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DEPARTMENT OF THE INTERIOR
UNITED STATES GEOLOGICAL SURVEY MAP 1148
INTRODUCTION by rockfalls at the head of the slide-slope. Similar but less continuous land- Areas of moderate susceptibility.—Most of the area mapped as having and solution by ocean waves and tides have undercut these cliffs, so that at the 67°00° 30 66°00° 65°30° 67°00° 30 66°00° 65°30'
Landslides in Puerto Rico have caused considerable damage to property slides are a little farther north along a smaller escarpment where the Aguada moderate susceptibility can be considered stable except where it is disturbed bottom they have large masses of partly submerged and submerged fallen l | ‘ |
and some loss of life. The industrial development of the island since 1950 has Limestone (Miocene) rests on clay and sandy clay of the Cibao Formation by steep-sided excavations; it also includes many unstable slopes that are near rock. The collapse of the cliffs is progressive and poses a threat to any
necessitated excavation of slopes that has produced many potentially danger- (Oligocene and Miocene). Somewhat similar conditions have produced a very faults but are too small to map at the present scale. Because of the local structures placed near the coastal rim of the upland. These areas are too small Ramey Air Force
ous areas. Landslides are relatively common in a variety of rock types. The large landslide on the southern slope of the Cordillera Central at Hacienda complexity of the geology in the “‘moderate’ area, detailed geologic maps and to show on the accompanying map. 18°30" (— SAN JUAN EXPLANATION — 18°30" |— Hasa 4
largest slides, several hundred cubic meters in volume, happen where lime- Limén (Briggs, 1971), about 6 km northeast of Villalba, where highly weath- accompanying tables (Briggs, 1971; Pease and Briggs, 1960; and Briggs and B e < Aguadilla
stone rests on clay that becomes plastic when wet; mudflows and rockfalls, ered tuffaceous conglomerate is overlain by massive tuffaceous'limestone. Gelabert, 1962) should be consulted before beginning excavations in any part QUATERNARY—Alluvial and coastal ‘3}9 500
on the other hand, are common in areas of deeply weatherd volcanic and Tbe <.:onglomerate sloughs away, and the limestone slides downbhill, carrying of the area. N deposits g 2
intrusive rock. with it a large quantity of the weathered conglomerate. Many of these land- Many natural slopes in the ‘“moderate”’ category are unlikely to be unstable, s N MIOCENE AND  OLI 3 San Sebastian oo
Puerto Rico is a tropical island, elongate east-west and lying between the slides are old, (geologically) but some are now being reactivated by recent but may slide if steepened by excavating. In this category is the slope of Rio DO Li d distic d COCENE— § i
Caribbean Sea and the Atlantic Ocean. A central mountainous upland is excavations. Piedras Siltstone (Pease and Monroe, 1977) that collapsed and destroyed & — {mesionie 2Nc clastic cleposis =
<3omposed of extrusive and intrusive igneous rocks and minor amounts of Landslides of a fev\{ cubic meters are present throughout the area underlain several houses at the foot of an east-west ridge about 4 km east southeast of REFERENCES g TK TERTIARY AND CRETACEOUS—
limestone, sandstone, and conglomerate of Early Cretaceous to Eocene age. by we_athered qucanlc rock and §ed1ments derived principally from volcanic Rio Piedras in 1970. Usually the Rio Piedras is stable except for soil creep, but Berrvhill, H. L., Jr., 1965, Geology of the Ciales quadrangle, Puerto Rico: N Volcanic and sedimentary deposits MAYAGUEZ)®
The upland separates belts of limestone of middle Tertiary age cropping out materials. Stability of most slopes in this area varies from good to fair (Briggs, the excavation for streets and houses created a steep slope that moved as a U.S. Geological Survey Bull. 1184, 116 p. 0
near the southern and northern coasts. Along the coasts, relatively narrow 1971). In areas of outcropping Cretaceous to lower Tertiary rocks, stability is combination landslide and mudflow after a heavy rain. Berryhill, H. L., Jr., and Glover, Lynn, 3d, 1960, Geology of the Cayey GERERY AHD CRERACEOHE- s 25 @
coastal plains (fig. 1) are made up of beaches, swamps, sand dunes, alluvial poor where rocks are underlain by hydrothermally altered rock (Pease and Areas in which the rocks have been weathered to soil or to saprolite, which B _quadr}gn%le, 1P$16ertoGR1co: U.S. Geol. Shur\gey Misc. Geol. ISV' Map ll; 319. . Intrusive rocks ° Cayey ( “ )
plains, and alluvial fans; these features consist of sand, gravel, and clay. Briggs, 1960; Briggs, 1971), and stability is best in areas underlain by very at places is more than 30 m thick, may be stable until excavation disturbs the ri%%i Uus. G eolS‘Surice)lyogl\l/lcisg]ageg{ tlnev be;[racgl(])ileéal ARG FURio > = \\? \Q Contact— Approximately located g
Different rock types and unconsolidated materials have different weather- thick lava and lava breccia. Very few landslides occur in areas underlain by stability (Briggs, 1971). Then heavy rainfall will nearly always cause minor " 1968, Geologic map of the Arecibo quadranglé, Puerto Rico: U.S. . ‘;\i@\\%\@\\ Lajas
ing characteristics. The alluvium, in general, is completely weathered to sand limestone, except where the limestone rests on plastic clay. sliding into road cuts; in some areas, heavy rainfall will cause entire roads to Geol. Survey Misc. Geol. Inv. Map [-551. 18°00" — .' 2\ Fault—Approximately located ] 18°00" | —
and clay. Limestone is dissolved in acid rainwater, and the impurities in the The large masses of intrusive rock, mainly quartz diorite and granodiorite, slide downhill, as happened at one place on Puerto Rico Route 157, 4.5 km — 1971, Geologic map of the Orocovis quadrangle, Puerto Rico: U.S. S\ g y ~
rock remain as a residuum of clay. Commonly the residual cover developed readily weather to sandy clay and clayey sand that slump into roadcuts and west northwest of Orocovis (Briggs, 1971); this road is not shown on accom- .GQOI‘ Survey Misc. Geol. Inv. Map I-615. . . -
I i had Sl K i leaing & ¥ BR- h : . ) I . ) . y Briggs, R. P., and Akers, J. P., 1965, Hydrogeologic map of Puerto Rico and CARIBBEAN
on limestone is washed away during heavy showers, leaving bare rock ex other excavations after most large rainstorms; no large landslides, however, panying map. Shattering of the rocks along the Damien Arriba fault led to adjacent islands: U.S. Geol. Survey Hydrol. Inv. Atlas HA-197 | | |
posed. This exposed limestone is soon case hardened (Monroe, 1976, p. 17, are known to have occurred in this weathered soil. Some intrusive rocks are development of a thick plastic soil that in itself is unstable; excavation for a Briggs, R. P., and Gefabéﬁ, P..A., 1962, Prelirr.]inar.y report of the géology of :
44), and further solution and weathering is retarded. The intrusive rocks, jointed and weather into large corestones, some of which are several meters in highway made the slopes too steep to stand, and the highway slipped several the Barranquitas quadrangle, Puerto Rico: U.S. Geol. Survey Misc. Geol. 10 20 30 40 50 KILOMETERS 40 50 KILOMETERS
largely granodiorite and quartz diorite, weather very rapidly into ferruginous diameter; these boulders tend to slide downhill during heawvy rains, especially times into a nearby steep-sided valley. A somewhat similar situation on a new Inv. Map 1-336. . L ' I l : I J
s g ’ ; ) . . i g : Briggs, R. P., and Seiders, V. M., 1972, Geologic map of the Isla de Mona l I ' I
sandy clay, which is subject to rapid gullying; where the natural slope has been those accompanying hurricanes. Large accumulations of these boulders have road from Caguas to Cidra in the east-central part of Puerto Rico caused qu e gié Puerto Rico: U.S. Geol Suwey Misc. Geol. Inv. Map 1-718 10 20 30 MILES 30 MILES
disturbed, small landslides occur. Residual boulders and corestones on much moved downhill and crushed houses on the slopes of the Cuchilla de Pan- successive slides that stopped only after several road relocations resulted in a Broedel. C. H.. 1961. Prelimina ologi Swing fon '
) . € H:, , Preliminary geologic map showing iron and copper -
of the quartz diorite terrane are likely to move downhill during rainy periods. duras in the southeastern comer of Puerto Rico. geniler igrae oxoRnasts ih heiibEos iU drarzg(i;e, Pu%lrto Ril:c)o: Us. Cgieo]. C e IBIE:Z FIGURE 1—GENERALIZED GEOLOGIC MAP OF PUERTO RICO FIGURE 3— MAP SHOWING A(g l\iU/:L RAlIJNgA’I\]LtI.N PtJ\IiI;tTOhRICSO, (?Ol)\lTOURED IN MILLIMETERS.
Corestones also form on some thicker lava and some tuffaceous sandstone. In western Puerto Rico in some of the quadrangles that have not yet been Rockfall Geol. Inv. Map [-326. ata from U.S. National Weather Service
! X ¢ ockfalls (too small to map) are hazards on almost all slopes steeper than 75 .
Most of the other rocks, such as lava, volcanic breccia, tuffaceous sandstone, mapped geologically, several landslides are present in large masses of serpen- rcent in the area of moderate susceptibility, and they are almost impossibl Krushensky, R. D., and _Monroe, W. H., 1975, Geologic map of the Ponce
claystone, siltstone, and conglomerate made up of volcanic debris, weather tinite. f: foresee. They are especially commr;n wh,ere steepyslopes are ove;:l(:\in1 bj Mcc%#adrreanl%leHPunglngzo%S;.c cr;:: X c?futrfzzycbgjftiélGLeg li’l[:t‘z’a‘ Nt[g()ir[;g 612
into tough clay that resists gullying. In the central mountainous portion of the ; intrusi ) e o | y s # 4 B&
! ' : SUSCEPTIBILITY TO LANDSLIDING corestones formed by weathering of intrusive rocks and of some lava beds. Puerto Rico: U.S. Geol. Survey Misc. Geol. Inv. Map 1-660. . 67°30 67°00° a5 0 66°00" 65015
idland, the weathered material has beeneraded intordeep-canyons: thewals In Puerto Rico areas of high susceptibility to landsliding generally coincide Conditions leading to movement of corestones can be anticipated, and warn- Matison, P kil 1955, (Gealogie map of 16 4ayaus guactangle; Fueriolkiks: | l l |
of the canyons slump in massive landslides. ; b i : : il ings of the danger of falling rock on roads along the sides or bottoms of U.S. Geol, Survey Misc. Geol. Inv. Map 1-520.
with areas of high .mcxdenc?e of 1andsh(.ies. Four categories of susceptibility ) fcable. Rockfal Puerto Rico Route 167. alona the Rio d Monroe, W. H., 1963a, Geology of the Camuy quadrangle, Puerto Rico: U.S.
were mapped by using published geologic maps and by personal observation. capyens Epracicatie; hoeianson FGeHotrtouotic L0Y; Blons eiodc Geol. Survey Geol. Quad. Map GQ-197.
INCIDENCE OF LANDSLIDES Mapped unit¢include: (1) areas of highest susceptibility (including recent and La Plata between Bayamon and Comerio, have destroyed cars and have _1963b, Geology of the Vega Alta quadrangle, Puerto Rico: U.S. A T L A N T I C O C E A N
The term “landslide” is broadly defined as any ‘“‘downward and outward active slides), (2) areas of high susceptibility, (3) areas of moderate susceptibil- killed the drivers. _ Geol. Sllg‘ézy I?aeroé 8;?)d'r é\dssailpeGla?l?ilsl?(}és in north-central Puerto Rico:
movement of slope-forming materials composed of natural rock, soils, artificial ity, and (4) areas of low susceptibility. These categories indicate the relative Areas of low susceptibility. —The areas of low susceptibility to landsliding T US. Geol. éurveg Prof. aperv 501-B, p. B123-B125. '
fills, or combinations of these materials. The moving mass may proceed in any potential of downslope movements occurring in an area after excavation. are r.nearly flat or are underlain by unweathered stable rock. Most of the 1967, Geologic map of the Quebradillas quadrangle, Puerto Rico: - ST Y
one of three principal types of movement: falling, sliding, or flowing, or by Areas of highest susceptibility. —The areas of greatest potential of landslid- alluvium, the coastal deposits, such as beach deposits, swamp deposits, and U.S. Geol. Survey Mi;c. Geol. Inv. Map [-498. ~ N~ T B
their combinations”” (Varnes, 1958, p. 20). Landslides and areas susceptible ing are the areas consisting of landslide material. Excavation in these areas the very wide alluvial fans along the southem coast of Puerto Rico are so flat ———1969, Geologic map of the M?ca and lsabel6asquadrangles, Puerto SR N e ry I ;“”g'i‘)@ @;:};Us:ﬂw
. . . . o = 8 ok S8 L
to landsliding are common in many parts of Puerto Rico. An index map (fig. 2) almost invariably causes new slides in old slide deposits. Probably all these that there is little need to make large excavations for highways and other Rico: ‘{S‘égcf,ec’é;ei‘fgviy rlzla’sc' o?fﬁe" A?vda%ﬁap I usa randle. Puerto Rico: @ N _ §“ N X%Q ; 4 *Zw s PR Ny (el
shows names and authors of 27 published geologic maps of quadrangles that landslides are of Holocene age, but some are no longer active. A few appear to structures. Most of the materials are unconsolidated and have such low U.S. Geol. Survey M?slc, Gegl, Inv. Magf) 1—569.q ¥e ' R AGUADIL & 033’0&0 X Q@Q" ‘ - U &
include mapped landslides, mudflows, and ““colluvium.” In some other quad- have been recemented into fairly stable terrane. Because of the danger of stability that any deep excavation is likely to cave in. Included in the “low” 1971, Geologic map of the Manati quadrangle, Puerto Rico: U.S. £isia Desecheo E‘j//‘a**\ ) N ¥ % - RIS Pisdrag g R x —cpemmETTT:
rangles, landslides are present but were not mapped. Landslides in Puerto disturbing present stability, the areas shown on the map as existing landslides category along the Atlantic coast are extensive deposits of dune sand and Geol. Survey Misc. Geol. Inv. Map I-671. . o siguerd 7 “\Qg —1— ‘; §_ dekealzg” 11 - N M -
Rico are discussed in somewhat greater detail in reports by Pease and Briggs should either be avoided or special precautions should be taken to prevent eolianite, both of which have steep slopes. Excavations into these materials US G1917 BSa, Geol&glc néaplo{ theN[?aya;n]/%nl quadrangle, Puerto Rico: Q — N Qg’%@s S g@t ~ ¢ o &Y G“”“““g‘-" oo ol f ) P o [ v N istac
(1960), Briggs (1971), Briggs and Gelabert (1962), Berryhill (1965), and new movement during excavation. The map shows only the larger masses, may lead to slides. Because the deposits are thin, collapse generally does not = T(9)73bur§r¥ﬂtig;sacﬁhye§n. 4 ;ZROIZEm_poséibilities of middle Tertiary \ BOSCNN R \e S & \\ Q}go cg‘gs AT A i : A VN g&;x L
Monroe (1964, 1969b). and detailed geologic maps of areas of high or moderate susceptibility should involve structures, but there is a slight danger that people could be buried by rocks in Puerto Rico: Am. Assoc. Petroleum Geologists Bull. v. 57, no. 6, p. A A @h";‘e _A S S| iPe f 4=\ Sy Govoseuuis el -5 by
The incidence of landslides is dependent on the abundance of rainfall, the be used to locate smaller landslides. Puerto Rico Route 149 is built on a large collapse of deep road cuts. 1086-1099. \‘: . .ﬁ“@ g $3 2% ) & © géb Sl 2 )
kind of material at the surface, the slope of the surface, and disturbance of the recemented mudflow or debris avalanche north of Villalba (Briggs, 1971; The most stable rock in Puerto Rico is unweathered limestone. Along the 1976, g he karst landforms of Puerto Rico: U.S. Geol. Survey Prof. 15— N { \‘\f N\ ’x Sj[eues Buenas TN Qurabo 6 Mk * ™ B
natural slope, most commonly by man. Precipitation is greatest in the north- Mattson, 1968). Parts of that supposedly stable area may be highly susceptible northern and southern coasts, large areas are underlain by limestone of N ell): g)ne r [g 9[_:9 ’ ?Q&a Beslogisainyaithe Coioml Gaadranale, Puerts R i\ T & A yany| G | I .. r \‘S(} N SoNpg
eastern and central parts of Puerto Rico and is much less in the southern and to landsliding, so extra precautions should be taken before large areas around Oligocene and Miocene age, and in the interior there are several deposits of U.S. Geol. Survey Misc. Geol. Igv. Map 1-473. " e ‘ 67955 67°50" e W AR o I \ A 2@%0;\\@ » ) \@’fé - Qc, & '7/?'?7»9__‘ -}P,w . i 2
western parts of the island (fig. 3). Consequently, landslides and mudflows are the highway are excavated. Cretaceous and Eocene limestone. Most deep road cuts do not collapse or __1967b, Geologic map of the Utuado quadrangle, Puerto Rico: U.S. - ' 7 ot Maricao f S Qe‘?ra_ N o “f @g@g&m N ;'“\i}\ \ R &
almost unknown in the semiarid southern and southwestern parts of the Areas of high susceptibility. —Almost all areas having slopes greater than 50 slough off because after a few months the limestone becomes case hardened Geol. Survey Misc. Geol. Inv. Map [-480. . 1o (\‘g C N NS S Ll A & ., V o
island, and they are most common in areas of unconsolidated bedrock or soil percent should be included in the area of high susceptibility except in the arid by solution and immediate reprecipitation in place (Monroe, 1976, p. 17, 44). NeI;son, ARE _arbdé\d%\ro?, g\’ -H, 13?6“6 , Sezcilogy ggthe Florida quadrangle, o ista Monito ¢ ;’g”'(&A”\ v e ™ g ~/ - s A
in the northern and central parts of the island. Gentle slopes in areas of heavy southwest. In addition, areas of slide-prone rock and soil types are mapped as Although the limestone itself is not subject to landsliding, limestone blocks are Nelsl:)inoA 1&0. and. To%?si:h ug eyr ulé68 G:aofogic rr)ﬁap of the Bayaney L T 1 —1I " ¥ _ - 3 T A ="
rainfall slide only near deep cuts; the cuts may result from either natural areas of high susceptibility. They include the belts of outcrop of the San involved in the large active slides where limestone rests on clay that becomes quacirarigle',’ Puerto Rico: 1'S. Geol. Su}vey Misc. Geol. Inv. Map [-525. fiia Mo NA 18° {J o X Y6AN ‘j“"f“” (¥ /P GO\ Y Q& w U e L f\m \04”} ' i S 4’;{3“& " Pta Conelo
erosion or, more likely, from excavation for buildings or engineering works, Sebastian and Cibao Formations in northern Puerto Rico (Monroe, 1973b) plastic when wet. In some large sinks having nearly vertical sides, limestone Pease, M. H., Jr., 1968a, Geologic map of the Aguas Buenas quadrangle, | P 05’ b ) pgabena e\;mdré Py ) L Peni}aé‘ \ Q&J ) é&mna . | ¥/ Coams—7 . $(° b\‘(‘z Bl B .
such as roads. Most landslides occur when a bed of solid rock, such as and the areas underlain by intrusive and volcanic rocks (Briggs and Akers, spalls off the walls, and excavations in such places may be hazardous. The Puerto Rico: U.S. Geol. Survey Misc. Geol. Inv. Map 1-479. ey 5 A >f’ ) & oo - ¢ 3 VS AV R e | -
; ” ‘ 1968b, Geologi f the Naranjit drangle, Puerto Rico: A ] Aveu J 2 u‘g‘ &5 : ) & ) 2 L é\v
limestone, overlies clayey material. 1965), in the mountains of northeastern Puerto Rico, where sections of only sink of this type that has been excavated is at the Arecibo lonospheric “US. Geol deeeols{gg gzg] Olnv eMaar?nélo% quackangle, rueno hco: N O ) o ( '%’Q#or?; i@*é\ § ¥ o s ’ X N S
- { / ./ O ati \ 5
The largest landslides are in the northern part of Puerto Rico; they extend several roads have been destroyed by landslides and mudflows. Excavations Observatory, 14 km south of Arecibo, but to date there have been no rockfalls Pease. M. ?{ Jr. azd Briégs R P '196(]; Geoldgy of the Comerio quad- 18°00° . A = s - 5t : [ 4 P2 p“‘{‘a? selfwuiiahos
nearly continuously from Corozal to the west coast along an escarpment can be made in some of these areas, but special precautions against sliding into the bowl. ranéle, Puerto Rico: U.S. Geol. éuwey Misc. Geol. Inv. Map 1-320. f Ny (‘“5'"%5;{ 3 r:n - "/"(N/‘/J G L -y f, /ir,/ TN /Si“m?/ 'Gmma. o ,\,...f/K
which exposes thick clayey beds of the San Sebastian Formation (Oligocene) should be taken. Study of the tables accompanying some of the geologic maps Offshore islands.—Most of the small islands around Puerto Rico have 1972, Geologic map of the Rio Grande quadrangle, Puerto Rico: Q‘*Z“ﬁn‘ﬁm 7575 nb’&\\ ‘j;.x){\/// Aal haa® AVA P _~Jobos P 5@% :
beneath the Lares Limestone (Oligocene) (Monroe, 1964). Some of these (Briggs, 1971; Pease and Briggs, 1960; and Briggs and Gelabert, 1962) will slopes that are either too gentle to offer much danger from landslides or that B U.s. l\Slieol. Suweydbl/\[/isc. GeO‘IN [T;}’- r{‘g 7[—(7;331 )  the San J cABO RO 35 q A% . Bt 5% }.ﬂ*\*”/ |
slides involve blocks of limestone, as long as 50 m and several meters wide, give clues as to which formations in nearby quadrangles are especially unsta- have been so beaten by heavy storms that highly weathered material has been egi(;, e n}g:llé J}Q&:r? o Ri(?c?-rc[))e,s Gool. Siiiv éy ﬁﬁ’sggg e“;?qn?, tMeap?floula(;] ) : = | E— jﬁ KILOMETERS
that slip downslope on an amorphous mass of plastic clay; the total mass of ble. eroded away. The exceptions are Culebra and Vieques, east of Puerto Rico, Rogers, C. L., 1977, Geologic map of the Punta Guayanés quadrangle, tialCeia De Muertos /2 o Wil
moving material may involve several hundred cubic meters of debris. Many Central Puerto Rico is broken by numerous faults which are locally sur- and Isla de Mona west of Puerto Rico. All three islands have relatively little Puerto Rico: U.S. Geol. Survey Misc. Geol. Inv. Map 1-998. Emcm=m=m=me————— ]
individual slides soon produce a hillside several hundred meters long, and rounded by areas of high susceptibility, but these areas are too small to show rainfall. Tobisch, O. T., and Turner, M. D., 1971, Geologic map of the San Sebastian C A R I B B E A N S E A
individual slump blocks are lost in the overall mass. Most of the landslide on the accompanying map. Instead they are included in the areas of moderate Isla de Mona (Briggs and Seiders, 1972) is composed of limestone and v quadrab“gf]e’ };‘;gréo LR;%: I%S' Geol. S‘(‘f’ey Misc. G.QO‘E l’l:"i I\gapBl-66dl. -
material on these slopes is relatively stable after the initial movement, but susceptibility. In general, all steep slopes near these faults are in areas of high dolomite, except on the southern side where there is a narrow sandy coastal ag?(’ishd es and enéine:rirsmé gra:ztIi)(?es- E\\Ar/]asﬁ;%iiﬁeﬁa'trl] Rgseea’rch. Céhre\ci'l’
roads built on them show tension cracks after a few years. Renewed move- susceptibility, and can be located on the detailed geologic maps of the area of plain. On the eastern, northern, and western coasts nearly vertical cliffs of Highway Research Board Spec. Rebt. 29, p. 20-47 [N-atl. Acad. Sci.-Natl. | | I |
ment may be initiated by stream erosion at the foot of the landslide mass and interest. dolomite and limestone rise about 20-80 m directly out of the sea. Erosion Research Council Pub. 544]. FIGURE 2—MAP OF PUERTO RICO SHOWING 7%, MINUTE QUADRANGLES. (Geologic maps of quadrangles in which landslides are mapped, are referenced)
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