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Mobility characteristics of debris slides and flows
triggered by Hurricane Maria in Puerto Rico

Abstract Mobility is an important element of landslide hazard
and risk assessments yet has been seldom studied for shallow
landslides and debris flows in tropical environments. In Septem-
ber 2017, Hurricane Maria triggered > 70,000 landslides across
Puerto Rico. Using aerial imagery and a lidar digital elevation
model (DEM), we mapped and characterized the mobility of debris
slides and flows in four different geologic materials: (1) mudstone,
siltstone, and sandstone; (2) submarine basalt and chert; (3) ma-
rine volcaniclastics; and (4) granodiorite. We used the ratio of
landslide-fall height (H) to travel length (L), H/L, to assess the
mobility of landslides in each material. Additionally, we differen-
tiated between landslides with single and multiple source areas
and landslides that either did or did not enter drainages. Overall,
extreme rainfall contributed to the mobility of landslides during
Hurricane Maria, and our results showed that the mobility of
debris slides and flows in Puerto Rico increased linearly as a
function of the number of source areas that coalesced. Addition-
ally, landslides that entered drainages were more mobile than
those that did not. We found that landslides in soils developed
on marine volcaniclastics were the most mobile and landslides in
soils on submarine basalt and chert were the least mobile. While
landslides were generally small (< 100 m2) and displayed a wide
range of H/L values (0.1–2), coalescence increased the mobility of
landslides that transitioned to debris flows. The high but variable
mobility of landslides that occurred during Hurricane Maria and
the associated hazards highlight the importance of characterizing
and understanding the factors influencing landslide mobility in
Puerto Rico and other tropical environments.
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Introduction
Landslide hazards are largely controlled by the size and location of
initiation and the total distance traveled (mobility) after initiation.
Landslide mobility is often evaluated by the ratio of landslide-fall height
(H) to travel length (L), H/L (e.g., Heim 1932; Corominas 1996), where
low values of H/L indicate high mobility and high H/L values indicate
low mobility. High mobility landslides that travel long distances are
often more hazardous and can pose a greater risk to people or infra-
structure downslope (e.g., Corominas 1996; Evans et al. 2007; Iverson
et al. 2015; Coe et al. 2016; Kean et al. 2019). Landslide mobility can be
controlled by intrinsic factors such as material and pore-pressure char-
acteristics (e.g., Terzaghi 1950; Sassa 1985; Iverson 1997; Davies et al. 1999;
Iverson et al. 2015; Manzanal et al. 2016) or source area volume (e.g.,
Heim 1932; Corominas 1996; Legros 2002). Extrinsic factors such as
volume growth through the coalescence of multiple landslides (e.g.,
Coe et al. 2011b) or material entrainment (e.g., Sassa 1985; Santi and
Mathewson 1988; Jibson 1989; Hungr and Evans 2004; Evans et al. 2007;
Reid et al. 2016; Collins and Reid 2019) and topographic confinement

and geotechnical characteristics of the landslide travel path (e.g., Legros
2002; Sassa andWang 2005; Schneider et al. 2011; Aaron andMcDougall
2019; Strom et al. 2019) also affect landslide mobility. Rainfall and
flooding during prolonged storm events such as hurricanes can also
enhance mobility by increasing the water content of landslides.

In tropical environments, including Puerto Rico, previous land-
slide research has focused on understanding and forecasting land-
slide initiation (e.g., Monroe 1979; Jibson 1989; Guariguata and
Larsen 1990; Larsen and Torres-Sánchez 1992; Collison and Ander-
son 1996; Larsen and Parks 1998; Larsen and Torres-Sánchez 1998;
Harp et al. 2004; Larsen et al. 2004; Liao et al. 2010; Vieira et al.
2010; Lepore et al. 2012), but relatively little effort has focused on
understanding and forecasting landslide mobility. A handful of
studies have assessed landslide mobility in settings that are similar
to Puerto Rico (e.g., Ellen et al. 1993; Dai and Lee 2002; Evans et al.
2007; Devoli et al. 2009), and valuable descriptions of travel
distance and runout characteristics from localized landslides in
Puerto Rico are provided by Jibson (1989), Jibson (1992), and
Larsen and Torres-Sánchez (1992).

In September 2017, Hurricane Maria triggered over 70,000 slope
failures, including landslides, slumps, debris flows, and rock falls
(Hughes et al. 2019). The majority of failures were shallow (< 5 m)
debris slides (e.g., Hungr et al. 2014), many of which mobilized as
debris flows that traveled as far as 1.5 km, causing damage to
homes, roads, and other infrastructure located downslope and
resulting in at least three fatalities (Hennessy-Fiske 2017; Irizarry
Álvarez 2017). The threat posed by landslides that travel long
distances from where they originate highlights the need for assess-
ments of landslide mobility in tropical mountainous environments
during hurricanes as a means of informing hazard forecasting. The
widespread occurrence of landslides during this event allowed for
an evaluation of landslide mobility across varying terranes, geo-
logic formations, and regolith materials.

To improve the understanding of landslide mobility in tropical
environments, we studied debris slides and debris flows in four geolog-
ically distinct areas of Puerto Rico following Hurricane Maria (Fig. 1).
Except where specified, we simply use the term “landslide” to describe
both failure types. For each study area, we mapped headscarp points,
affected areas, and travel distances and determined the number of
individual source areas contributing to coalescing landslides. This map-
ping methodology allowed us to characterize landslide mobility with
respect to geology, landslide coalescence, and drainage network charac-
teristics. We assessed the influence of coalescence and drainage network
interactions on landslide mobility by examining the travel distance
characteristics of landslides with single and multiple source areas and
landslides that either did or did not enter the drainage network.Weused
our results to hypothesize about the physical controls potentially re-
sponsible for observed variations in mobility and to highlight factors
that are important to consider in regional debris-flow inundation
assessments.
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Hurricane Maria
HurricaneMaria made landfall along the southeast coast of Puerto Rico
as a category 4 hurricane with sustained winds of 249 km/h on 20
September 2017 (Pasch et al. 2019). The stormmoved across Puerto Rico
with a west-northwest trajectory (Fig. 1) and deluged the island with
extreme precipitation, causing widespread flooding and landslides. The
difficulties associated with collecting accurate rainfall measurements
during hurricanes due to strong winds and the inability to measure
wind-driven rainfall were compounded during Hurricane Maria by
damage to rain gauges (at least 14 of the US Geological Survey’s 24
gauge stations; USGeological Survey 2017) and the failure of two Federal
Aviation Administration Doppler radars (Buchanan 2017; National
Weather Service, 2017). Therefore, rainfall estimates for HurricaneMaria
vary both in distribution andmagnitude, withmaximum values ranging
from 733 (Ramos-Scharrón and Arima 2019) to 1029 mm (Keellings and
Hernández Ayala 2019). Nonetheless, Hurricane Maria produced the
highest total rainfall of any storm to hit Puerto Rico since 1956 (Keellings
and Hernández Ayala 2019) and had the largest 24-h rainfall intensity of
all recorded storms to affect the island (Ramos-Scharrón and Arima
2019). In addition to the intensity and total amount of rainfall, above-
average antecedent soil moisture throughout much of Puerto Rico’s
mountainous terrain likely contributed to the prevalence of landslides
during Hurricane Maria (Bessette-Kirton et al. 2019a).

Study areas
To examine the detailed characteristics of landslides, we mapped
landslides in four 2.5-km2 study areas where the density of land-
slides triggered by Hurricane Maria exceeded 25 landslides/km2

(Bessette-Kirton et al. 2017, 2019a). The study areas transect the
island from east to west and encompass three distinct geologic
terranes (Fig. 1; Bawiec 1998). Each study area contains one or
more unique geologic formations (Table 1; Krushensky and
Schellekens 1998) and includes at least one major road, several
minor roads, a major stream, and several watersheds.

The Las Marías 1 (LAM1) study area lies on the boundary of the
Mayagüez, Añasco, and Las Marías municipalities (Fig. 1) and is located
9 km northeast of the City of Mayagüez and 8 km west of the town of
Las Marías. LAM1 is underlain by marine volcaniclastic terrane, and
nearly all landslides occurred in soil and saprolite developed on the
Yauco Formation (TKy; Table 1, Fig. 2). The Las Marías 2 (LAM2) study
area is bisected by themunicipalities of LasMarías and Lares (Fig. 1) and
is located 7 km east of the town of LasMarías and 6 km southwest of the
town of Lares. LAM2 is underlain by submarine basalt and chert terrane,
and bedrock geology consists of the Concepcion Formation (Kco;
Table 1, Fig. 2). The Utuado (UTU) study area is located 1 km north of
the town of Utuado and is underlain by intrusive terrane (Table 1).
Bedrock geology consists of granodiorite of the Utuado batholith (Ku;
Table 1, Fig. 2). The Naranjito (NAR) study area is located 2 km west of
the town of Naranjito and is underlain by marine volcaniclastic terrane
(Table 1). The predominant bedrock geologic unit in NAR is the Los
Negros Formation (Kln; Table 1, Fig. 2).

Methods

Landslide mapping
Using ~ 0.15-m resolution natural color aerial imagery collected by
the Federal Emergency Management Agency (FEMA) from 9 to 15
October 2017 (Quantum Spatial, Inc. 2017), we mapped landslide
polygons, headscarp points at the top of landslide source areas,

and travel distance lines, at scales between 1:600 and 1:1000
(Bessette-Kirton et al. 2019b). Landslides were readily identifiable
in aerial imagery because of the widespread defoliation caused by
Hurricane Maria and the stark color contrast between soil or rock
and vegetation. We mapped landslides by identifying areas of
exposed soil or rock with geomorphic characteristics typical of
landslides (e.g., arcuate scarps and flow paths).

Landslide polygons were drawn by delineating the total area
disturbed by a landslide (including source, travel path, and deposit
area). For each landslide polygon, we mapped at least one
headscarp point (Fig. 3a) by identifying the center of the landslide
headscarp. Many landslide polygons included multiple connected
(Fig. 3b) and/or coalescing (Fig. 3c) landslides. In such cases, we
mapped headscarp points for each identifiable landslide
headscarp. Although multiple headscarp points (up to 55 in the
UTU study area) were contained within a single landslide polygon,
we could not determine the temporal sequence of landslides or
whether individual failures occurred simultaneously or were sep-
arated in time. We field checked ~ 30% of landslides in each study
area (including source areas and runout paths) to evaluate the
types of landslides (debris slides and flows) and to confirm our
remote mapping.

The aerial imagery that we used to map landslide polygons was
rapidly acquired and rectified immediately after Hurricane Maria to
provide a dataset for emergency assessment and response to the event.
Thus, although the resolution of the imagery is high (0.15 m), the
geospatial rectification is imperfect. In some places, discrepancies were
noticeable after overlaying our mapped landslide polygons with a 1-m
lidar digital elevationmodel (DEM) acquired between January 2016 and
March 2017 (USGeological Survey 2018).Where necessary, we edited the
mapped landslide polygons to properly align with the topography. For
example, some parts of the initially mapped polygons were located on
the side slopes of drainages, rather than along the thalwegs of drainages.
Additionally, some polygons did not properly align with fixed infra-
structure (roads and houses). A similar editing process has been used for
debris-flowmapping in theOregonCoast Range (Coe et al. 2011a).When
editing the landside polygons, we retained their original shapes and sizes
(i.e., lengths and widths), and the impact on the locations of headscarp
points and travel distances was negligible. This, and the subsequent
work by Hughes et al. (2019), indicated that maximum rectification
errors and thus the maximum amount that landslide polygons were
adjusted was about 3 m.

For each headscarp point, we mapped a maximum travel distance
line by delineating a curvilinear centerline connecting the headscarp
point to the farthest extent of visible landslide deposits (Fig. 3a). For
landslide polygons containing multiple source areas, maximum travel
distance lines were drawn for each headscarp point (Fig. 3b, c). The
maximum travel distance lines represent the farthest distance that
landslide material may have traveled. Since the travel distance lines for
each of the headscarp points in a coalescing landslide share the same
endpoint (Fig. 3c), the mapped travel distance for an individual source
area may be overestimated. However, without detailed landslide timing
and process information, we cannot differentiate the travel distances of
material from individual source areas within a coalescing landslide
polygon.

When a landslide travel path intersected a tributary stream (as
was common for long-traveled landslides), we terminated the
landslide polygon at the tributary junction if we could not defin-
itively differentiate between landslide and flood deposits along the
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adjoining stream channel (Fig. 3d). During field work, we observed
that extreme flooding occurred concurrently with landsliding,
causing most deposits that entered tributary streams to be fully

or partially reworked by water and were thus either not present or
not readily identifiable after Hurricane Maria. To account for the
presence and extent of such landslide deposits, we mapped

Fig. 1 Generalized geologic terranes (Bawiec 1998) on the main island of Puerto Rico and the locations of the Las Marías 1 (LAM1), Las Marías 2 (LAM2), Utuado (UTU),
and Naranjito (NAR) study areas, in which landslides triggered by Hurricane Maria were mapped

Table 1 Generalized geologic terranes and detailed (1:100,000) geologic units in the Las Marías 1 (LAM1), Las Marías 2 (LAM2), Utuado (UTU), and Naranjito (NAR) study
areas

Study
Area

Generalized Geologic
Terranes1

Geologic Unit(s) 1:100,000 scale2

LAM1 Marine volcaniclastics Yauco Formation (TKy): siltstone, claystone, sandstone, limestone, and conglomerate

Lago Garzas Formation (TKl): volcanic breccia, lava, subordinate volcanic sandstone and claystone, and
interbedded calcirudite and pillowed basalt flows

Maricao Formation (TKm): volcanic breccia, tuffaceous sandstone, mudstone, tuff, and subordinate lava and
limestone

LAM2 Submarine basalt and
chert

Concepcion Formation (Kco): massive basaltic lava and volcanic breccia interbedded with tuff and rare
limestone lenses

UTU Granitoid Utuado batholith (Ku): granodiorite and subordinate quartz diorite, quartz monzonite, and diorite

NAR Marine volcaniclastics Los Negros Formation (Kln): basaltic breccia with some basaltic lava and subordinate sandstone and minor
siltstone

Naranjito Formation (TKn): tuff and tuffaceous epiclastic rock, volcanic sandstone, and local lava flows

Palmarejo Formation (Tpa): volcanic sandstone interbedded with siltstone

Hornblende quartz-diorite porphyry (TKh): porphyritic hornblende quartz diorite with minor hornblende--
granodiorite, quartz monzonite, and quartz diorite

Data are from 1 Bawiec (1998) and 2 Krushensky and Schellekens (1998)
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tributary streams that intersected at least one landslide travel path
and contained a combination of landslide and flood deposits; we
refer to these areas as “landslide/flood polygons.” The maximum

travel distances measured for landslides intersecting a tributary
stream (i.e., a landslide/flood polygon) represent minimum esti-
mates of the travel extent because we were not able to measure the

a

b

c

d

Fig. 2 Maps of the a LAM1, b LAM2, c UTU, and d NAR study areas showing mapped landslides (red), landslide/flood polygons (light blue), and headscarp points (black
circles). Drainage networks are shown in dark blue and 1:100,000 scale geologic units (Table 1; Krushensky and Schellekens 1998) are overlain on a 1 m-resolution pre-
event lidar hillshade (US Geological Survey 2018). As described in Table 1, the primary units in each study area are the Yauco Formation (TKy) in LAM1, the Concepcion
Formation (Kco) in LAM2, the Utuado batholith (Ku) in UTU, and the Los Negros Formation (Kln) in NAR

a single landslide b connected landslides c coalescing landslides
d landslide intersecting a 

     landslide/flood polygon

headscarp 

point

landslide/flood 

polygon

landslide 

polygon

travel distance 

line

travel 

distance 

unknown extent 

of landslide deposits

(not mapped)

Fig. 3 Diagrams showing the methods used to map a single landslides, b connected landslides, c coalescing landslides, and d landslides intersecting landslide/flood
polygons
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1m

Fig. 4 Landslide source areas in soil and saprolite overlying a granodiorite (GRA) in Utuado (UTU; photo credit: Jason Kean); b mudstone, siltstone, and sandstone (MSS)
in Las Marías 1 (LAM1; photo credit: Jeffrey Coe); c submarine basalt and chert (SBC) in Las Marías 2 (LAM2; photo credit: William Schulz); and d marine volcaniclastics
(MVC) in Naranjito (NAR), with people circled for scale (photo credit: Erin Bessette-Kirton)

MSS SBC

MVC GRA

MSS SBC

MVC GRA

study 

area

landslides

b

study

area

landslides

a

Fig. 5 Normalized a slope and b aspect values extracted from a 1-m resolution pre-event lidar DEM (US Geological Survey 2018), resampled to 3 m at mapped landslide
headscarp locations in mudstone, siltstone, and sandstone (MSS, blue); submarine basalt and chert (SBC, purple); marine volcaniclastics (MVC, red); and granodiorite (GRA,
orange). The normalized distributions of slope and aspect in each study area are shown in gray

Original Paper

Landslides 17 & (2020)2800



distance that landslides may have traveled past the intersection of
a landslide polygon and a landslide/flood polygon.

Extracting landslide characteristics by geologic formation
To assess landslide characteristics by the four major geologic
formations located within our study areas (Fig. 2), we extracted
source and travel attributes from our mapped landslide polygons,
travel distance lines, and headscarp points. Our analysis focused
on the following 1:100,000 scale bedrock geologic units (Fig. 2,
Table 1): (1) Yauco Formation (TKy) in LAM1, (2) Concepcion
Formation (Kco) in LAM2, (3) Utuado batholith (Ku) in UTU,
and (4) Los Negros Formation (Kln) in NAR. As described in
Table 1, each of these formations includes several different lithol-
ogies. For simplicity, we henceforth use the following simplifica-
tions to refer to the main geologic unit (described above) in each
of our study areas: mudstone, siltstone, and sandstone (MSS) in
LAM1; submarine basalt and chert (SBC) in LAM2; granodiorite
(GRA) in UTU; and marine volcaniclastics (MVC) in NAR.

We extracted the elevation, slope, and aspect at each mapped
headscarp point from a 1-m resolution pre-event lidar DEM (US
Geological Survey 2018), resampled to 3 m (e.g., Gillin et al. 2015).
For each mapped landslide polygon, we determined the area and
the number of headscarp points per polygon. Additionally, we
used our mapped travel distance lines to determine (1) the differ-
ence in elevation between the headscarp point and the distal end
of the deposit or fall height (H), (2) maximum travel distance (L),
and (3) the ratio of H/L. To examine the influence of the drainage

network on landslide travel distance and mobility, we determined
which landslides entered drainages. To do this, we intersected our
mapped landslide polygons with a drainage network defined as
raster cells with a contributing area greater than 200 m2, where the
contributing area includes only cells with concave planform cur-
vature (D. Brien, written communication, 2019). To evaluate land-
slide mobility characteristics with respect to coalescence (i.e.,
number of contributing landslide source areas), we extracted the
median values of L, H, and H/L from all of the headscarp points
contained within each individual landslide polygon. All results,
statistics, and analyses for landslide polygons are based on these
median values.

Results

Landslide mapping
We mapped a total of 1035 landslide polygons (Fig. 2) and 1693
headscarp points (Table 2; see Bessette-Kirton et al. (2019b) for all
polygon, line, and point data). The examined geologic formations
contained between 100 (MSS) and 401 (GRA) landslide polygons
and between 158 (MSS) and 772 (GRA) headscarp points. In GRA,
8.4% of the formation area was affected by landslides, while 3.7%,
3.8%, and 5.7% of the formation areas were affected by landslides
in MSS, SBC, and MVC, respectively (Table 2). In all geologic units,
single source landslides accounted for 79% of all mapped land-
slides but covered areas that were less than 2% of the studied
formation areas. In contrast, the remaining 21% of mapped

r
med

 = -0.97 r
med

 = -0.99

r
med

 = -0.99 r
med

 = -0.83

Fig. 6 Ratio of total fall height (H) to maximum travel distance (L) as a function of the number of source areas (headscarp points) per landslide for mapped landslides in
mudstone, siltstone, and sandstone (MSS, blue); submarine basalt and chert (SBC, purple); marine volcaniclastics (MVC, red); and granodiorite (GRA, orange). The median
H/L was only calculated for a given number of source areas if there were three or more landslides with that number of source areas in the same formation. Landslides with
more than 14 headscarp points (one in MVC and five in GRA) are not shown. Correlation coefficients (rmed) indicate the correlation between number of headscarp points
and median H/L
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landslides had two or more source areas and affected between 2
and 7% of the observed formation areas (Table 2).

Field observations made in the months following Hurricane
Maria helped us verify our remote mapping and provided addi-
tional insight on material properties and failure types, which were
generally not discernible from imagery. Based on field work, land-
slide material in GRAwas generally sand and gravel rich with little
to no cohesion, and landslides were generally < 1 m thick and <
10 m wide (Fig. 4a). Landslides in MSS, SBC, and MVC (Fig. 4b, c,
and d) occurred in finer-grained silts and clays and were typically
1–2 m deep and up to several tens of meters wide. Landslides in all
study areas commonly transitioned to debris flows that were much
more areally extensive than the initial source areas.

Source characteristics
Across all study areas, landslides initiated from hillsides with a wide
range of slope and aspect values (Fig. 5a, b). The median slope of all
landslide headscarp points was 36 degrees. Since we extracted slope
values at points located at the top of landslide headscarps, low slope
values (< 10 degrees)may reflect flatter areas near the heads of landslides
that initiated at slope crests or roads. In MSS and SBC, landslides
occurred more commonly from south- to southwest-facing slopes and
northeast-facing slopes, respectively, while in comparison to the uneven

distribution of slope aspects within the MVC and GRA study areas
(outlined in gray), landslides initiated from no preferential aspect (Fig.
5b). Based on observations in our study areas, we did not observe any
relation between slope aspect and hurricane storm track. SBC had the
smallest percentage of landslides withmultiple source areas (12%), while
MSS,MVC, andGRAhad 23%, 26%, and 25%of landslides withmultiple
source areas. The maximum number of source areas contained within a
single landslide polygon ranged from 9 inMSS to 55 in GRA, with 18 and
10 in MVC and SBC, respectively.

Mobility characteristics
The areas of mapped landslide polygons ranged from 5 to
31,000 m2 with overall median values of 85 m2 for landslides with
single source areas and 715 m2 for landslides with multiple source
areas (Table 2). The maximum travel distances (L) of mapped
landslides ranged from 3 to 1128 m, with median values of 14 m
and 44 m for single and coalescing landslides, respectively
(Table 2). The median fall height (H) of landslides, regardless of
the number of source areas, ranged from 10 m in GRA to 26 m in
MSS (Table 2).

The median mobility (measured as the ratio of total fall height
(H) to maximum travel distance (L)) of landslides in all geologic
formations was 0.68 (Table 2). The median mobility (H/L) was
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Fig. 7 a Percent of mapped landslide polygons with single and multiple source areas in each formation. b Percent of mapped landslide polygons that did or did not enter
drainages in each formation. c Percent of mapped landslide area covered by landslides with single and multiple source areas in each formation. d Percent of mapped
landslide area covered by landslides that did or did not enter drainages in each formation. MSS, mudstone, siltstone, and sandstone; SBC, submarine basalt and chert; MVC,
marine volcaniclastics; and GRA, granodiorite

Original Paper

Landslides 17 & (2020)2802



highest (least mobile) for landslides in SBC (0.76) and lowest
(most mobile) for landslides in MVC (0.55; Table 2). In all mate-
rials, landslides with a single source area were, on average, less
mobile than landslides with multiple source areas. The decrease in
H/L from landslides with single to multiple source areas varied
between 0.12 and 0.19. As shown in Fig. 6, the median mobility of
landslides in all study areas increased linearly (median H/L de-
creased linearly) as the number of source areas per landslide
increased.

As described above and shown in Fig. 7a, the proportions of
landslides with single and multiple source areas were similar
across all study areas, with a slightly smaller proportion of coa-
lescing landslides mapped in SBC. Half or less of the single land-
slides in each study area entered drainage networks (between 53 in
MSS and 20% in GRA), while between 69% (SBC) and 91% (MSS)
of the coalescing landslides in each study area entered drainages
(Fig. 7a). The proportion of landslides that entered drainages
varied between study areas. In MSS, 61% of landslides entered
drainages, whereas in MVC, SBC, and GRA, 47%, 32%, and 34%
of landslides entered drainages, respectively (Fig. 7b). In MSS and
SBC, about two-thirds of the landslides that entered drainages had
a single source, whereas in MVC and GRA, the percentage of
landslides that entered drainages was about equal for those with
single and multiple source areas (Fig. 7b).

Although 12–26% ofmapped landslide polygons hadmultiple source
areas (Fig. 7a, b), coalescing landslides made up between 56% and 82%
of the landslide affected area in each study area (Fig. 7c, d). Likewise,
although fewer landslides entered drainages compared to landslides that
did not enter drainages in all geologic formations except for MSS, the
affected area of landslides that entered drainages was between 3 and 10
times greater than the affected area of landslides that did not enter
drainages (Fig. 7d, Table 3). Although in all study areas, fewer landslides
coalesced and entered drainages, those that either coalesced or entered
drainages coveredmore area than single landslides or those that did not
enter drainages. For example, in GRA, 20% of mapped landslide poly-
gons coalesced and entered drainages, but those landslides accounted
for 82% of the total landslide affected area (Table 3).

The impact that drainage networks and coalescence had on
landslide mobility (H/L) is shown in Fig. 8. We examined mobility
by dividing landslides into four categories: single landslides that
did not enter drainages (SND), landslides with multiple source
areas that did not enter drainages (MND), single landslides that
entered drainages (SD), and landslides with multiple source areas
that entered drainages (MD). In all geologic formations, landslides
with multiple source areas that entered drainages were most mo-
bile, and, except for MSS, single landslides that did not enter
drainages were least mobile. In MSS, coalescing landslides that
did not enter drainages were slightly less mobile than single
landslides that did not enter drainages, which may be an artifact
of sample size since there are only two landslides of this type in
MSS. Figure 8 also shows that interactions with drainage networks
and coalescence both independently correlated with increased
landslide mobility. Comparison of SND to SD, and MND to MD,
shows that both single and coalescing landslides that entered
drainages had lower H/L values than landslides that did not enter
drainages. Similarly, comparisons of SND to MND, and SD to MD,
for all geologic formations (except for MSS), demonstrate that
landslides that coalesced were more mobile than single landslides
regardless of whether they entered drainages.Ta
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Rainfall
To compare rainfall amounts with the mobility characteristics of
landslides in each study area, we examined total storm rainfall
(19–21 September 2017) distributions from Pasch et al. (2019),
Ramos-Scharrón and Arima (2019), and Keellings and Hernández
Ayala (2019). Pasch et al. (2019) derived rainfall from a combina-
tion of satellite data, airborne radiometry, and rain gauge data.
Ramos-Scharrón and Arima (2019) interpolated rainfall data from
51 National Climatic Data Center weather stations, while Keellings
and Hernández Ayala (2019) used a similar approach with data
from 19 National Centers for Environmental Information stations
and 28 US Geological Survey rain gauges. In our analysis, we used
the ordinary kriging interpolation from Keellings and Hernández
Ayala (2019) for consistency with the co-kriging methodology used
by Ramos-Scharrón and Arima (2019).

Comparisons of total rainfall indicate that rainfall amounts
were generally highest in the eastern and central regions of Puerto
Rico and lowest on the western side of the island. However, overall
differences in rainfall datasets (Fig. 9) yield inconsistencies be-
tween rainfall amounts in each study area (Table 4, Fig. 10). Data
from Pasch et al. (2019) and Ramos-Scharrón and Arima (2019)
indicate that MVC and GRA received more total rainfall than SBC
and MSS (Table 4, Fig. 10). Conversely, data from Keellings and
Hernández Ayala (2019) show that rainfall amounts in SBC and
GRAwere similar. While the average rainfall amounts estimated in
GRA and MSS were consistent between all three datasets to within
10 and 30 mm, respectively, average rainfall amounts in MVC and
SBC differed by 115 and 140 mm, respectively.

Discussion
By consistently mapping landslide travel distances, we were able to
compare the mobility characteristics of over 1000 landslides that
occurred during Hurricane Maria. Overall, landslides in marine
volcaniclastics (MVC) were most mobile (median H/L of 0.55)
followed by landslides in granodiorite (GRA; median H/L of
0.67) and mudstone, siltstone, and sandstone (MSS; median H/L
of 0.73), whereas landslides that occurred in submarine basalt and

chert (SBC; median H/L of 0.76) were least mobile. While single
source area landslides had a wide distribution of H/L values (<
0.1–2) with an overall median of 0.71, landslides with multiple
source areas displayed smaller H/L distributions and median
values as low as 0.25 (Fig. 11). Below, we assess both the intrinsic
and extrinsic factors that contribute to landslide mobility as a step
towards improving the understanding of variations in mobility for
rainfall-induced landslides in Puerto Rico.

DuringHurricaneMaria, the intensity and total amount of rainfall, as
well as concurrent flooding, likely enhanced landslide mobility by
increasing the water content of landslides. Rainfall distribution data
from Ramos-Scharrón and Arima (2019) and Keellings and
Hernández Ayala (2019) showed that total rainfall was highest in
MVC, which may have contributed to landslides in MVC being more
mobile than in other study areas (Fig. 10). However, Pasch et al. (2019)
reported the same rainfall forMVC and GRA (Table 4), yet landslides in
GRAwere not as mobile as those in MVC (Fig. 10). Somewhat similarly,
Pasch et al. (2019) and Ramos-Scharrón andArima (2019) report similar
rainfall for MSS and SBC, whereas Keellings and Hernández Ayala
(2019) reported greater rainfall in SBC than inMSS. However, landslides
in MSS were more mobile than those in SBC. While rainfall is undoubt-
edly a contributing factor to landslide mobility, the difficulties of mea-
suring rainfall during hurricanes resulted in variable interpretations of
rainfall amounts (Fig. 9), which precludes us from drawing further
conclusions about the impact of rainfall on landslide mobility. In addi-
tion to the inherent difficulty of measuring rainfall during hurricanes
and the failure of rain gauges and doppler radar during Hurricane
Maria, localized effects such as orographically enhanced rainfall may
have produced pockets of heavy rain that were not accurately repre-
sented by any of the existing datasets.

In addition to rainfall, the effects of material characteristics,
source volume, volume growth, and topographic characteristics
are important considerations for landslide mobility. Initially,
material properties and source area volumes affected landslide
mobility. We do not have data to differentiate between source
area volumes in MVC, SBC, and MSS, but field observations by
Baum et al. (2018) showed that the median landslide source area

Fig. 8 Box plot distributions of the ratio of total fall height (H) to maximum travel distance (L) for single landslides that did not enter drainages (SND), landslides with
multiple source areas that did not enter drainages (MND), single landslides that entered drainages (SD), and landslides with multiple source areas that entered drainages
(MD) in each formation. Each plot shows the median (MED), interquartile range (IQR), and the lower and upper outlier boundaries (Q1–1.5*IQR and Q3 + 1.5*IQR,
respectively). Open circles indicate outliers. MSS, mudstone, siltstone, and sandstone; SBC, submarine basalt and chert; MVC, marine volcaniclastics; and GRA, granodiorite
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volume in GRA was an order of magnitude smaller than that for
landslides in the other three formations. However, landslides in
GRAwere generally more mobile than landslides in SBC and MSS,
which is not explained by volume differences, given the well-
known correlation between larger volumes and higher mobility
(e.g., Corominas 1996; Legros 2002). This suggests that relatively
high rainfall in GRA, material properties, or other factors also
played important roles in landslide mobility. Material testing and
detailed volume assessments are needed for a more thorough
understanding of the intrinsic factors contributing to landslide
mobility in Puerto Rico.

Our results showed that landslide mobility correlated with
coalescence and drainage network interactions. The approximately
linear relationships between the number of landslide source areas
and median H/L yield correlation coefficients (rmed) between −
0.83 and − 0.99 (Fig. 6), indicating similar correlations with

coalescence in different geologic formations. This correlation is
unsurprising when considering the large body of research showing
that mobility increases as a function of landslide volume (e.g.,
Corominas 1996; Legros 2002) and the intuitive presumption that
the number of source areas serves as a proxy for landslide volume.
The increase in mobility observed for an increase in the number of
source areas can be attributed to the increased volume obtained by
coalescing landslides and entrainment along the landslide travel
path. Material along the landslide travel path may have either been
present prior to Hurricane Maria or may have been the result of
landslide deposits that were emplaced earlier in the storm. Scour-
ing along landslide travel paths from failures that occurred earlier
during the hurricane could have also contributed to the increased
mobility of coalescing landslides by removing barriers to landslide
movement (e.g., boulders, fallen trees, or log jams). Without
knowledge of entrainment rates in each study area and the timing

Fig. 9 Differences in rainfall distribution datasets of total storm rainfall from Hurricane Maria on the main island of Puerto Rico. Differences are between rainfall data from
a Pasch et al. (2019) and Ramos-Scharrón and Arima (2019), b Pasch et al. (2019) and Keellings and Hernández Ayala (2019), and c Keellings and Hernández Ayala (2019)
and Ramos-Scharrón and Arima (2019). MSS, mudstone, siltstone, and sandstone; SBC, submarine basalt and chert; MVC, marine volcaniclastics; and GRA, granodiorite
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Fig. 10 Comparison of total rainfall during Hurricane Maria (Keellings and Hernández Ayala 2019; Pasch et al. 2019; Ramos-Scharrón and Arima 2019) and the distribution
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Fig. 11 Box plot distributions of the ratio of total fall height (H) to maximum travel distance (L) for mapped landslides that occurred during Hurricane Maria in Puerto Rico
(PR1 through PR10+) are shown in comparison to undifferentiated debris flow and debris avalanches from around the world (A; Corominas 1996) and rainfall-triggered
debris flows associated with the 2015 Gorkha Earthquake in Nepal (B; Dahlquist and West 2019), near Beijing, China (C; Li et al. 2017), and in Fukushima Prefecture, Japan
(D; Okura et al. 2003). H/L distributions for landslides in Puerto Rico are shown for landslides with a single source area (PR1) through 10 or more coalescing source areas
(PR10+)
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of landslides that coalesced, we cannot differentiate between vol-
ume growth from contemporaneous coalescence versus entrain-
ment and their independent effects on landslide mobility.

The increase in mobility observed for both single and coalesc-
ing landslides upon entering drainages can be explained by chan-
nelization (e.g., Guthrie et al. 2010; Coe et al. 2011b; Strom et al.
2019), entrainment of wet channel sediments (Iverson et al. 2011),
and an increase in water content from mixing with floodwaters.
Additionally, drainage networks provide opportunities for aggre-
gation with other landslides. Increases in mobility because of
interactions with drainage networks occur regardless of lithologic
differences in initiation areas, which is consistent with our obser-
vation that drainage network interactions affected the mobility of
landslides similarly in all study areas. The interconnectedness or
density of drainage networks likely also impacts the degree to
which landslide coalescence occurs, and further assessment of this
parameter could provide additional insight into geomorphically
controlled differences in mobility between study areas.

The variety in landslide sizes and types and the influence of
coalescence and drainage network interactions on landslide mo-
bility caused landslides triggered by Hurricane Maria to display a
wide range of H/L values (Fig. 6). To place the mobility of land-
slides that occurred during Hurricane Maria in a broader context,
we compared our H/L data with mobility data from landslides in
other parts of the world. We complied H/L data on undifferenti-
ated debris flow and debris avalanches from around the world
(Corominas 1996) and rainfall-triggered debris flows in the area
affected by the 2015 Gorkha earthquake in Nepal (Dahlquist and
West 2019), near Beijing, China (Li et al. 2017), and in Fukushima
Prefecture, Japan (Okura et al. 2003). The mobility distribution of
debris flows that occurred in the area affected by the Gorkha
earthquake (group B in Fig. 11) was similar to the overall distribu-
tion of landslide mobility during Hurricane Maria, and with the
exception of single source area landslides, coalescing debris flows
during Hurricane Maria were more mobile than debris flows from
Corominas (1996; group A in Fig. 11). In contrast, the debris flows
in Beijing, China (group C in Fig. 11), and Fukushima Prefecture,
Japan (group D in Fig. 11), have mobility distributions that are
similar to debris flows in Puerto Rico with five or more source
areas. Both of these events were triggered by single storm events
that had similar precipitation totals to Hurricane Maria (250–
535 mm over 18 h in Beijing, Li et al. 2017, and 908 mm over 5 days
in Fukushima Prefecture, Okura et al. 2003), and in Beijing, land-
slide coalescence was also noted (Li et al. 2017). This comparison
suggests that cumulative rainfall is an important controlling factor
on debris-flow mobility and the occurrence of landslide coales-
cence across varying geographic regions and geologic materials
during torrential rainstorms.

Although many of the landslides triggered by Hurricane Maria
in Puerto Rico began from small source areas, landslide volumes

and mobility increased due to extreme rainfall, volume growth
through coalescence and entrainment, and drainage network in-
teractions. Other than rainfall, these factors are not required for
assessing landslide initiation; however, they are critical to accu-
rately and completely forecast landslide hazards and the risks they
pose to people and infrastructure located downslope. Further-
more, increased mobility as a result of prolonged and intense
precipitation events is important to consider in Puerto Rico given
the frequency of landslide-triggering storms on the island (Pando
et al. 2005) and because of predictions indicating the potential for
increasingly frequent extreme hurricanes and tropical storms in
the Atlantic Ocean basin (Knutson et al. 2010). Additional data on
material strength and hydrologic properties, source area volumes,
and growth rates for landslides in different geologic formations in
Puerto Rico are needed to further distinguish between the influ-
ence of intrinsic material properties and extrinsic factors and to
inform debris-flow hazard assessments and inundation modeling
efforts in the future.

Conclusions
Our study highlights the wide range of mobility that landslides can
have during torrential rainstorms in Puerto Rico and demon-
strates that mobility is influenced by rainfall, geologic materials,
the number of landslide source areas that coalesce, and drainage
network interactions, which affect entrainment and coincidence
with floodwaters. At least three quarters of mapped landslides
across all geologic formations had a single source area, but those
landslides accounted for far less of the total affected area and were
less mobile than coalescing landslides. In the four geologic forma-
tions that we examined, landslides with multiple coalescing source
areas and landslides that entered drainages were more mobile than
landslides that did not. Differences in the mobility of both single
and coalescing landslides between study areas indicated that land-
slides in submarine basalt and chert (SBC) were least mobile, while
landslides in marine volcaniclastics (MVC) were most mobile. We
have shown that landslide coalescence and interactions with drain-
age networks are important controls on mobility in Puerto Rico.
Overall, extreme rainfall during Hurricane Maria increased land-
slide mobility, but discrepancies in rainfall datasets due to the
inaccuracies associated with measuring hurricane rainfall made it
difficult to draw conclusions about the effect of rainfall on land-
slide mobility in our select study areas. More thorough analyses of
controls on mobility require improved rainfall data and additional
data on material strength characteristics during flow, source vol-
umes, and entrainment rates. Although most individual landslide
source areas in Puerto Rico are generally small (< 100 m2), the
opportunity for landslide coalescence during large rainstorms that
trigger a high density of landslides is important because of the
increased potential of damaging impacts from highly mobile, long-
traveled landslides.

Table 4 Total storm rainfall (19–21 September 2017) from Hurricane Maria in each study area, as reported from published rainfall distribution datasets

LAM1 (MSS) LAM2 (SBC) NAR (MVC) UTU (GRA)

Total rainfall from Pasch et al. (2019) 254–381 mm 254–381 mm 381–508 mm 381–508 mm

Total rainfall from Ramos-Scharrón and Arima (2019) 289–338 mm 283–340 mm 539–581 mm 411–472 mm

Total rainfall from Keellings and Hernández Ayala (2019) 300–400 mm 400–500 mm 500–600 mm 400–500 mm
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