargel
etal, 2016) may have resulted from incomplete mapping in the immedi-
ate aftermath due to the paucity of available imagery, the remoteness of
much of the affected region, and a tendency to compare this event to
the 2008 M,, 7.9 Wenchuan earthquake (cf. Xu et al., 2016), which caused
an anomalously large number of landslides relative to its magnitude (e.g.,
Marc et al,, 2016). The Wenchuan earthquake shared similarities with the
Gorkha event that make comparison tempting, for example, similar mag-
nitude and similar setting along the margin of the Tibetan Plateau. How-
ever, the maximum PGA during the Wenchuan event is thought to have
been considerably higher (0.9 g vs. 0.6 g for Gorkha; from USGS
ShakeMaps for each event) and the return time longer (500-3000 yrs
for Wenchuan vs. <100 yrs for Gorkha; Densmore et al., 2007; Mencin
et al,, 2016), although it is important to point out that PGA is much less
well constrained for Gorkha compared to Wenchuan. Recurrence times
may influence co-seismic landsliding by changing slope pre-conditioning
(e.g., Parker et al., 2015). The fault geometry was also distinctly different,
with a steep reverse fault producing high PGA in the region of highest

relief in Wenchuan (Liu-Zeng et al., 2009), compared to the shallow,
probably ramped mega-thrust geometry that resulted in spatially com-
plex release of 0.5-2 Hz seismic energy during the Gorkha earthquake
(Avouac et al., 2015) and probable separation between the area of highest
slopes and the area of highest PGA (see further discussion below). All of
these factors could contribute to explaining differences between the
Gorkha and Wenchuan landslide events despite similarity in moment
magnitude release, topography, climate, and rock type.

4.2. Seismotectonic and climatic influences on landslide density?

A main first-order feature of the Gorkha inventory is the abrupt
onset of landsliding north of the physiographic transition. Gallen et al.
(2017) showed that this feature could be reproduced from a forward
model using uniform rock strength, published PGA model values for
the Gorkha event, and 90 m resolution digital topography. Such a pre-
diction takes into account the competing effects of PGA, which is higher
for the Lesser Himalaya/Middle Hills, and slope, which increases in the
High Himalaya, to suggest that the availability of steep slopes across
this transition is responsible for the abrupt increase in landslide density
(Figs. 1, 6). Because the maximum PGA and maximum slope are offset
by about 50 km, landslide density is highest at the cross-over between
elevated PGA and slope (e.g., Fig. 6A, B).
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Fig. 13. Gorkha landslide inventory compared to global relationships between total landslide volume, area and number and earthquake moment magnitude. A) Gorkha landslide volume
(star) and volumes from other major earthquake events (grey dots; compiled by Marc et al., 2016) vs. earthquake magnitude; solid line: empirical regression of the global data; dashed
lines: 4- 1 sigma residual of least squares fit. B) Gorkha landslide volume (star) in context of predictive model (Marc et al., 2016) using Gorkha parameters as shown on figure; solid curve
and dashed lines represent the median and the 68% confidence intervals, respectively. C and D) Gorkha landslide area and number, respectively, as stars, in relation to compilation of data

from previous earthquakes, as grey dots (Marc et al., 2016).

Another noteworthy feature of the Gorkha inventory is the much
lower landslide density in even steeper slopes within the High
Himalaya. Figs. 5 and 6 show that landslide density is highest at mid el-
evations (2-3 km), moderately high slopes (~60°), and moderately high
relief (~2 km). Landslide density decreases markedly at higher eleva-
tions (>4 km), higher slopes (>70°) and higher relief (3-4 km), without
significant decrease in PGA. In general, we expect higher slope and
higher relief to be positively correlated with landslide density (Lu and
Godt, 2013). The steep, higher relief areas that experienced less
landsliding were both farther from the fault plane (and thus likely sub-
ject to lower co-seismic ground acceleration) and may have different
near surface strength profiles, both of which might explain lower land-
slide density. Modeled PGA does decrease slightly for the steepest ter-
rain, but the difference is small (e.g., consider 100 km vs. 125 km
along the north-south transect in Fig. 6B, and the large range in land-
slide density for little change in PGA or slope show in the inset Fig.
6C). With only the weakly constrained PGA information from ShakeMap
simulations, it is difficult to distinguish conclusively at this stage be-
tween the effects of ground acceleration vs. near surface slope strength
in determining the low landsliding on the steepest slopes.

Though mapped lithological unit does not appear to exert an identi-
fiable control on landslide occurrence for this event (Figs. 2, 4), slope
strength as a function of weathering may play an important role, includ-
ing in soil and variably weathered and fractured bedrock (Gallen et al.,
2015). For example, lower elevation slopes may be weaker as a result
of being more weathered than their higher elevation counterparts, be-
cause they are both wetter and more vegetated (Gallen et al., 2017;
West et al., 2002). High mean annual precipitation coincides with high
landslide density; again comparing between 100 km vs. 125 km along

the S-N profile in Fig. 6, slopes increase and PGA declines only slightly,
while both precipitation and landslide density decrease dramatically -
and the decrease in landslide density mimics the northward decrease
in rainfall. We speculate that higher degrees of chemical and physical
weathering in the near surface rock profile may have promoted a great-
er number of slope failures in regions of highest landslide density, as has
been suggested for the 2008 M,,7.9 Wenchuan Earthquake in China
(Gallen et al,, 2015).

We also expect some of the scatter in the relationships between PGA,
slope, and landslide density to relate to our limited current capacity to
accurately characterize the seismic energy responsible for landslides
during this event. The deep portion of the slip patch, above which land-
slides are most concentrated, is thought to have radiated 0.5-2 Hz seis-
mic energy during rupture (Galetzka et al., 2015; Avouac et al., 2015).
We suggest that the proximity of this focused, seismic energy release
to the steep topography near the physiographic transition may be relat-
ed to the location of landslides, and speculate that focusing of seismic
energy due to eastward propagation of the rupture may also in part ex-
plain the west-to-east increase in landslide density (Fig. 6D-F). We an-
ticipate being able to further refine estimates of PGA, rock strength, and
topography as post-event studies mature over the coming few years,
and these additional data will provide the necessary input for modeling
of the combined effect of ground motion, material strength, and slope
on seismic slope stability.

Based on paleoseismic records, the Gorkha earthquake was an inter-
mediate sized earthquake for the Himalayan fault system (Bilham et al.,
2001; Lavé et al., 2005; Kumar et al., 2010). Therefore, we might expect
a more intense landslide event with a surface breaking rupture of mag-
nitude 8 or 9 (i.e., a “great” Himalaya earthquake; Stevens and Avouac,
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2016). In particular, we anticipate that the highest risk associated with
coseismic landslides may be concentrated near the physiographic tran-
sition above the deepest portion of the locked fault plane, if the source
characteristics of Gorkha event are typical of larger ruptures. Severe
ground shaking associated with a great Himalaya event may also trigger
more deeply seated landslides with greater volume and mobility, and an
increased number of valley-blocking landslide dams on the transverse
Himalaya river systems.

4.3. Controls on landslide mobility during the Gorkha earthquake

In principle, the forces that initiate and sustain movement of the
landslide mass, as well as the frictional characteristics of the mass and
sliding plane, dictate mobility. Though these factors can all vary, compi-
lations of landslide statistics over a range of size and environments
show coherent trends. The Gorkha-induced landslides generally have
small source areas and long, narrow runout paths. The observed L/H
ratio ~1 (i.e., ~45°) agrees closely with the mean topographic slope (~
40°). This indicates not only that landslides developed in steep topogra-
phy, but also that runout areas of landslides generally were confined to
areas of steep topography, with little runout over shallowly dipping sur-
faces or along stream channels. Many landslides that developed on
steep slopes in Greater Himalayan river gorges extend to river channels
or nearby river terraces at the bottom of steep valleys (Fig. 11). The lack
of shallow slopes in areas densely affected by landsliding and the abrupt
termination of landslides at valley bottoms generally limit L/H ratios to
values ~1, regardless of the size of landslide considered (Fig. 10). We
thus propose that the extreme topography in Nepal likely controlled
the L/H ratio. The observation of little runout over other more shallowly
sloped areas such as agricultural terraces may also reflect the small
source areas and material volumes, such that these were not energetic
enough to travel long distances over shallowly sloped terrain and lacked
the sustained development of positive pore-water pressures in the
moving mass that enhances landslide mobility (Iverson, 1997). We ex-
pect that the dry conditions at the time of the Gorkha earthquake
(Collins and Jibson, 2015) minimized the hydrological enhancement of
landslide mobility. Overall, our observations are consistent with similar
L/H values (close to 1) obtained from a study of 3000 shallow, small
landslides in Hong Kong (Finlay et al., 1999).

4.4. Connectivity and its potential influence on sediment dynamics

Our analysis suggests that roughly half or more of the total landslide
volume was directly connected to channels. Connectivity is highest for
landslides at higher elevations, where slopes are steepest, relief is
greatest, and average landslide areas are largest (Figs. 7, 12). Although
there is less total volume of landslide debris at high elevations (2500-
4000 m) compared to mid-elevations (1000-2500 m), as shown in
Fig. 12C, the landslides that are present at high elevations are more like-
ly to directly impact sediment dynamics. Thus consideration of the po-
tential for future sediment-related cascading hazards such as channel
aggradation and increased flooding risk should not focus solely on the
regions of highest landslide density. At the same time, our analysis sug-
gests that, particularly at mid-elevations (1-2 km), just over half of the
volume of landslide debris was deposited on hillslopes or in steep, col-
luvial channels, not connected with channels with drainage area
>0.4 km?. Potentially, intense precipitation events associated with the
monsoon season may remobilize unconsolidated material in colluvial
channels to form debris flows (cf. Prancevic and Lamb, 2015) with dam-
aging consequences. On the other hand, landslide material away from
ephemeral colluvial channels may be in a more stable position after
the earthquake (i.e. at a lower slope angle and greater factor of safety)
than it was prior to the earthquake. The tradeoff between the topo-
graphic position of this material and its lower cohesion as compared
to before the earthquake is likely to determine its susceptibility to be
transported in later storm events. The net effect of coseismic landslide

debris on future debris flow hazard warrants further study and should
include a more detailed investigation of where landslide material re-
sides for drainage areas <0.4 km?, particularly with reference to local
precipitation patterns.

Though connectivity indicates the potential for landslide debris to
interact with the fluvial system directly, the conditions that determine
actual sediment transport are complex and likely to depend not only
on connectivity as calculated here, but also on grain size, channel geom-
etry, and discharge, amongst other parameters (e.g., Lamb et al., 2008).
Many of the channel intersections we have identified are in higher order
tributaries with drainage area of 10°~10° m?, which may influence the
potential for fluvial sediment transport because discharge may be
small or ephemeral. In other cases, larger landslides may deliver mate-
rial that is readily mobilized from the distal portion of the deposit,
while material in the same deposit, but farther from the river channel,
may not be so easily transported. For some of the landslides that did
not reach the stream channel during the coseismic period, we observed
in the field and in satellite imagery that later monsoon rain events pro-
duced debris flows that connected the coseismic landslide with rivers
and thus transported coseismic landslide material to the fluvial net-
work. We have not undertaken a systematic study of post-monsoon
changes to quantify this effect, but it may play an important role in de-
termining the effect of this event on sediment dynamics in the
Himalaya.

5. Conclusions

The 25 April 2015, M,,7.8 Gorkha earthquake triggered at least ~
25,000 landslides mapped in this study. These landslides comprise a
number, area, and volume that are consistent with the moment magni-
tude of this event based on data from past landslide-triggering earth-
quakes (e.g., Malamud et al., 2004; Marc et al., 2016), in contrast to
early reports from hazard-based assessments (Kargel et al., 2016). The
density of landslides (defined by number of landslides per unit area)
showed no preference for lithologic units, with the densest landsliding
mostly observed at lower elevations in Greater Himalayan river gorges,
despite steeper slopes at higher altitudes. In this event, the area of
steepest slopes is offset by about 50 km from the region of highest
modeled PGA. We observe focusing of landslide activity between
these two regions of high PGA and steepest slope, where the contribu-
tion of each factor is likely maximized. We speculate that seismic energy
emitted from the deepest part of the rupture patch may have played a
role in focusing landslide activity along the frontal High Himalaya and
in the direction of rupture propagation. Together with the shallower
slopes to the south, this pattern may explain the decoupling between
modeled PGA and landslide density. The coincidence of the highest den-
sity landsliding with high precipitation also suggests a potential climatic
role in determining rock strength, perhaps by weakening the shallow
subsurface by weathering (e.g., Gallen et al.,, 2015) especially compared
to the drier, high elevation alpine landscapes.

The values of landslide mobility indices obtained for this inventory
mainly reflect the influence of steep topography and high relief of the
Himalayan mountain range. High source to full landslide area ratios re-
flect the ability of landslide material from small sources to travel long
distances, but only over long, steep hillslopes; little to no runout across
shallower slopes was observed, and a high percentage of landslides ter-
minate at or within 200 m of valley bottoms. Thus valley topography ap-
pears to limit downslope transport, and most landslides intersect
channels within a few hundred meters. This phenomenon results in a
high potential for the connectivity of landslide debris with the fluvial
network, which suggests that earthquakes are coupled to the long-
term sediment budget and geochemical cycling in the Himalaya. In par-
ticular, the generally larger area of landslides at higher elevations means
that these failures are more prone to connect directly to fluvial channels
compared to their counterparts at lower elevations, suggesting that
they may exert a disproportionate effect on sediment dynamics relative
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to their total mapped area. In contrast, the high proportion of landslide
deposits remaining outside of the fluvial domain, particularly at mid-el-
evations, may enhance the risk of debris flows during monsoon rain-
storms. The data presented here will provide key input to tracking
sediment and chemical fluxes as coseismic landslides are reactivated
and enlarged in coming monsoon seasons.
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