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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 | | T | | | 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 ATLANTIC OCEAN
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 ATLANTIC OCEAN
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. 1590 — EXPLANATION N 18730 — = —
largest slides, several hundred cubic meters in volume, happen where lime- Limon (Briggs, 1971), about 6 km northeast of Villalba, where highly weath- accompanying tables (Briggs, 1971; Pease and Briggs, 1960; and Briggs and o ¥ Avecib oo JUAN
stone rests on clay that becomes plastic when wet, mudflows and rockfalls, ered tuffaceous conglomerate is overlain PV massive. tuffaceous limestone. Gelabert, 1962) should be consulted before beginning excavations in any part Té" QUATERNARY—Alluvial and coastal © ol <500
on the other hand, are common in areas of deeply weatherd volcanic and Tbe ?onglomerate sl.oughs away, and the limestone slides downhil, carrying of the area. 5 deposits QY‘? N
intrusive rock. - o . “I";h it a large quantlty.of the weathered cong]omer‘ate. Many of these land- Many natural slopes in the “‘moderate’’ category are unlikely to be unstable, : MIOCENE  &ND  © < San Sebastian /\‘—/\/\2000 5
Puerto Rico is a tropical island, elongate east-west and lying between the slides afe 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 S . 2 ) UGO,CENE_ S . 000
Caribbean Sea and the Atlantic Ocean. A central mountainous upland is excavations. Piedras Siltstone (Pease and Monroe, 1977) that collapsed and destroyed o 4y Limestone and clastic deposits s Lares @ &
composed of extrusive and intrusive igneous rocks and minor amounts of Landslides of a few 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 §Q TK | TERTIARY AND CRETACEOUS— s 5
limestone, sandstone, and conglomerate of Ez.:rly Cretaf:eous to Eocer.\e age. by wgathered YQlcanic rock and sgdin:xents deri\{ed principally frorr} volqanic Rio Piedras in 1970. Usually the Rio Piedras is stable except for soil creep, but Berryhill, H. L., Jr., 1965, Geology of the Ciales quadrangle, Puerto Rico: MAYAGUEZ 3 Volcanic and sedimentary deposits MAYAGUEZY® 2000 2000 Roosevelt Roads ° Q‘?
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. @509 BONTA he-2500 . 2000 Naval Station o
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 TERTIARY AND CRETACEOUS— Aclinntas b/‘dﬁu’; M 000 g
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 guadlangl,ple, fé‘ggtoGRic?: U.S. Ge°lf' t?]ur\llsey Mlisc' ?eol, I(riw. Mlap 113_3 1rt9 Intrusive rocks Aibonito e ( 2500: ®
: : i ; . e C. . . . . . N riggs, R. P., , Geologic map of the Barceloneta quadrangle, Puerto <4 Y
plalnjr?fsf, anc: allulznal fans; :wse featul;rgs cznsxst of slsar}\]d, grgi\;;el, and clay}.1 tB}:ligT, 1960;:1 ?ngg;, 19?1),V and fstabllhtydlsli gest in areas underlaxg t;y. vel:y at plices is more than 30 m thick, may t.)e stabl_e until excavation dlsturbs. the Rico: U.S. Geol. Survey Misc. Geol. Inv. Map 1-421. Na \\\\\\?\ \ Contact— Approximately located - 1500
 Different rock types an unconso ate rr'latena ave different weather- hick lava and lava breccia. Very few landslides occur in areas underlain by stability (Briggs, 1971). Then heawy rainfall will nearly always cause minor 1968, Geologic map of the Arecibo quadrangle, Puerto Rico: U.S. ! g:\\\\\;}\‘g \\\\\\ 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" |— s %&\\. - x\\\\ Fault—Approximately located ] 18°00" |— 1000— pONCE Patillas’ —
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 downbhill, 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\
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- B .Geol.RSLI;rvey ﬂﬁf Gf]OlP Inf'96l\gailj—ll?d615' -  Perto Ri d CARIBBEAN . . =
on limestqne 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 r:ag(%fa,ceﬁt iél:?lds~ J rSs, Geol Sur\;ey %—l;?isr}glo ?r%l}c ESESOH Alﬁgg icoan | | CARIBBEAN  SEA
posed. This exposed hr'nestone is soon case .hardened (Monrqe, 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 Gelabert, P. A., 1962, Preliminary report of the geology 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. 0 10 2 30 4 50 KILOMETERS 0 10 20 30 40 50 KILOMETERS
largely granodiorite and quartz diorite, weather very rapidly into ferruginous diameter; these boulders tend to slide downhill during heawy rains, especially times into a nearby steep-sided valley. A somewhat similar situation on a new Inv. l\}/_‘{a% 1‘333 Seid M. 1972. Geolodi he Il M } Lol I I ' 1 l m I o I 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 Bngtgxzsaarangié aguerteol l%rcs(,)lVU S.’Gle ol ’Sur%c;; gl\ldcis?age%fl tlr?v 1\3[:; I 7°1n§ 0 10 20 30 MILES (IJ 1|0 zlg 3|0 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 B ] limina slod lowing iron RO
? roedel, C. H., 1961, Preliminary geologic map showing iron and copper -
of the quartz diorite terrane are likely to move downhill during rainy periods. duras in the southeastérn comer of Puerto Rico. gentler grade. prospects in the Juncos quadrarrgg?e, Pu%rto Rilzo: U.8. g;eol. Survey I‘If)lgec FIGURE 1—GENERALIZED GEGLUGIC AR G PUERTE RICH RGLRE 3— MAP SHOWING ANNUAL RAINFALL IN BLIERTO RICQ, CONTOURED IN MILLIMETERS.
Corestones also form on some thicker lava and some tuffaceous sandstone. In western PL'Jerto Rico in some <?f the quadranglfas that have not yet been Rockfalls (too small to map) are hazards on almost all slopes steeper than 75 Geol. Inv. Map 1-326. . (Data from U.S. National Weather Service)
Most of the other rocks, such as lava, volcanic breccia, tuffaceous sandstone mapped geologically, several landslides are present in large masses of serpen- i bili ; : Krushensky, R. D., and Monroe, W. H., 1975, Geologic map of the Ponce
: p =08 ) o percent in the area of moderate susceptibility, and they are almost impossible drandle. Puerto Rico: U.S. Geol. Survey Misc. Geol. Inv. Map 1-863
claystone, siltstone, and conglomerate made up of volcanic debris, weather tinite. f Th iall : quaciangle, ;us o b LR o S s O 2oAD '
info touah clau that resists qullving. In th tral tai S £ th to foresee. They are especially common where steep slopes are overlain by Mclntyre, D. H., 1971, Geologic map of the Central La Plata quadrangle,
island tg yth d 1SS gu ly;]ng.bn e cen iia.moun ainous portion ot the SUSCEPTIBILITY TO LANDSLIDING corestones formed by weathering of intrusive rocks and of some lava beds. Puerto Rico: U.S. Geol. Survey Misc. Geol. Inv. Ma [-660. ' el 5 - i - ) )
ﬁfa:;] 46 afl u:;as sﬁfri T:t;r;assi zslaref:lrslli?jr;de fnte deep renyons the wells In Puerto Rico areas of high susceptibility to landsliding generally coincide Conditions leading to movement of corestones can be anticipated, and warn- Mzbttssonép. lH S 1968’1&?0‘%& in?p thslhe JIayS%%a BRang o FuAIhEED: I | | | 1llj 68]00 4? 3? 65|15
Y 1 ; ; ; S . Survey Misc. Geol. Inv. Map [-520.
Y P with areas of high incidence of landslides. Four categories of susceptibility ings of tl‘1e dan:qer of falling rock on roads'along the sides or bottoms of Monroe, \i/? H, 196§a, Geology of t}‘lle Canguy quadrangle, Puerto Rico: U.S.
were mapped by using published geologic maps and by personal observation. canyons is practicable. Roc%dalls on Puerto Rico Route 167, along the Rio de Geol. Survey Geol. Quad. Map GQ-197.
INCIDENCE OF LANDSLIDES Mapped units include: (1) areas of highest susceptibility (including recent and La Plata bet.ween 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
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?a?roé 8;?;1' gg&?ﬁaﬁ?&s in north-central Puerto Rico: 0 € E A N
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 U.S Geol. éurve% Prof. g;\per 501-B 1p. 3123213125_ al ruerio ’
fills, or combinations of these materials. The moving mass may proceed in any potential of downslope movements occurring in an area after excavation. are nearly flat or are underlain by unweathered stable rock. Most of the 1967, Geologic map of the Québradillas quadrangle, Puerto Rico: 18930 |— Tsabslas
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 1-498. —
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 southern coast of Puerto Rico are so flat —.—19693, Geologic map of the Moca and Isabela quadrangles, Puerto % @%@V
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 Ric: Ul'gégcffoé eso‘l‘;"ecy rl;/l;sc. ofG?}?é glvda%ﬁg I—l?aédién le. Puerto Ricor e ) 3&% S
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. G eIcJ)I. Inv. Ma% 1_569.q 2 ’ ‘;&%@«\ \q
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. Lysta Desschieo Ri& Piodrad . e“;’{c Grangkmmrrm‘“———
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. G?Ol- Inv. Map 1-671. . oo e H - ,‘g&‘;m, 5 \ A \/S’”“ /\);7 Do
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 7)5—6191735& Geoll\c;[glc rgaploi theNIIBayz?n%%ri quadrangle, Puerto Rico: : é& ZJGuaynabo W o mua\;uw \ %; / \\ s & )
(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 e (12873bur§fr%ﬁglrse::]$hye:nd ;Zﬁolzgm_poséibilities of middle Tertiary Y %\5«? 5 ' \\ 1h ),l\ { Fajsmﬁ . . . “%\&15‘;\@;
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. ,i{ /%{o m:& { e \\ } S : — . Pé;agg sy ?
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. [ 4 & 3 N . q
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 —P—819997 6ég he karst landforms of Puerto Rico: U.S. Geol. Survey Prof. 15— feuas Buenas E{ gurabo & R P
e . . ) Matt 1 ] : : 5 ¢ aper A . —= e ]
natural slope, most commonly by man. PreC}pltatlon is gr.eatest in the north attson, .968) Parts of that stfpposedly stable area may be highly susceptible nqrthem and sogthern coasts, Ia.rge areas are underlain by llmeston.e of Nelson A. E.. 196p7a, Geologic map of the Corozal quadrangle, Puerto Rico: Gagiias® \i S gb R SONp4
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. Inv. Map -473. 67°55' 67°50" Py 0 AR @*’/y I®) & &K Vig,
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. i o T o ,\03:’/ S ?.\oa??zo — Qus,
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. ) ]3 % 4 ¥ N Q? Qé’%\
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). NelLson, A'RE" a'{? é\/lcg)ro?, gv -H, 1[;)?16’ 16232(110%3’ <2)f2the Florida quadrangle, o sl |[Monito ) 25’{) r\__,/ v L g < , ‘Sﬂm
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 Ui Migon, Lia, e, Stieg ol < o P — —_— ‘ o P oE VIESD ER
infall sl ) ) f hich bilitv. They include the belts of . ) o . » Nelson, A. E., and Tobisch, O. T., 1968, Geologic map of the Bayaney e \\cg&@{w / ? L v 7% a5 ) = = (e
rainfall slide only near deep cuts; the cuts may result from either natural areas of hig susceptibility. They include the belts of outcrop of the San involved in the large active slides where limestone rests on clay that becomes quadrangle, Puerto Rico: U.S. Geol. Survey Misc. Geol. Inv. Map 1-525. fisha mona 18° o ‘f“’réw E%M ( { S T W 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, Playa 05’ N tOpRe R0 me] ) Apabens Q*emd L Pef: o ° B o
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 1479. ) e z - \}’ =2 )| e g S| - 4y - - em‘s:
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 mlgf%’rgeoﬁgg rgapl oIf theMI;Iar?nga% quadrangle, Puerto Rico: ){ é = auee / ) S
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 Peas.e' M~e<})_{.. Jlrl. a¥1d Bﬁégse%: Pn v.196(1)3 C—Seolégy of the Comerio quad- 18°00" = . o ,< K , Patiflag Maur)
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. rangle, Puerto Rico: U.S. Geol. Survey Misc. Geol. Inv. Map 1-320. I cuénﬁ%”{" w/ef:ﬂ/ - Salinasy T | f\ﬁ/\/\»\/ —
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: L(_Mw,j?{ e 1§ é\i‘fﬁ e Tt ) Jobos /'”\:A vo [
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 p us. ]\%e[?{l' SUNeVdMBC- Geol. Inv. Map 1-733. h SABORG e i ol s ]
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 ease, M. H., Jr,, an Mon.roe, W. H., 1977, Geologic map of the San Juan e 10 0 10 20 30 40 KILOMETERS
hat slip d . _ bl ded Th - . ) quadrangle, Puerto Rico: U.S. Geol. Survey Misc. Geol. Inv. Map [-1010. T Em=m=m=m=n————i —_— )
that slip downslope on an amorphous mass of plastic clay; the total mass of e. eroded away. The exceptions are Culebra and Vieques, east of Puerto Rico, Rogers, C. L., 1977, Geologic map of the Punta Guayanés quadrangle, sia|Caia De Muertos /7
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 [-998. I & BAlEES
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 Turr}er, M. D, 1971, Geologic_ map of the San Sebastian
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 quadrrg]g}]e, l;gesxéto E 1cc(>i: IUdS el St:irvey Mise. G-e OIE Iﬂvi l\gapBI—66dl. C A R I B B k A N S E A
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 a{;ﬁzsﬁdes. and enéinggrirslé gratgt]i):; ?}{/‘asl!l)i;ogigisels\ialtrll R(e:seeércﬁ Céh:cii,
roads built on thgm show tension crécks after a few years. Ren'ewed move- _susceptibility, and can be located on the detailed geologic maps of the area of plain. Qn the fzastem, nc?rthern, and western .coasts nearly vertical cliffs of Highway Research Board Spec. Refnt. 29, p. 20-47 [Natl. Acad. Sci.-Natl. l l | | | |
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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