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CONVERSION FACTORS
Multiply By To obtain
centimeter (cm) 0.3937 inch
centimeter per hour (cm/h) 0.3937 inch per hour
cubic meter per second (m3/s) 35.31 cubic foot per second
hectare (ha) 0.003861 square mile
kilometer (km) 0.6214 mile
meter (m) 3.281 foot
millimeter (mm) 0.03937 inch
square kilometer (km?) 0.3861 square mile

Temperature: Temperature in degree Fahrenheit (°F) may be converted to
degree Celsius (°C) as follows:
*C=5/9x(F-32)

ACRONYMS

GIS Geographic Information System

IITF International Institute of Tropical Forestry

LEF Lugquillo Experimental Forest

MAP mean annual precipitation

MMI Modified Mercalli intensity

PRDNER Puerto Rico Department of Natural and Environmental Resources
SCS Soil Conservation Service

uU.s. United States

USDA U.S. Department of Agriculture
USGS U.S. Geological Survey

vi Contents



























1978; Gierbolini, 1975 and 1979; Acevedo, 1982).
Most of the soil orders of the world occur in Puerto
Rico, and most occur within the three basins discussed
in this report. Upland areas of high annual rainfall are
dominated by Inceptisols and Ultisols. In areas of
moderate annual rainfall, Alfisols, Mollisols, Ultisols
and Oxisols are common. Vertisols occur in areas
adjacent to the dry southern coastal plain.

The soil orders present in the Blanco Basin
include Ultisols and Inceptisols with minor amounts of
Mollisols and Alfisols (Boccheciamp, 1977). The
Cibuco and Coamo Basins have a greater variety of soil
associations present. Soil in the Cibuco Basin is
dominated by Ultisols and Inceptisols in the volcanic
uplands, and Mollisols and Alfisols in the northern
areas underlain by limestone (Gierbolini, 1979;
Acevedo, 1982). Small amounts of Entisols, Oxisols,
and Spodosols are also present. Inceptisol is the
dominant soil order in the Coamo Basin. The
remaining soil orders include Ultisols, Mollisols, and
Alfisols.

METHODS OF INVESTIGATION

Aerial photographic data and topographic,
geologic, land use, and soils data from the three basins
were collected, processed, and digitized for use with a
geographic information system (GIS). These spatial
data were evaluated using a matrix of geographic land
surface types to normalize landslide frequency in each
basin.

Sufficient detail from 1:20,000 aerial
photographs and digitized geographic and geologic
information is available to make basin-wide analysis
possible. These analyses used the aerial photographs
and a GIS to determine if specific geographic attributes
could be used to characterize landslide frequency.

Aerial Photographs and Geographic
Information System Analyses

Approximately 300 sets of stereo aerial
photographs were used to map recent landslides and to
assemble a data base to assess the surface area and
number of landslides in each of three basins. For the
Blanco Basin, photographs for the years 1951, 1962-
67,1971-77, and 1990 were used. For the Cibuco and

Coamo Basins, the photographs used were from 1987
and 1951, respectively. Because more sets of
photographs were examined for the Blanco Basin, a
higher number of landslides was mapped compared to
the Cibuco and Coamo Basins, where only one set of
photographs was used.

Recent landslides were observed on aerial
photographs as a break in the forest canopy, bare soil,
or other geomorphic characteristics typical of landslide
scars (head and side scarps, flow tracks, and soil and
debris deposits below the scar). If these types of
observations could not be made, no landslide was
noted. Each landslide was assigned an identification
number, the landslide type (debris flow, slump, shallow
soil slip, and debris avalanche) was estimated; and
general land-use categories (forest, pasture, crops, and
anthropogenic modification—highways or other
structures) were noted. The length and width of each
landslide was measured on the aerial photograph using
a magnifying glass and ruler in increments as small as
0.25 mm. Some landslide scars, particularly those
along highways, were also measured in the field. Many
of these highway-associated landslides were too small
to be easily measured on the 1:20,000-scale aerial
photographs. Lengths and width measurements of
landslides mapped from the aerial photographs
included the estimates of evacuated scar and flow track
dimensions. The total area of the scar and flow track
provide an estimate of net landslide disturbance on a
hillslope.

Analysis of aerial photographs allowed for
examination of extensive areas (basin sizes of several
hundred square kilometers), however, the technique is
limited by the poor quality of some black and white
photographs taken between the 1930's and 1950's.
Additionally, forest canopy and shadows on steep
hillslopes mask landslide features, probably reducing
the total number of identified landslides in such areas.
Finally, many of the observed landslide scars were
relatively small, near the limit of observation (about
5x5 m on 1:20,000-scale photographs), suggesting that
a number of small landslides were missed.

A vector-based GIS software (ARC-INFO) was
used to relate landslide location to various geographic
and geologic factors. Landslide locations in each basin
were compared to digitized topography (slope angle,
slope elevation, and slope aspect), land use, SCS-
mapped soil series, and bedrock geology. GIS software

Methods of Investigation 9



was used to determine the identification number of
each landslide falling into each subcategory defined for
each geographic and geologic attribute. GIS software
was then used to determine the area in square meters
that each attribute covered in each basin.

Although a GIS is an excellent tool for rapid
examination of regional trends, certain topographic
limitations must be noted. GIS software uses
topography digitized from topographic maps, which in
turn, were developed from aerial photographs.
Topography has therefore been filtered first by the
camera, second by the mapping technique, and thirdly
by the digitization technique. The result is a
generalized topography. For example, slope angles
determined from contour spacing are approximate
since they do not account for changes in slope that may
occur between the 10 m elevation contours used in this
study. Landslides attributed to a given slope angle may
actually have occurred on a length of slope that was
steeper or less steep than that indicated by the GIS. An
additional limitation of GIS-based analyses is a slight
variation (about one percent) in total basin surface area
when different topographic or geographic attributes are
examined. GIS software divides the basin into
polygons whose total areas do not always add up to the
total basin area.

Characterization of Topography and Land Use

Basin topography was taken from an existing
USGS GIS data base which includes topographic
contours scanned at 1,200 dots per inch from 1:20,000
scale maps. Topographic analysis in the study basins
involved categorizing the slope angle, slope aspect, and
land-surface elevation for each basin. Slope angle was
simplified into nine categories in each basin. These
nine categories were modified from ARC-INFO
software default values that failed to sufficiently
discriminate useful slope angle categories. For
example, default slope-angle categories that contained
a large number of landslides were divided into smaller
categories and the basin was re-analyzed. Slope aspect
was simplified into eight categories in each basin based
on standard compass divisions. Land-surface
elevations categories varied with basin relief and were
simplified into nine categories in the Blanco Basin. In
the Cibuco and Coamo Basin, six and eight land-
surface elevation categories, respectively, were used.

Land-use attributes for each basin were digitized
from 1:20,000 scale maps. These attributes were then
simplified into four categories and compared to the
distribution of landslides mapped from aerial
photographs. The land-use attributes in each basin
were determined from unpublished Puerto Rico
Department of Natural and Environmental Resources
(PRDNER) 1:20,000 scale maps made in 1971 for the
Coamo Basin, in 1977 for the Blanco Basin, and in
1987 for the Cibuco Basin. Different sets for each basin
were used because island land-use maps are not
available for all years. These maps are based on aerial
photograph interpretation and include more than 100
categories of land use. Because of the gradual
reforestation of agricultural areas in the central
mountains that has occurred at the same time as
increased urbanization of other areas, land-use
categories are considered to be only estimates. Finally,
these categories, as well as those discussed below, may
contain some inconsistencies as some degree of spatial
distortion may be incorporated into a GIS database
when spatial data are digitized from maps.

The four land-use categories used in this study
were forest, pasture, cropland, and developed areas
(roads and structures). Forest, as defined by PRDNER
includes primary and secondary forest, canopy of
varying density and height, and publicly and privately
owned forest. These categories were placed in a single
category to simplify the GIS analyses. Cropland
included those areas used to grow coffee, sugar cane,
citrus, coconut, pineapple, plantain, banana, tobacco,
rice, flowers, and other crops. Pasture and degraded
pasture (former pasture that is in the early stages of
recovery to forest) were combined into a single
category.

Roads were estimated to affect a 10 m wide
swath along their course, either from cutting into the
upper side of the road embankment, placement of fill
on the lower side of the road embankment, or both.
Wide, paved roads may affect a broader swath but most
roads in the basins are narrow two-lane highways or
dirt and gravel tracks. Developed areas included all
roads and clusters of houses as well as small towns.
Extensively urbanized regions in the three study areas
ranged from 0.5 to 2 km? in area, and were not
examined for landslides.

10 Landslide Distribution and Assessment of Landslide Hazards in Blanco, Cibuco, and Coamo Basins, Puerto Rico



Characterization of Geology and Soils

Contacts between bedrock types were digitized
from 1:20,000 and 1:200,000 scale geologic maps
(Berryhill and Glover, 111, 1960; Pease and Briggs,
1960; Glover 111, 1961; Briggs and Gelabert, 1962;
Monroe, 1962 and 1963; Berryhill, Jr., 1965; Nelson,
1967; Briggs, 1971; Seiders, 1971; Glover III and
Mattson, 1973; M'Gonigle, 1978, 1979; Briggs and
Aguilar-Cortés, 1980). Digitized geology was then
compared to digitized landslide locations using GIS
software and each landslide location was classified
according to the underlying bedrock geology.

USGS-digitized soil series polygons in each of
the three basins (based on standard SCS soil series
maps at 1:20,000 scale), were examined for landslide
occurrence using GIS software (Gierbolini, 1975 and
1979; Boccheciamp, 1977 and 1978; Acevedo, 1982).
The landslide locations were then classified according
to soil series, soil subgroup, and soil order. Mapped
SCS soil series are shown with discrete boundaries
between different series. These boundaries, unlike
most geologic contacts, are actually gradational in
most cases. In addition, SCS soil classifications are
based on U.S. soil taxonomy (Soil Survey Staff, 1992),
a system designed primarily for agricultural and not
geotechnical purposes. Finally, the great number of soil
mapping units described by the SCS may limit the
usefulness of soil surveys for relating soil and landslide
frequency because a large sample population of
landslides would be required to adequately define
trends for each mapping unit. However, the large
number of soil mapping units and soils series can be
simplified into fewer categories. These categories—
soil subgroups and soil orders, reduce the number of
soils but may obscure trends by grouping
geotechnically dissimilar soils. For example, 53 soil
mapping units are simplified by the SCS into 28 soil
series in the Blanco Basin. The 28 soil series fall into
13 soil subgroups, which can be further simplified into
5 soil orders (and a non-soil classification: "rockland").
Soil series, subgroups, and orders may therefore have
only coincidental significance in estimating how soil
influences landslide occurrence.

RAINFALL CHARACTERISTICS OF
LANDSLIDE-TRIGGERING STORMS

As part of this study, a relation between storm
rainfall and landslide occurrence was developed
(Larsen and Simon, 1993). Records of storm rainfall
and landslide occurrence are available for various
locations throughout Puerto Rico. The number of
records is sufficient to develop a relation for the central
mountains in general, but not for specific drainage
basins. Rainfall records from three sources were
examined and the rainfall accumulations and durations
of a total of 256 storms were used. The U.S. Weather
Service Storm Data series (U.S. Weather Service,
1959-1990) provided a record of storm rainfall data
that included comments on the occurrence and
abundance of landslides. Storms were selected only if
total rainfall accumulation and duration, and the
occurrence or non-occurrence of landslides could be
established. In some cases, landslide occurrence for
selected storms was verified by using archival
newspaper accounts of storm damage when no other
data source was available (San Juan Star, 1959-1990).
The landslide type (debris flow, slump, or other) was
not noted in the U.S. Weather Service Storm Data
series (U.S. Weather Service, 1959-1990). This data
source yielded 42 storms that occurred from 1960 to
1990 in the central mountains and/or adjoining
foothills of Puerto Rico where mean annual
precipitation (MAP) is close to, or in excess of 2,000
mm (tables I & 2).Forty of these storms were
documented as triggering tens to hundreds of
landslides (table 1) and two caused no landslides.

The monthly summaries of the U.S. Weather
Service data were examined for indications of storms
not yet published in the U.S. Weather Service Storm
Data series. One multi-day storm that began on
October 5, 1990, was reported to have triggered
landslides and was documented from this source
(table 1) (U.S. Department of Commerce, 1990).

A USGS recording rain gage located in the
central mountains 5 km southwest of the Rio Blanco
study basin boundary was selected for further sampling
of rainfall accumulation and duration and
documentation of landslide occurrence (fig. 1).
Although covering only a 2-year period, this data
sample was assumed to be derived from the same
population as the sample from the U.S. Weather
Service Storm Data series because it is located in an
area of the central mountains that receives MAP of
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Table 1. Date of occurrence and rainfall characteristics of 41 storms that triggered tens to hundreds of landslides in
Puerto Rico, 1960-90

[Data sources: U.S. Weather Service, Storm Data, 1960-1990; U.S. Department of Commerce, 1990. Number refers to storm location shown in fig-
ure 1. Storm type: CF, cold front; H, hurricane; HR, heavy rains; LLT, lower level trough; TD, tropical depression; TS, tropical storm; TRS, thunder-
storm; TW, tropical wave; ULT, upper level trough. mm, millimeter; h, hour; mm/h, millimeter per hour]

Percentage of

Accumulation Duration Intensi
Number Date Storm type (mm) (h) (mmlht)y mear.\ énnual
precipitation

1 Oct. 14, 1976 TRS 142 2 71.12 7

2 Sept. 27, 1980 TRS 221 2 110.50 11

3 Dec. 10, 1975 HR 203 3 67.73 10
4 Nov. 15, 1977 HR 127 3 42.33 6

5 Oct. 30, 1976 CF 102 4 25.48 5

6 Sept. 18, 1989 H Hugo 225 6 37.50 11

7 May 9, 1982 ULT 203 6 33.87 10

8 Nov. 9, 1969 HR 178 6 29.66 9

9 Jan. 26, 1969 HR 127 6 21.16 6
10 Aug. 27,1970 HR 225 9 25.00 11
11 Jan. 13, 1965 LLT 544 9 60.44 27
12 Apr. 16, 1988 ULT 168 12 14.00 8
13 Aug. 23, 1988 TD 312 24 13.00 15
14 Oct. 14, 1962 ™ 216 24 9.00 11
15 May 4, 1965 HR 144 24 6.00 7
16 Aug. 27, 1961 ™ 456 24 19.00 22
17 Now. 3, 1984 ULT 192 24 8.00 9
18 Dec. 6, 1987 CF 493 24 20.54 24
19 Oct. 6, 1985 TS 625 24 26.04 31
20 Sept. 12, 1982 ™ 330 48 6.88 16
21 Sept. 6, 1960 H 477 48 9.94 23
22 May 27, 1980 TRS 288 48 6.00 14
23 Aug. 23,1971 TD 232 48 4.83 11
24 May 12,1986 ULT 279 48 5.81 14
25 Nov. 9, 1970 CF 254 48 5.29 12
26 Aug. 29, 1979 H David 502 72 6.97 25
27 Dec. 9, 1965 CF 474 72 6.58 23
28 May 8, 1970 HR 254 72 3.53 12
29 Sept. 4, 1979 TS Frederick 459 72 6.38 23
30 Dec. 8, 1970 CF 419 96 4.36 21
31 Nov. 26, 1968 CF 329 96 3.43 16
32 Apr. 22, 1969 TRS 268 96 2.79 13
33 May 15, 1985 ULT 635 96 6.62 31
34 Dec. 11, 1981 CF 740 96 7.71 36
35 May 18, 1987 ULT 453 120 378 22
36 Oct. 22,1978 ™ 459 120 3.83 23
37 Nov. 24, 1987 ULT 583 120 4.86 29
38 Nov. 29, 1960 CF 438 144 3.04 21
39 Oct. 4, 1970 TD Unnamed 976 144 6.78 48
40 May 20, 1981 ULT 254 144 1.76 12
41 Oct. 5, 1990 ™ 303 312 0.97 15

12 Landslide Distribution and Assessment of Landslide Hazards in Blanco, Cibuco, and Coamo Basins, Puerto Rico



2,000 mm, roughly equivalent to the average MAP of
2,040 mm reported by Calvesbert (1970) for the central
mountains. Furthermore, the site is within a 20-km
radius of the centers of 10 of the 41 landslide-
triggering storms indicating that local geographic
attributes are sufficient for landsliding to occur.
Topography and land use in this area are typical of
much of the central mountains: moderate to steep
slopes in pasture, pasture recovering to forest, and
forest (Quiniones-Marquez and others, 1989). The area
is underlain by bedrock comparable to most of the
central mountains: marine-deposited volcaniclastic
rock and plutonic intrusions (Briggs and Akers, 1965).
Soils in the area are mainly Inceptisols, common
throughout the central mountains (Acevedo, 1982;
Gierbolini, 1975 and 1979; Boccheciamp, 1977 and
1978). Weekly to biweekly visits to the raingage site
from April 1989 to April 1991, as part of a study of
erosion and sedimentation (Gellis, 1991) allowed the
confirmation of the occurrence or non-occurrence of

landslides during the 2-year period. Rainfall-triggered
landslides were not noted in the 40-km? area near the
raingage during this period.

A total of 213 rainfall events, none of which
triggered landslides, were recorded by this raingage.
These 213 rainfall events, along with the 2 storms
documented by the U.S. Weather Service (1959-1990)
that did not lead to landsliding are listed in table 2.

Periods of higher intensity rainfall that may have
occurred during storms are not reflected in the long-
duration rainfall data, which are recorded as total
rainfall averaged for the storm duration. High-intensity
periods may be important as discrete events that trigger
landsliding during long-duration storms (Jibson, 1989).
In addition, the rainfall data presented in tables 1 and 2
and used to develop the rainfall threshold, show
rainfall at a single location, which may overestimate
regionally distributed rainfall and underestimate
maximum intensities that occur over small areas within
a storm.

Table 2. Characteristics of 215 rainfall events that were not observed to have triggered landslides in eastern Puerto Rico)

[Of these 215 rainfall events, 213 were near a USGS recording raingage. The two remaining storms were described by the U.S. Weather Service (1959-1990).
See figure 1 for location of raingage. mm, millimeter; h, hour; mm/h, millimeter per hour]

Accumulation Duration  Intensity Accumulation Duration  Intensity Accumulation Duration  Intensity
(mmvh) (h) (mm/h) (mm/h) (h) (mm/h) (mm/h) (h) {mm/h)
5 0.25 20.3 6 0.25 254 7 0.75 8.8
5 25 20.3 8 25 335 8 75 10.2
6 25 25.4 16 25 65.0 7 75 8.8
6 25 254 7 25 29.5 7 75 9.8
5 .25 19.3 8 42 19.4 6 5 8.1
5 .25 19.3 5 A5 119 6 5 8.1
9 .25 345 19 45 41.2 6 75 7.8
10 25 40.6 6 .5 12.2 7 75 9.8
8 25 31.5 13 .5 26.9 5 75 7.1
7 25 28.5 18 5 35.6 7 5 9.1
6 25 24.4 7 .5 13.7 10 5 13.2
7 25 28.5 7 .5 13.7 8 5 10.2
12 25 49.8 4 5 7.6 8 75 10.5
15 25 59.9 5 5 10.7 9 .83 11.3
6 25 24.4 11 .5 213 23 .92 25.1
6 25 25.4 9 .5 17.3 4 1 4.1
3 .25 13.2 6 .5 11.2 5 1 53
8 25 325 6 5 11.7 8 1 7.6
4 25 17.3 10 .5 203 22 1 21.8
4 .25 15.2 6 .5 11.2 11 1 10.9
7 25 26.4 4 .5 7.6 7 1 6.6
7 .25 26.4 8 75 11.2 5 1 53
5 25 18.3 7 75 9.8 7 1 74
5 25 18.3 4 75 5.1 7 1 6.6
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Table 2. Characteristics of 215 rainfall events that were not observed to have triggered landslides in eastern Puerto Rico—
Continued

Accumulation Duration  Intensity Accumulation Duration  Intensity Accumulation Duration Intensity
(mm/) (h) (mm/h) (mm/) (h) (mm/h) {mm/h) (h) {mm/h)
12 1 11.9 10 24 04 9 72 0.1
7 1 7.4 18 24 .8 9 72 1

8 1.25 6.3 17 24 7 39 72 .5
5 1.25 3.7 17 24 7 13 72 2
15 1.25 12.2 9 24 4 14 72 2
7 1.25 5.7 7 48 2 14 72 2
5 1.25 43 6 48 1 57 72 .8
10 1.5 6.8 6 48 B 7 72 1
9 15 5.8 6 48 1 36 96 4
6 15 4.1 7 48 2 30 96 3
16 1.5 10.7 8 48 2 6 96 1
4 15 2.9 10 48 2 48 96 5
7 1.5 4.9 11 48 2 42 96 4
16 1.5 10.8 77 48 1.6 6 96 1
8 15 53 10 48 2 192 96 2.0
26 15 17.6 10 48 2 7 96 .1
7 1.5 4.6 19 48 4 19 96 2
14 1.5 95 18 48 4 16 96 2
9 1.75 5.2 18 48 4 12 96 1
17 1.75 9.7 18 48 4 13 96 1
13 1.75 7.6 11 48 2 8 96 .1
14 1.75 8.0 12 48 3 29 96 3
15 2 75 28 48 6 26 96 3
13 2 6.7 144 48 3.0 19 96 2
12 2 58 23 48 5 8 96 1
19 2.25 8.5 32 48 i 8 120 1
5 25 1.8 9 48 2 12 120 1
13 2.5 5.3 9 48 2 7 120 1
7 25 2.7 10 48 2 56 120 5
25 2.75 9.1 17 72 2 36 120 3
52 2.75 19.0 22 72 3 38 120 3
9 3 3.0 17 72 2 82 144 .6
84 3 28.0 37 72 5 27 144 2
16 35 4.6 35 72 5 34 168 2
102 35 29.0 6 72 1 96 168 .6
12 3.75 3.1 21 72 3 96 168 .6
20 4 5.0 21 72 3 37 168 2
9 5 1.9 22 72 3 25 168 2
16 5 3.1 19 72 3 45 168 3
5 2 2 6 72 A 59 168 4
10 24 4 15 72 2 111 192 .6
5 24 2 10 72 1 50 192 3
12 24 5 107 72 1.5 54 192 3
126 24 5.3 11 72 2 10 192 1
8 24 3 11 72 2 69 192 4
11 24 5 9 72 1 137 240 .6
4 24 2 8 72 1 137 264 5
19 24 8 8 72 1
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Rainfall data derived from storm durations
greater than 9 hours (h) were compiled by the U.S.
Weather Service (1959-1990) into 24, 48, and 72 h (and
so on) categories. The data in the monthly summaries of
the U.S. Weather Service (U.S. Department of
Commerce, 1990) is in the form of daily rainfall totals.
Rainfall data for the USGS raingage are generally
recorded in 15-minute increments. The USGS data were
categorized as 24 h totals for 1-day storms, and grouped
into multiples of 24 h if rainfall on successive days
exceeded 3 mm. Days with rainfall totals of less than 3
mm were disregarded. In addition, 15-minute
increments of rainfall accumulation were examined for
all days on which rainfall accumulation exceeded 3 mm.
Events of less than 24 h were included if one or more
consecutive 15-minute increment exceeded 3 mm of
rainfall accumulation.

LANDSLIDE CHARACTERISTICS

The number of landslides mapped as part of this
study totaled 1,859 in the Blanco Basin, 1,019 in the
Coamo Basin, and 1,161 in the Cibuco Basin. Because
only one set of aerial photographs was examined in the
Cibuco and Coamo Basins, the number of landslides
mapped in those basins was smaller than the number
mapped in the Blanco Basin. Landslides in the Blanco
Basin were relatively evenly distributed between
shallow soil slips, debris flows, and slumps, with only a
few debris avalanches present (table 3). Slumps were
most common in the Blanco Basin, where wetter
conditions prevail. Most of the landslides in the Cibuco
and Coamo Basins were shallow soil slips and debris
flows. The Coamo Basin, with some of the driest
conditions and thinnest soils among the three basins,
had the greatest percentage of debris flows.

Most of the landslides mapped in this study
affected relatively little surface area (table 4). Median
landslide size in the basins ranged from 70 m? on
hillslopes in crop and pasture, to 220 m’ on hillslopes
modified by roads or structures. The range in median
landslide surface areas among the various land-use
settings as well as between basins was surprisingly
narrow. This suggests that landslide magnitude is only
weakly affected by human modification of hillslopes. It
also indicates that the climatic, topographic, and
geologic differences between basins do not greatly
affect landslide magnitude.

Table 3. Landslide types in the Blanco, Cibuco, and Coamo
Basins, Puerto Rico

csn e el T
Blanco Basin
Shallow soil slip .......... 673 36
Debris flow .......cccenen. 690 37
Slump....cocovvveiiiiecenne 482 26
Debris avalanche ......... 14 1
Total.......cccoevrennnene 1,859
Cibuco Basin
Shallow soil slip .......... 563 49
Debris flow 523 45
SIump.....cconnvieiiriienne 70 6
Debris avalanche ......... 5 0
Total.......ccoeeene 1,161
Coamo Basin
Shallow soil slip .......... 306 30
Debris flow ..........cocee.. 522 51
Shump....cocovvveeiiiieene 189 10
Debris avalanche ......... 2 0
Total.....cccceererrrrennens 1,019

Table 4. Landslide area (in square meters) according to
land use for the Blanco, Cibuco, and Coamo Basins,
Puerto Rico

Road
Landslide area and Crop Forest Pasture
struc-
ture
Blanco Basin
Median surface area 220 80 180 80
Mean surface area 510 130 440 230
Minimum surface area <10 <10 <10 <10
Maximum surface area 8,640 910 32,940 12,400
Cibuco Basin
Median surface area 110 70 110 80
Mean surface area 210 150 240 130
Minimum surface area <10 <10 <10 <10
Maximum surface area 5,720 S2,050 6,190 1,650
Coamo Basin
Median surface area 110 80 100 100
Mean surface area 370 180 230 210
Minimum surface area <10 <10 <10 <10
Maximum surface area 8,710 3,050 2,320 12,360
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GEOGRAPHIC AND GEOLOGIC
ATTRIBUTES OF LANDSLIDE
DISTRIBUTION

Landslide frequency and location in the three
study basins can be related to geographic and geologic
controls in several ways. A simple approach is to
determine the percentage of the basin that falls into a
geologic or geographic category and relate it to the
percentage of the landslides mapped in that same
category. A second measure of landslide occurrence is
to calculate the area disturbed by mass wasting in
square meters for each geographic and geologic
category. This is listed in tables 5 through 28 as
'‘Landslide area.' An additional calculation is listed as
'"Percentage of landslide area,' and is determined by
dividing the area of landslide disturbance in a land-use
category by the total area of landslide disturbance in
the basin. 'Landslide area in square meters per square
kilometer' is determined by dividing the 'Landslide
area' in square meters, for a given category by the basin
area, in square kilometer, that is in that land-use
category. The average number of landslides per square
kilometers in the basin (referred to here as frequency)
provides another measure of geographic and geologic
controls on landslide occurrence. All calculated
numbers (percentages, areas, and number of landslides
per square kilometer) reported in tables 4 to 28 were
rounded. In addition, averages and totals of landslide
area and landslide area per square kilometers may vary
between geographic categories in the same basin. As
noted in the methods section, this is because of slight
variations in GIS-determined surface area.

Land Use

Land use is the factor with the greatest
variability in landslide frequency in the study basins,
indicating that human modification fundamentally
alters hillslope stability in the study basins. The most
common construction-related activities involve
undercutting the foot of a slope or deposition of soil
and rock along the upper edge of a slope. Both
practices tend to increase shear stress in the ground
beneath the slope (Terzaghi, 1950). If the average shear
stress of the hillslope material then becomes equal to
the average shear resistance, a landslide can occur.

Landslide frequency in each basin generally
increased with escalating hillslope modification
following a sequence from forest to pasture to crop to
roads and structures. In the Blanco Basin, the number
of landslides ranged from 4 landslides per square
kilometer on forested hillslopes to almost 50 landslides
per square kilometer on hillslopes modified for
highway and other construction (table 5). In the Cibuco
Basin, the number of landslides ranged from 1
landslide per square kilometer on forested hillslopes to
21 landslides persquare kilometer on hillslopes
modified for highway and other construction (table 6).
In the Coamo Basin, landslide frequency ranged from
less than 1 landslide per square kilometer on forested
hillslopes to 10 landslides per square kilometer on
hillslopes modified for construction of highways or
other structures (table 7). Because different periods of
time were represented by the sets of aerial photographs
used in each basin, landslide frequencies between
basins are not directly comparable. Landslide
frequencies in each basin are comparable.
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Table 5. Land-use categories and landslides in the Blanco Basin, Puerto Rico

[Because of rounding, some columns may appear to have incorrect sums or averages. km?, square kilometer; m?, square meter; m*km?, square meter per
square kilometer]

Land-use Area Percentage = Number of Percentage Landslide  Percentage  Landslide Number of

2 N . area of landslide area landslides
category (km?) of area landslides of landslides (m?) area (m?fkm?) per km?
Forest .......c.c..... 192 70 706 38 308,300 44 1,600 4
Pasture................ 59 21 604 32 141,500 20 2,400 10
Crop «.ccoovevveevnnns 11 4 84 5 10,800 2 980 8
Road/structure.... 10 3 465 25 236,900 34 24,940 49
Wetland............... 4 1 0 0 0 0 0 0
Total............. 276 1,859 697,600 12,530 7
'Average

Table 6. Land-use categories and landslides in the Cibuco Basin, Puerto Rico

[Because of rounding, some columns may appear to have incorrect sums or averages. km’, square kilometer; m?, square meter; m”km?’, square meter per
square kilometer]

Land-use Area Percentage  Number of Percentage Landslide  Percentage  Landslide Number of

category (km?) of area landslides of landslides ?::;; of Iaar::zl ide (ma,;:;z) Ia:;sll(iigs
93 30 122 11 28,760 13 310 1
166 54 317 27 41,600 19 250 2
18 6 81 7 12,100 6 670 4
30 10 641 55 133,820 62 4,410 21
307 1,161 216,280 710 4

Table 7. Land-use categories and landslides in the Coamo Basin, Puerto Rico

[Because of rounding, some columns may appear to have incorrect sums or averages. km?, square kilometer; m?, square meter; m”km?’, square meter per
square kilometer]

Landslide Percentage Landslide Number of

Land-use Area Percentage  Number of Percentage area of landslide area landslides
2 . .
category (km?) of area landslides of landslides (m?) area (m?/km?) per km?
219 62 72 7 16,620 7 80 0
77 22 479 47 99,470 40 1290 6
30 9 215 21 38,010 15 1270 7
25 7 253 25 92,370 37 3690 10
351 1,019 246,470 1700 13

'Average.
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Blanco Basin

In the Blanco Basin, forest covers more than
two-thirds of the study area (fig. 5). However, only
slightly more than one-third of the landslides were in
forest and landslide frequency in forest areas was the
lowest among the four land-use categories examined
(table 5). The relatively large surface area disturbed by
landslides in forest is attributable to several large
debris avalanches mapped there (tables 4 and 5).

Pasture encompassed only about one-fifth of the
Blanco Basin area but about one-third of the landslides
were on slopes used for pasture. Landslide frequency
in land used for pasture was higher than the basin
average.

The percentage of land used to grow crops and
the percentage of landslides in cropland were about
equal in the Blanco Basin. Landslide frequency in
cropland was about equal to the basin average.

Land in roads and structures accounted for less
than 4 percent of the Blanco Basin area but 25 percent
of the landslides in the basin. The frequency of
landslides associated with roads and structures was
about 12 times the frequency of landslides on forested
hillslopes. In addition, about one-third of the total area
disturbed by landslides in the basin is associated with
roads and structures.

Cibuco Basin

In the Cibuco Basin, forest covered 30 percent of
the basin area, but only about 11 percent of the mapped
landslides were on forested slopes (fig. 6). Landslide
frequency in forested areas of the Cibuco Basin was the
lowest for all land-use categories.

Fifty-four percent of the Cibuco Basin was in
pasture, although only about 27 percent of the
landslides were in these areas (table 6). Landslide
frequency in land used for pasture was about one-half
of the basin average.

As in the Blanco Basin, the percentage of land
used to grow crops and the percentage of landslides in
cropland were about equal in the Cibuco Basin.

Landslide frequency in cropland was slightly more
than the basin average.

Land in roads and structures accounted for about
10 percent of the Cibuco Basin area but 55 percent of
the landslides were in these areas. The frequency of
landslides associated with roads and structures was
more than S times the basin average, and about 20
times the frequency of landslides on forested
hillslopes.

Coamo Basin

Landslide frequency and disturbance trends in
relation to land use in the Coamo Basin were
comparable to the trends noted above for the Blanco
and Cibuco Basins. In the Coamo Basin, forest covered
almost 25 percent of the basin area, but only 7 percent
of the mapped landslides were on forested slopes
(fig. 7). The area disturbed by landslides also was
about 7 percent. Landslide frequency in forested areas
of the Coamo Basin was the lowest of all land-use
categories (table 7).

Almost two-thirds of the Coamo Basin was in
pasture, but less than one-half of the landslides
occurred in pasture. Landslide frequency in areas
classified as pasture was more than twice the landslide
frequency in forested areas.

Cropland in the Coamo Basin accounted for less
than one-tenth of the basin area but included more than
one-fifth of all landslides in the basin. Landslide
frequency in areas used to grow crops was about 8
times as high as the landslide frequency for forested
areas.

Areas in roads and structures accounted for
about 7 percent of land use in the Coamo Basin but
about 25 percent of the landslides were in these areas.
Additionally, a large proportion (38 percent) of the
total basin area disturbed by landslides was associated
with these developed areas. The frequency of
landslides associated with roads and structures was
more than 10 times the frequency of landslides on
forested hillslopes.
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uplands where the steepest slopes and the greatest
mean annual rainfall occur. These general topographic
and moisture conditions may overwhelm or mask local
geologic controls on landslide frequency.

Tertiary hydrothermally altered rock, Tertiary
intrusive rock labeled "other," and the miscellaneous
categories under Other consist of small exposures that
comprise only 6 percent of the study area. The limited
extent of these categories precludes useful
interpretation of their bearing on landslide frequency.

Cibuco Basin

Nineteen geologic map units were associated
with landslides in the Cibuco Basin. These map units
were grouped into seven general categories (table 18).
About one-half of the basin area is underlain by
Tertiary sedimentary rock, ranging from
undifferentiated chalk and marl with beds of hard
finely crystalline limestone, fragmental, porous and
cavernous limestone to sandy limestone with
sandstone, silt, and clay, (Berryhill, Jr., 1965). In the
Cibuco Basin, as well as in nearby basins with
extensive limestone bedrock, large retrogressive
landslides have occurred during the Holocene
(Monroe, 1964). These landslides, some of which are
still active, are mapped along river valleys with steep
cliffs of 50 to more than 200 m in height, and are
composed of massive limestone blocks resting on marl
or clay. According to Monroe (1964), these limestone
blocks move slowly down slopes of 5° to 12° during
rainy seasons when the underlying clay and marl layers
are saturated. One of the largest of these retrogressive
landslides is located 3 km west of Corozal along the
Rio Cibuco and consists of a complex of massive
limestone blocks containing a total volume of 43
million m®.

These large, slow-moving block slides are shown
on geologic maps as Quaternary landslide deposits.
They characterize a distinct magnitude and process of
mass-wasting that was not examined in this study of
historic small, shallow landslides. Hence, the 6 km? of
Cibuco Basin surface area affected by massive block
slides is not included in the assessment of landslide
frequency and magnitude discussed below.

With the exception of these types of slow-
moving block failures, the incidence of landsliding in
the regions of the Cibuco Basin underlain by limestone
is extremely low. In this basin, soil is usually thin (less

than 1 m) on limestone slopes, limiting the amount of
material available for sliding. Additionally, the high
porosity of limestone in this humid environment
generally precludes any significant increase in pore
pressure during storms, because the rock is so well
drained (Monroe, 1980). For example, the Aguada and
Lares Limestones, together occupy 19 percent of the
basin area, but account for only 1 percent of the basin
landslides. Furthermore, although almost one-half of
the Cibuco Basin is underlain by Tertiary limestone,
sandstone, and siltstone, 13 percent of the landslides
were mapped in these areas. Additionally, landslides on
hillslopes underlain by Tertiary sedimentary rock were,
on average, among the smallest in the basin, disturbing
only 60 m*km?

Tertiary intrusive rock is not extensive in the
Cibuco Basin, however, as in the Blanco Basin,
landslide disturbance per unit area was high on
hillslopes in this lithology presumably for the same
reasons noted for the Blanco Basin.

Cretaceous to Tertiary breccias and tuffs include
massive volcanic breccia and breccia conglomerate
with fine and coarse tuff layers as well as medium- to
thin-bedded tuffs and volcanic sandstone and siltstone
with interbeds of shale and conglomerate (Nelson,
1967). These map units occupy a small area of the
basin and a roughly equivalent proportion of the basin
landslides.

Andesitic to Basaltic lava flows in the Cibuco
Basin are described as Cretaceous age, marine-
deposited, commonly pillowed, with tuff and volcanic
breccia, conglomerate, sandstone, and siltstone
(Nelson, 1967). These map units underlie hillslopes
with a disproportionately high number of landslides
(table 18). As in the Blanco Basin, the Cibuco Basin
map units with the greatest abundance of landslides per
unit area co-vary with elevation. They are in the
uplands of the Cibuco Basin where the steepest
hillslopes and the highest mean annual rainfall occur.

Berryhill, Jr. (1965) notes that deep residual
material (saprolite) is not extensive in much of the
Cibuco Basin because of rapid soil erosion caused by
raindrop impact. In the southern part of the Cibuco
Basin, however, saprolite locally ranges in thickness
from 2 to 4 m and is best developed where it overlies
intrusive rock and lava map units such as the Avispa,
Perchas, and Magueyes Formations (Berryhill, Jr.,
1965). Because most landslides mapped in this study
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Table 17. Bedrock geology and non-road or structure associated landslides in the Blanco Basin, Puerto Rico

[Because of rounding, some columns may appear to have incorrect sums or averages. km?, square kilometer; m?, square meter; m/km?, square meter per square

kilometer]
Percent- Number
Area Percent- Number P:;:e;t I;T;;: age of l;i':li of
Bedrock types 2 age of land- land- land-
(km?) . land- area . area ;
ofarea  slides slides (m?) slide (m2/km?) slides
area per km?
Quaternary alluvium ......c.cccooviiinenicnenceneees 51 18 29 2 5,250 1 100 1
Tertiary hydrothermally altered rock .........c.cooeueee 6 2 15 1 1,780 0 290 2
Tertiary intrusive rock 25 9 144 10 63,210 14 2,480 6
Quartz diorite (Rio Blanco Stock)
Tertiary intrusive rock (other) .........cocveveirnnennne, 5 2 18 1 1,170 0 240 4
Diorite, Quartz-diorite-granodiorite, Quartz
diorite-Punta Guayanes, Granodiorite-quartz
diorite-San Lorenzo
Cretaceous breccia and 1ava......c..cooceeevecceennncnne. 36 13 210 15 51,820 11 1,450 6
Daguao Formation, Figuera lava, Pitahaya
Formation
Cretaceous tuffaceous siltstone and sandstone ...... 149 54 976 70 337,180 73 2,270 7
Fajardo Formation, Hato Puerco Formation,
Lomas Formation, Tabonuco Formation
Oher! ...ttt na s 4 2 2 0 210 0 50 0
TOLAL ...ttt et 276 1,394 460,620 21,670 5

'Other includes Augite andesite porphyry, beach and swamp deposits, Figuera and Daguao Formations—interbedded, Quaternary tandslide deposits, and

Rio Abajo Formation.
*Average.

Table 18. Bedrock geology and non-road or structure associated landslides in the Cibuco Basin, Puerto Rico

[Because of rounding, some columns may appear to have incorrect sums or averages. km?, square kilometer; m? square meter; m*km’, square meter per square

kilometer]
Percent- Number
Percent- Number Forcent-  Land- ageof " d- of
. Area age of slide slide
Bedrock categories 2 age of land- land- land-
(km?) . land- area . area .
of area  slides . slide 2n. 2 Slides
slides (m?3 (m%km?) 2
area per km
Tertiary sedimentary rocK.......cccocevveeriireenrnienccennanes 142 46 68 13 8,650 10 60 0
Aguada Limestone, Aymamoén Limestone, Cibao
Formation, Lares Limestone, Mucarabones
Sand, San Sebastidn Formation.
Tertiary intrusive rock ........coccoveeeverncccnnicniiinnne 18 6 39 8 6,230 8 340 2
Granodiorite- Morovis and Ciales stocks, Diorite
Cretaceous to Tertiary breccias and tuffs ............... 45 15 95 18 10,650 13 240 2
Cibuco Formation, Los Negros Formation, Mani-
caboa Formation, Ortiz Formation
Cretaceous andesitic to basaltic lava flows ............ 74 24 313 60 56,770 69 770 4
Avispa Formation, Magueyes Formation, Perchas
Formation, Santa Olaya Lava
OMhEr! ..ottt 28 9 5 1 160 0 10 0
TOtAl. ..ottt er e s 307 520 82,460 270 ]

'Other includes Akali syenite, Almirante Sur Sand lentil, Blanket sand depusit, Carreras Siltstone, Corozal Limestone, Horneblende quartz-diorite,

Palmarejo Formation, Quaternary landslide deposits, Quaternary alluvium, and Quartz diorite-granodiorite.

Average.
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occur in soil and saprolite, the greater thickness of
saprolite noted to overlie these map units may
contribute to the abundance of landslides there.

The miscellaneous categories labeled Other
consists of a variety of small exposures that comprise
only 9 percent of the study area. The limited extent of
these exposures precludes meaningful discussion of
their bearing on landslide frequency.

Coamo Basin

Much of the Coamo Basin (79 percent) is
underlain by five Cretaceous tuffaceous sandstone and
siltstone map units: the Coamo Formation, Maravillas
Formation, the Cariblanco Formation, the Cotorra Tuff,
and the Robles Formation (table 19) (Briggs and
Gelabert, 1962; Glover and Mattson, 1973). These map
units consist of marine-deposited tuff, tuffaceous
breccia, tuffaceous conglomerate, and tuffaceous
sandstone, which interfinger with mudstone, limestone,
and wacke conglomerate. The most extensive bedrock
type included in this grouping is the Robles Formation,
a sequence of andesitic tuffs, tuffaceous mudstone,
radiolarian mudstone, pillow lavas, and minor amounts
of limestone, volcanic breccia, and conglomerate.
Briggs and Gelabert (1962) provide some estimates of
geotechnical characteristics noting that these five
formations generally have only fair to good slope
stability, except where slopes are steep or where strata

dip approximately parallel to the land surface where
slope stability is worse. This grouping of map units
underlies most of the basin hillslopes and contains
most of the landslides making it difficult to determine
if these map units exercise significant control on
landslide occurrence.

The Cretaceous Malo Breccia and Torrecilla
Breccia map units are both described as Cretaceous
andesitic and basaltic breccias interfingered with
tuffaceous sandstone (Briggs, 1971). Together they
occupy a small part of the northwest corner of the
Coamo Basin where hillslopes are steep and mean
annual rainfall is high. About 13 percent of the basin
landslides were in these map units even though they
occupied only about 6 percent of the basin surface area
(table 19). Steep slope and wet conditions may be the
principal reasons why landslides are more abundant on
hillslopes underlain by the Breccia map units.
According to Briggs (1971) slope stability for these
two map units is fair to good.

Quaternary alluvium, deposited on low-gradient
slopes is nonetheless unconsolidated, which increases
susceptibility to failure (Briggs and Gelabert, 1962).
Many of the landslides associated with alluvium were
mapped near the city of Coamo where human
modification of hillslopes and riverbanks is great. Land
use may therefore be a contributing factor for the
relative abundance of landslides there.

Table 19. Bedrock geology and non-road or structure associated landslides in the Coamo Basin, Puerto Rico

[Because of rounding, some columns may appear to have incorrect sums or averages. km?, square kilometer; m?, square meter; m%km?, square meter per

square kilometer]

Percent- Land- Fereents ) ong. Number
Percent- Number . age of . of
Area age of slide slide
Bedrock types 2 age of land- land- land-
(km?) . land- area . area .
of area  slides slides (m?) slide (m*fkm?) slides
area per km?
Quaternary alluvilm..........ocoeeviiiecvnneeirsenresiennnes 24 7 94 12 19,950 13 840 4
Tertiary intrusive rock ........c.ccoeovvenenciiecrcrcncnnnn. 15 4 35 5 5,490 4 370 2
Diorite, Horneblende quartz diorite
Cretaceous brecCia.....ooviuvieriieriiiviisieireeereerineees 19 6 102 13 17,360 11 910 5
Malo Breccia, Torrecilla Breccia
Cretaceous tuffaceous sandstone and siltstone....... 264 79 531 69 108,820 71 410 2
Coamo Formation, Maravillas Formation,
Cariblanco Formation, Cotorra Tuff, Robles
Formation
Other! ..ot 29 4 4 1 2,470 2 90 0
TOtal ..o veeiiieii s 351 766 154,090 2440 )

'Other includes Achiote Conglomerate, Cotui Limestone, Cuevas Formation, Formation B—basalt and chert, Formation C—basalt and chert, Fault
breccia, Los Puertos Formation, Quaternary landslide deposits, Rio Descalabrado Formation, and Raspaldo Formation.

Average.

Geographic and Geologic Attributes of Landslide Distribution

33



The Tertiary Hornblende quartz diorite and
Diorite map units are described as medium to coarse
intrusive rock consisting of plagioclase and hornblende
with minor amounts of quartz (Briggs and Gelabert,
1962). Briggs and Gelabert (1962) state that slope
stability is good, even in areas of moderately steep
slopes. Landslides were not overly abundant on
hillslopes in these two map units, supporting their
observations.

The miscellaneous categories labeled Other
consist of a variety of small exposures that comprise
only 4 percent of the study area. The limited extent of
these exposures precludes meaningful discussion of
their bearing on landslide frequency.

In summary, bedrock geology in those areas of
the three basins where most landslides were mapped
did not seem to play a definitive role in landslide
frequency or magnitude. Where landslides were overly
abundant in a particular map unit or grouping of map
units, the coincidence of steep slopes and high mean
annual rainfall may be as important, or more important
than the bedrock geology. The principal exception is
seen in the Cibuco Basin where, other than in the case
of rare, slow-moving block slides, Tertiary limestone
seems to have a low susceptibility to landsliding.

None-the-less, some of the inconsistencies noted above
in the discussion of topographic variables probably are
attributable to local geologic controls on landslide
frequency.

Soil

By comparing the number of mapped landslides
in a given soil with the percentage of basin area having
that soil, some insight into influence of soil on the
magnitude and frequency of landslides may be
inferred. These insights, however, may be limited by
the SCS organization of soils using the U.S. soil
taxonomy (Soil Survey Staff, 1992). Soil taxonomy is
based on characteristics that are most important for
agricultural considerations. In addition, soil taxonomic
descriptions are based, for the most part, on the rooting
zone and top meter of soil, which is shallower than
most of the landslides examined in this study.

Blanco Basin

Most landslides in the Blanco Basin were
mapped on hillslopes classified into five soil series
located on steep side slopes and ridgetops: the
Caguabo, Guayabota, Humatas, Los Guineos, and

Table 20. Soil series and non-road or structure associated landslides in the Blanco Basin, Puerto Rico

[Because of rounding, some columns may appear to have incorrect sums or averages. km?, square kilometer; m?, square meter; m”/km’, square meter per

square kilometer]

Percent- Percent- Landslide Percent- Landslide Number of
Soil series Area age Numbgr of age of area age ‘.” area landslides
(km?) g landslides ge ¢ 2 landslide 22 2
of area landslides (m?) area {m?*/km?) per km

ACEItUNAS ... 3 1 5 0 430 0 150 2
Mucara ......ccocevveniienene 5 2 56 4 17,390 4 3,700 12
Pandura............. 7 3 43 3 24,250 S 3,420 6
Col0S0 ...vevnvneee 8 3 4 0 740 0 90 0
Naranjito........... 12 5 77 6 9,850 2 790 6
Utuado.............. 13 S 89 6 71,160 15 5,600 7
Rio Arriba 14 5 4 0 310 0 20 0
Sabana .......ccoeeeeveniieeee e, 17 6 47 3 6,990 2 410 3
Caguabo .....c.ocoorieeeiie 18 7 113 8 21,360 5 1,190 6
Rockland ........ccceeviviincinieenns 19 7 81 6 32,800 7 1,740 4
HUumatas ........ccooeveevirecrieeeirenene 21 8 127 9 43,290 9 2,060 6
Guayabota .......c.coevrveveriieerieenene 24 9 119 9 55,160 12 2,340 5
Other’ ..o, 39 14 8 1 1,390 0 40 0
Los GUINEOS .....oocoevieeeeirinniireiennne 75 27 621 45 175,530 38 2,330 8
Total ..ooceeciiiiiiiiiccceeen 274 1,394 460,650 ?1,680 25

'Includes Aguadilla, Candalero, Corcega, Daguao, Fortuna, Junquitos, Lirios, Mabi, Maunabo, Pifiones, Reilly, Toa, Via, Yunes, and areas designated

as soil not surveyed.
2Average.
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ASSESSMENT OF RAINFALL
CHARACTERISTICS AND LANDSLIDE
HAZARDS

Forty-one storms triggered landslides in Puerto
Rico from 1960 to 1990. More than one-half of these
landslide-triggering storms were tropical disturbances
(hurricanes, tropical storms, tropical depressions,
tropical waves, and troughs) (table 1). The remainder
were localized heavy rains and convective
thunderstorms (27 percent) and storms associated with
winter cold fronts (20 percent). Twenty-five out of the
41 storms that triggered landslides occurred during the
hurricane season (June through November) (fig. 14).
Most of these 25 storms occurred during the peak
months of the hurricane season (August through
October). A relatively large number of landslide-
triggering storms also occurred in May when the Inter-
Tropical Convergence Zone begins to move north,
enhancing precipitation in the Caribbean Sea region
(Granger, 1985).

Rainfall Accumulation-Duration Relation

Using data for 256 storms, a relation between
rainfall accumulation-duration and landsliding has
been established (fig. 15). The relation, described by a
line fitted by inspection to the lower boundary of those
points representing landslide-triggering storms, is
expressed as

A = 91.46D°%

where A is rainfall accumulation in millimeters
per hour, and D is duration in hours. This line, fitted to
the lower boundary of data points reflects the
approximate minimal rainfall conditions necessary to
trigger landsliding. This rainfall relation is defined for
storms having durations of between 2 and 312 h, and
rainfall accumulation of between 102 and 976 mm. The
relation indicates that for storms of short duration (10 h
or less), rainfall accumulation greater than 100 mm is
required to trigger landslides. The exponent indicates a
slope of near one, suggesting that average rainfall
accumulation of about 200 mm seems to be sufficient
to cause landsliding for storm durations of
approximately 10 to 100 h.

There is a relation between landslide characteris-
tics and the position of the landslide-triggering storm

on the boundary line. Storms near the short-duration
end of the threshold line may trigger mostly shallow
landslides by generating excess pore pressure in shal-
low soil zones. Such landslides are typical of those
associated with Hurricane Hugo which occurred in
1989 (table 1; fig. 15). The landslides triggered by Hur-
ricane Hugo averaged 1.5 m in thickness and had a
median surface area of 160 m? (Scatena and Larsen,
1991; Larsen and Torres-Sanchez, 1992). These land-
slides, which primarily were shallow soil slips and
debris flows, had failure planes in saprolite or at the
soil-saprolite boundary. In contrast, storms near the
long-duration end of the line triggered the largest and
deepest landslides in the central mountains. Storms that
occurred on October 4, 1970 (unnamed tropical depres-
sion), August 29, 1979 (Hurricane David), and Sep-
tember 4, 1979 (Tropical Storm Frederick) (table 1;
fig. 15) are associated with debris avalanches with
thicknesses of up to 10 m and surface areas ranging
from 20,000 to 40,000 m? (Dames and Moore, 1980).
Failure planes occurred at the contact between the
saprolite and the underlying unweathered bedrock
(Simon and others, 1990). These large, deep-seated
debris avalanches are attributed to prolonged storms
that allow gradual infiltration of water, and apparently
result in excess pore pressure at depth and increased
unit weight of soil and saprolite.
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Figure 14. Percentage of landslide-triggering storms and
percentage of mean-annual rainfall in the central mountains
of Puerto Rico, by month.
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Figure 15. Relation between average rainfall accumulation and duration for 256 storms in the central mountains of

Puerto Rico dating from 1959 to 1991.

Rainfall Accumulation and Storm Recurrence
Intervals

Using the rainfall threshold relation, various
rainfall duration and accumulation values can be
generated (table 29). When these values are compared
to estimated storm recurrence intervals, an estimate of
the conditions likely to trigger abundant landslides in
the central mountains of Puerto Rico can be made.
Additionally, the probability of such an event can be
approximated. These estimates provide a set of
guidelines for public safety agencies allowing the
determination of when, and if, rainfall conditions will
approach hazardous levels. For example, a 6 h storm
with an accumulation of 127 mm is estimated to trigger
abundant landslides in the central mountains. A storm
of this magnitude, affecting much of the central
mountains, has about a 5 to 10-year recurrence interval,

or a 10 to 20 percent probability of occurrence in any
given year. These return periods are only
approximations and must be viewed with caution as
they are developed from a limited data base.

Based on the characteristics of the 41 landslide-
triggering storms, the median duration and
accumulation for storms triggering abundant landslides
in much of the central mountains are 48 hours and 288
mm, respectively. A storm of this magnitude is
estimated to have a 10-year recurrence interval or a 10
percent probability of occurrence in any given year.
The average of one to two landslide-triggering storms
per year in the central mountains of Puerto Rico during
1960-90 results from the inclusion of localized and
regional storms in the data set. This one to two storm
per year average indicates that there is a 100 percent
probability of a storm triggering abundant landslides
somewhere in the central mountains each year.
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Table 29. Rainfall characteristics for storms estimated to
trigger landslides in the central mountains of Puerto Rico

[Recurrence interval data from U.S. Weather Bureau (1961) and Miller
(1965). h, hour; mm, millimeter; yr, year]

Duration, Intensity, Accumulation, Rie:t:l:;’ear:ce

(h) {mm/h) (mm) -
1 91.5 92 25
2 52.0 104 10
3 374 112 10
4 29.6 118 10
5 24.7 124 10
6 21.2 127 5t010
7 18.7 131 5
8 16.8 134 5
9 15.3 138 5
10 14.0 140 5
11 13.0 143 5
12 12.1 145 5
13 113 147 5
14 10.6 148 5
15 10.2 153 5
16 9.6 154 5
17 9.7 165 5
18 8.7 157 5
19 8.3 158 5
20 8.0 160 5
2 7.7 162 5
22 74 163 5
23 7.1 163 5
24 6.9 165 5
48 39 188 2105
72 2.8 202 2t05
96 2.2 213 2t05
120 1.9 222 1t02

ASSESSMENT OF GEOGRAPHIC AND
GEOLOGIC ATTRIBUTES AND
LANDSLIDE HAZARDS

An examination of spatial (geographic and
geologic) data provides a tool for the assessment of
potential landslide occurrence and location. This
spatially based assessment can then be used in
conjunction with a determination of temporal (rainfall
intensity and duration) conditions likely to trigger
numerous landslides. The combination of spatial and
temporal approaches affords a promising approach to
landslide hazard assessment.

Storm rainfall from individual storms has
triggered tens to hundreds of landslides in a wide variety

Assessment of Geographic and Geologic Attributes and Landslide Hazards

of geographic settings in the central mountains of Puerto
Rico. The rainfall intensity and duration of these storms
define the temporal characteristics of landslide
occurrence. However, the location of any particular
storm likely to trigger numerous landslides cannot be
predicted. Geographic (spatial) factors must therefore be
considered in estimating the likelihood of landslide
occurrence for a given area of Puerto Rico. In addition,
the preceding discussion of spatial controls on landslide
frequency demonstrates that no single geographic
attribute adequately explains the landslide frequency or
distribution. What is needed, therefore, is a method by
which geographic attributes can be integrated to
determine where landslides are most likely to occur.

Simplification of Geographic Attributes

GIS software allows for detailed description and
analysis of the various geographic attributes that are
associated with landslides mapped from aerial
photographs. The total number of categories defined for
each geographic attribute (land use, slope angle,
elevation, aspect, bedrock geology, and soil) for the three
study basins ranged from 75 to 102 for each basin. Given
the number of landslides mapped in each basin (1,019 to
1,859), even 75 categories is too many to permit a
meaningful determination of the control that geographic
attributes exert on landslide frequency over time. A
simplification or grouping of categories is therefore
necessary.

Each topographic attribute (hillslope angle,
elevation, and aspect) was simplified into two or three
categories for analysis. Land use was simplified to three
categories by combining pasture and cropland into a
single agricultural category. In the case of the Coamo
Basin, the forest land-use category was combined with
agricultural land use because: 1) little of the basin is
forested and 2) much of the forested area is in coffee
shade forest, an agricultural land use, and 3) most forest
shown on the land-use maps is for the most part only
very recently (20 years) recovered from former pasture
or cropland.

In general, the influences of bedrock geology and
soils seem to co-vary with basin topography except for
the case of Cibuco Tertiary sedimentary rocks noted
above. As geologic map units and soil categories (series,
subgroups, or orders) are not easily simplified into three
meaningful categories, they were not included in the
simplification of geographic attributes.
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The simplification of topographic attributes was
achieved by combining slope angle into low (12° or less)
and high (greater than 12°) angles for each basin. Twelve
degrees was chosen because it was, on average, the angle
above or below which relative abundance of landslides
changed markedly in each of the three basins. Elevation
categories were similarly combined into low and high
subdivisions for each basin. A 300 to 400 m break in
elevation was chosen because it divides each basin into
drier (less than 1,750 mm mean-annual rainfall) and
wetter (more than 1,750 mm mean-annual rainfall)
regions, respectively. The eight slope-aspect categories
for each basin were grouped according to whether the
slope faced the prevailing wind direction for the island
(north east and east), was in the lee of the prevailing
wind direction (southwest and west), or faced a direction
normal to the prevailing wind (southeast and south,
northwest and north) (fig. 2).

Geographic Attribute Matrix of Landslide
Frequency

These simplifications resulted in 24 combinations
of hillslope attributes for the Coamo Basin, and 36
combinations for the Blanco and Cibuco Basins. Using
the previously determined geographic attribute
categories for each landslide, the number of landslides
for each of the 24 to 36 hillslope types was determined
(tables 30, 33, and 36).

Using GIS software an 8,075- to 8,170-point grid
(95 rows and 85 or 86 columns) with a point spacing of
about 180 m was overlain with each geographic
coverage for each basin. This permitted determination of
which of the 24 to 36 possible categories of hillslope
attributes existed at each grid point. After eliminating as
much as 9 percent of the points (because some of them
fell over ocean, wetlands, and other areas that were so
flat that GIS software could not determine a slope
aspect) the remaining 7,300 to 7,400 points were then
assumed to represent the center of a cell with an area of
about 3.4, 3.8, and 4.4 ha, respectively, in the Blanco,
Cibuco, and Coamo Basins.

Cells were designated as forest or agricultural land
use if the GIS software determined that the cell
coincided with a forest or agricultural polygon. If the
GIS determined that the cell contained roads or
structures, land use was reclassified to that category.
This may have resulted in a slight over-estimation of
total area in roads and structures. However, the landslide
frequency trends for each basin are consistent with the

pre-simplification analyses, indicating that this land use
reclassification was reasonable.

Cells with the same combination of attributes
were added together to determine the approximate total
area, in hectares, for each of the 24 to 36 combinations
(tables 31, 34, and 37). The number of landslides on
each of the 24 to 36 hillslope types was then divided by
the total area, in square kilometers, for that same
hillslope type. This normalized the landslide frequency
for each hillslope type, giving the number of landslides
per square kilometer (tables 32, 35, and 38).

Aerial photograph sets covering a 39 year period
were used to map landslides in the Blanco Basin.
Landslide scars as old as 10 years could be recognized in
the aerial photographs, suggesting that the period of time
represented is about 50 years. The landslide frequency
for the Blanco Basin was therefore divided by five,
which results in the approximate number of landslides
per square kilometer per decade that have occurred in
each of the 36 hillslope types described above (table 32).
Because only one set of aerial photographs was used for
the Cibuco and Coamo Basins, the normalized landslide
frequency per square kilometer was assumed to
represent a decade (table 35 and 38).

Interpretation of the Landslide Frequency
Matrices

The data presented in the landslide frequency
matrices, although simplified, support the previous
discussion regarding topography, land use, and
landscape disturbance by landsliding. The landslide
frequencies shown in the matrices seem to be reasonable
estimates of landslide occurrence through time in most
cases.

Geomorphic Aspects

In general, each basin displayed similar
geomorphic trends with respect to elevation, slope angle,
and slope aspect. Land use however, is clearly one of the
most important controls on landslide frequency and
geomorphic effects must be considered with this in
mind. For example, although landslide frequency is
generally lower in forested areas, much of the existing
forest in the three study basins is on steep slopes where
agriculture is less advantageous. Conversely, agricultural
practices increase landslide frequency, but, because
gentler slopes are more likely to be under cultivation
than steeper ones, the landslide-frequency relation is
sometimes obscured.
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The average landslide frequency in the Blanco
Basin for all hillslope types was lower than the that for
the Cibuco and Coamo Basins (tables 32, 35, 38). The
Blanco Basin has been the least modified, retaining the
high percentage of forest cover, which probably explains
its lower landslide frequency in spite of having the
greatest mean annual rainfall. In each basin studied, the
average landslide frequency increased markedly as
landscape disturbance increased from forest to
agriculture to roads and structures. This can be easily
seen by reading across any row in the landslide
frequency matrices starting with the forest land-use
category and ending with the roads and structures land-
use category. This trend is apparent for almost every
hillslope type noted for all three basins illustrating the
distinct effects of land use on landslide disturbance.

In most cases, hillslopes where slope angle
exceeded 12° clearly had higher landslide frequencies.
Landslides are more likely to occur on steep hillslopes.
Landslide frequencies generally were higher on
hillslopes facing the prevailing winds than those facing
normal or opposite to prevailing winds, particularly in
the Blanco Basin, located at the windward end of Puerto
Rico. Prevailing wind direction does not appear to be as
significant for the Cibuco and Coamo Basins, perhaps
because of their location farther west of the windward
end of the island.

Landslide frequencies were high on Cibuco and
Coamo Basin hillslopes at elevations greater than 300 m
above mean sea level presumably because of greater
mean annual rainfall there. Soils on hillslopes at
elevations greater than 300 m above mean sea level,
assuming all other factors being equal, are more often
saturated, or nearly saturated, and generally receive a
higher total accumulation of storm rainfall than
hillslopes on or near the coastal plain.

Cumulative average landslide frequencies on
Blanco Basin forested hillslopes were not greater at
elevations greater than 400 m above mean sea level (0.8)
when compared to those less than 400 m above mean sea
level (0.9). This suggests that soil moisture conditions
throughout the elevation range of the basin may be
sufficient for the triggering of landslides as mean-annual
rainfall is high throughout the basin. Additionally,
although the higher elevation hillslopes receive high
mean annual rainfall, rainfall runoff is rapid, as seen by
quick responses of stream hydrographs in the area
(Scatena and Larsen, 1991). Rapid runoff is usually
associated with lower infiltration of storm rainfall that
might otherwise lead to increased pore pressures. Never-
the-less, landslide frequency on forested hillslopes in the

Blanco Basin should be the most representative of
pristine hillslope conditions among the three basins. The
forested area of about 190 km? is dominated by slopes
that (1) exceed 12° and (2) are higher than 400 m above
mean sea level in elevation and therefore receive in
excess of 3,500 mm of mean-annual rainfall. The low
landslide frequency on forested hillslopes and minimal
variability among hillslope types within forested areas
reinforces the conclusion that landscape disturbance by
human modification may be the most important factor
controlling landslide frequency.

The Blanco Basin landslide frequency for
hillslopes modified for roads and structures is much
higher than that for forested hillslopes in almost every
case. The number of landslides per square kilometer is as
much as 15 times greater, attesting to the dramatic
effects of construction in this environment. An example
of this instability is a major Blanco Basin highway in the
LEF that has been closed for almost 25 years because of
massive debris avalanches that severed the highway in
1970 and 1979 (Dames and Moore, 1980). In addition,
during the 1960's, construction of another LEF highway
was so hampered by landsliding that the cost and time
required to build it were two to three times what was
anticipated by the contractor (Sowers, 1971).

Landslide Hazard Assessment for Land-Use
Managers

Approximate landslide hazard in the Blanco,
Cibuco, or Coamo Basins can be estimated using the
matrices shown in tables 30 to 38. The geographic
characteristics of a site under evaluation can be
determined from land use and topographic maps
available from Commonwealth and Federal agencies.
After concluding which of the geographic categories
exists at the site in question, the approximate number of
landslides per square kilometer per decade can be read
from the matrix. A landslide frequency determined from
the matrices must be considered in conjunction with
pertinent information obtained from an actual field visit
to the site. The geomorphic and hydrologic
characteristics of a site, such as perennial or ephemeral
drainages that act as debris flow paths during intense
rainfall, should be included in an assessment of landslide
potential. However, the matrices developed by this study
provide a reasonable determination of the pattern of
previous landslide occurrence in a various geographic
settings. These patterns may then be considered as
estimates of future landslide frequency.
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Table 30. Matrix showing number of landslides associated with 36 geographic categories in the Blanco Basin, Puerto Rico

[m, meter; <, less than or equal to; >, greater than; °, degree]

Number of landslides B

Elevation Slope orientation Slopeangle  Forested land use Agricultural Roads and
land use structures
>400 m Lee of prevailing wind >12° 47 6 24
<12’ 34 6 13
Normal to prevailing wind >12° 143 20 72
<12° 48 7 40
Facing prevailing wind >12° 128 41 74
<12’ 38 3 37
<400 m Lee of prevailing wind >12° 35 66 31
<12° 11 52 13
Normal to prevailing wind >12° 84 157 68
<12° 32 111 16
Facing prevailing wind >12° 83 128 58
<12° 23 91 19
TOLAL c1uvveeriereerer vt rtetereresene b ee et e sene e s an e es e ses s sanena 706 688 465

Table 31. Matrix showing estimated area in hectares for 36 geographic categories in the Blanco Basin, Puerto Rico

[Because of rounding, some columns may appear to have incorrect sums. m, meter; <, less than or equal to; >, greater than; °, degree)

Number of hectares

Elevation Slope orientation Slope angle Forested land use Agricultural Roads and
land use structures
> 400 m Lee of prevailing wind >12° 1,816 124 89
<12’ 791 76 86
Normal to prevailing wind >12° 4,355 175 227
<12° 1,317 103 144
Facing prevailing wind >12° 2,119 93 96
<12° 709 24 83
<400 m Lee of prevailing wind >12° 850 399 103
<12° 760 998 440
Normal to prevailing wind >12° 1,655 698 306
<12° 1,706 1,720 839
Facing prevailing wind >12° 977 306 131
<12° 1,004 695 341
TOTAL L.ttt ettt en ettt ettt ceeee 18,059 5,411 2,886
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Table 32. Matrix showing estimated number of landslides per square kilometer per decade in 36 geographic categories in the
Blanco Basin, Puerto Rico

[Values calculated by first dividing number of landslides per category by area in km? and then dividing by 5 to account for five-decade span of data. Averages
are based upon totals listed in tables 30 and 31. km?, square kilometer; m, meter; <, less than or equal to; >, greater than; °, degree]

Landslides per kilometer per decade

Elevation Slope orientation Slope Forested Agricultural Roads and
angle land use land use structures
>400m Lee of prevailing wind >12° 05 1.0 5.4
<12° 9 1.6 3.0
Normal to prevailing wind >12° 7 2.3 6.3
<12° i 1.4 5.5
Facing prevailing wind >12° 1.2 8.8 154
<12° 1.1 25 9.0
<400 m Lee of prevailing wind >12° .8 33 6.0
<12° 3 1.0 0.6
Normal to prevailing wind >12° 1.0 45 4.4
<12° 4 1.3 4
Facing prevailing wind >12° 1.7 8.4 8.9
<12° 5 2.6 1.1
AVETAZE ...ttt sa et e r s 0.8 2.5 3.2
Table 33. Matrix showing number of landslides associated with 36 geographic categories in the Cibuco Basin,
Puerto Rico
[m, meter; <, less than or equal to; >, greater than; °, degree]
Number of landslides
Elevation Slope orientation Slope Forested land use Agricultural Roads and
angle land use structures
>300m Lee of prevailing wind >12° 18 33 58
<12° 10 28 41
Normal to prevailing wind >12° 17 42 89
<12° 9 58 61
Facing prevailing wind >12° 16 68 80
<12° 6 56 48
<300m Lee of prevailing wind >12° 4 5 17
<12° 7 21 31
Normal to prevailing wind >12° 11 8 42
<12° 15 41 84
Facing prevailing wind >12° 4 14 40
<12° 5 24 50
TOAL ...ttt ettt aan 122 398 641
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Table 34. Matrix showing estimated area in hectares for 36 geographic categories in the Cibuco Basin, Puerto Rico
[Because of rounding, some columns may appear to have incorrect sums. m, meter; £, less than or equal to; >, greater than; °, degree]

Number of hectares

Elevation Slope orientation Slope Forested Agricultural Roads and
angle land use land use structures
>300 m Lee of prevailing wind >12° 261 291 ' 72
<12° 94 397 98
Normal to prevailing wind >12° 623 922 321
<12° 280 1,043 253
Facing prevailing wind >12° 215 521 110
<12° 185 529 196
<300 m Lee of prevailing wind >12° 400 306 110
<12° 975 1,862 703
Normal to prevailing wind >12° 695 880 317
<12° 3,139 5,564 2,297
Facing prevailing wind >12° 423 442 140
<12° 1,322 2,731 835
TOAL ...ttt e ettt e b e tae 8,612 15,487 5,451

Table 35. Matrix showing estimated number of landslides per square kilometer per decade in 36 geographic categories in the
Cibuco Basin, Puerto Rico

Values calculated by first dividing number of landslides per category by area in km?. Averages are based on totals listed in tables 33 and 34. km?, square kilo-
meters; m, meter; <, less than or equal to; >, greater than; °, degree]

Landslides per kilometer per decade

Elevation Slope orientation Slope Forested Agricultural Roads and
angle land use land use structures

>300 m Lee of prevailing wind >12° 6.9 11.3 80.8

<12° 10.6 7.1 41.7

Normal to prevailing wind >12° 27 4.6 277

<12° 32 5.6 24.1

Facing prevailing wind >12° 7.4 13.0 73.0

<12° 32 10.6 244

<300 m Lee of prevailing wind >12° 1.0 1.6 15.5

<12° 7 1.1 44

Normal to prevailing wind >12° 1.6 9 13.2

<12° 5 7 37

Facing prevailing wind >12° 9 3.2 28.6

<12° 4 9 6.0

AVETAZR ...ttt sre s ass e s bs s et sas st neee 14 2.6 11.8

50 Landslide Distribution and Assessment of Landslide Hazards in Blanco, Cibuco, and Coamo Basins, Puerto Rico



Table 36. Matrix showing number of landslides associated with 24 geographic categories in the Coamo Basin, Puerto Rico
[m, meter; <, less than or equal to; >, greater than; °, degree]

Number of landslides

Elevation Slope orientation Slope angle Agricultural and Roads and
forested land use structures
>300m Lee of prevailing wind >12° 98 43
<12° 40 7
Normal to prevailing wind >12° 136 55
<12° 61 11
Facing prevailing wind >12° 143 89
<12° 46 10
<300m Lee of prevailing wind >12° 37 5
<12° 47 7
Normal to prevailing wind >12° 42 10
<12° 50 7
Facing prevailing wind >12° 27 8
<12° 39 1
TOAL 1ottt et 766 253

Table 37. Matrix showing estimated area in hectares for 24 geographic categories in the Coamo Basin, Puerto Rico

[Because of rounding, some columns may appear to have incorrect sums. m, meter; <, less than or equal to; >, greater than; °, degree]

Number of hectares

Elevation Slope orientation Slope angle Agricultural and Roads and
forested land use structures
>300m Lee of prevailing wind >12° 2,597 243
<12° 1,930 494
Normal to prevailing wind >12° 4,540 356
<12° 3,621 872
Facing prevailing wind >12° 1,999 169
<12° 1,860 455
<300m Lee of prevailing wind >12° 759 82
<12° 3,087 494
Normal to prevailing wind >12° 1,427 143
<12° 5,221 702
Facing prevailing wind >12° 655 56
<£12° 1,908 234
TOLAL .ottt ettt ettt ebeae e et eb kbR bbbt ettt e st a et e et nanban 29,603 4,301
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Table 38. Matrix showing estimated number of landslides per square kilometer per decade in 24 geographic categories in the

Coamo Basin, Puerto Rico

[Values calculated by first dividing number of landslides per category by area in km”. Averages are based upon totals listed in tables 36 and 37. km?, square

kilometer; m, meter; <, less than or equal to; >, greater than; °, degree]

Landslides per square kilometer per decade

Elevation Slope orientation Slope angle Agricultural and Roads and
forested land use structures
>300m Lee of prevailing wind >12° 38 17.7
<12° 2.1 1.4
Normal to prevailing wind >12° 3.0 15.5
<12° 1.7 1.3
Facing prevailing wind >12° 72 52.6
<12° 25 2.2
<300m Lee of prevailing wind >12° 49 6.1
<12° 1.5 1.4
Normal to prevailing wind >12° 29 7.0
<12° 1.0 1.0
Facing prevailing wind >12° 4.1 14.2
<12° 2.0 4
Average 2.6 5.9

SUMMARY AND CONCLUSIONS

A relatively simple approach to estimating
landslide hazard is presented in this report. The
approach uses aerial photography, a Geographic
Information System, storm rainfall records, and
archival documentation of landslide occurrence
associated with specific storms. These elements were
combined to assess the spatial and temporal likelihood
of landsliding under various geographic and storm
rainfall conditions in Puerto Rico.

Storm rainfall conditions associated with
landsliding were determined for the central mountains
of Puerto Rico using a set of 41 landslide-triggering
storms occurring over a 31-year period. Specific
geographic controls of land use, topography, geology,
and soil were evaluated in three study basins
representing about 10 percent of the total land surface
area of the 9,000 km? island. The data base used for the
geographic evaluation consisted of more than 4,000
landslides mapped from six sets of 1:20,000 scale color
and black-and-white stereo aerial photographs.

The marked effects of land use on landslide
occurrence in the study basins are apparent in that the
median surface area of landslides was greatest in land
use associated with roads and structures. Additionally,

the number of landslides per square kilometer per
decade was on average, highest in these areas. The
higher average landslide frequency on hillslopes in
agricultural land use, and in land used for roads and
structures in the basins provides strong evidence that
although mean annual rainfall is high, intense storms
are frequent, and hillslopes are steep, forested
hillslopes are relatively stable as long as they are not
modified. The greater the modification of a hillslope
from its original, forested state, the greater its landslide
frequency.

In all three basins, a slope angle in excess of 12°
seemed to be a threshold above which landslide
frequency increased. In addition, landslide frequency
was highest at elevations greater than about 300 m
above mean sea level in the Cibuco and Coamo Basins.
In the Blanco Basin, increasing elevation did not show
a consistent increase in landslide frequency among the
various geographic and topographic categories
examined.

Slope aspect appears most relevant to the
frequency of landslide occurrence in relation to
prevailing winds and resulting rainfall and soil
moisture conditions. The dominance of the east-
northeasterly tradewinds can be seen by examination of
mean annual wind frequency. Additionally, single large
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storms such as hurricanes may trigger numerous
landslides on hillslopes facing the predominant wind-
driven rainfall delivered by the storm. Hillslopes in all
three basins generally had the highest proportion of
landslides on northeast- and east-facing hillslopes.
Conversely, southwest- to northwest-facing hillslopes
had the lowest proportion of landslides in all three
basins. In addition, more than one-half of the 41
landslide-triggering storms used to define the rainfall
accumulation-duration threshold were tropical
disturbances that generally approach the island from
the east and northeast. Hillslopes that face the east and
northeast may therefore have wetter soils because of
this greater exposure to rainfall. Landslides are more
likely to occur on hillslopes that are constantly
saturated or nearly saturated. Because of these local
and orographic effects on rainfall distribution,
hillslopes facing the west may be generally drier and
therefore less prone to failure.

The greatest variation in landslide frequency
exists between land-use categories, and such
topographic categories as hillslope angle, aspect, and
elevation. These categories therefore were the most
important geographic factors to consider when
estimating landslide frequency in the three study basins
described in this report.

Because of the deep, intense weathering profiles
typical of humid tropical regions, the importance of
underlying bedrock type seems to be minimized for
shallow landsliding. The most likely reasons for this
are that bedrock in the humid central mountains is
commonly weathered to saprolite to depths of 5 to
10 m, and the landslide types studied from aerial
photography are primarily shallow, less than 2 to 3 m
deep. Saprolite may retain relict structure and some
characteristics of the parent rock, but may not provide
significant variation between bedrock types to affect
landslide frequency. These results demonstrate that
without including an extensive field component, a
regional, aerial-photograph based study of these basins
cannot easily assess the geologic controls on shallow
landsliding.

Soils mapped in the uplands of each basin were
associated with the greatest number of landslides. Two
soil orders, Ultisols and Inceptisols, dominate these
areas. However, the upland, wetter parts of each basin
had a significantly greater portion of slopes in excess of
12° than the lowland, drier parts of the basins. This
makes separation of topographic controls from the
effects of soil classification problematic. Estimates of

landslide frequency were therefore made without
consideration of soil taxonomic descriptions.

An analysis of a 31-year record of storm-rainfall
data that includes records of landslide occurrence
indicates that tens to hundreds of landslides have
occurred over a wide range of rainfall accumulation-
duration conditions. On average, short duration rainfall
(10 hours or less) requires an accumulation in excess of
100 mm to trigger landslides. Durations of 100 hours
or more require a rainfall accumuiation of 200 mm or
more. In general, landslides triggered by short-duration
storms are shallow soil slips and debris flows. Long-
duration storms generally produce larger, deeper debris
avalanches and slumps.

The rainfall accumulation-duration relation
presented here for landslides in the central mountains
of Puerto Rico is generalized. No differentiation among
geologic and topographic settings, failure types, or land
use was attempted. A more extensive data set that
provided a detailed inventory of failure locations and
mechanisms would increase the accuracy of this
relation for a given locale in Puerto Rico. Still, the
threshold presented is a reasonable first approximation
for humid-tropical Puerto Rico and may be applicable
to other humid-tropical areas of high relief. In addition,
the relation provides a key element for a potential
landslide warning system.

The rainfall accumulation-duration relation for
the triggering of numerous landslides throughout the
central mountains, and the set of simplified matrices
representing geographic conditions in the three river
basins, provide the means to evaluate temporal and
spatial controls on landslide frequency. This approach
is an example of a relatively inexpensive technique for
landslide hazard analysis that is easily transferable to
other settings.
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