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Geology of Puerto Rico: An Overview

Introduction

The geology of Puerto Rico (Fig. 1) is presented in terms of its three stage evolutionary history. The
oldest rocks exposed on Puerto Rico, of Jurassic to middle Cretaceous age, are referred to as basement
rocks (Figs. 2, 3). This basement assemblage is unconfbrmably and structurally overlain by a Late
Cretaceous 10 Early Tertiary island arc assemblage, which is in turn unconformably overiain by a Middle to
Late Tertiary and younger sequence of little-deformed terrigenous sediments and carbonates.

The physiography of Puerto Rico is characterized by a central mountain belt and northern and
southern coastal plains (Fig. 4). The central mountain belt consists of deformed island arc rocks of
Cretaceous to Eocene age, cut by a multitude of faults, the largest of which form two through-going fault
zones (Fig. 2). These two through-going tault zones, the Great Northern Fault Zb,ne and the Great
Southern Fault Zone, divide Puerto Rico into the northeastern, central and southwestern blocks. A belt
of early Tertiary volcanic and sedimentary rocks is located along the Great Southern Fault Zone. Early
Tertiary rocks are only exposed locally elsewhere on the island.

Puerto Rico is presently bound on the north by the Puerto Rico trench,which is characterized by
oblique subducticn, and on the south by the Muertos trough, which is characterized by extremely slow
subduction. The Puerto Rico trench fades into a zone of strike-slip displacement to the west, and to the
east, bends around and becomes the subduction zone of the ‘Lesser Antilles arc.

Basement Rocks

Two types of basement rock assemblages are found on Puerto Rico. In southwest Puerto Rico, the
basement is an odd mixture of ophiolitic materials, forming perhaps a melange in the sense of present day
workers. This ophiolitic sequence, referred to as the Bermeja complex, consists of serpentinite,
amphibolite and cherl. The best age constraints come from radiolarians in the chert. Two ages have been
reported by Mattson and Pessagno (1979), late Jurassic (Tithonian) and middle Cretaceous (Albian).
Presumably, the chert was originally deposited atop pillow basalts (though pillow basalts are nowhere
observed in the Bermeja Complex) , and represents deposition below the Carbonate Compensation
Depth on oceanic crust. K-Ar studies of the amphibolite give an age of 125 to 85 m.y., or Hauterivian, thus
younger than some of the cherts. The K-Ar dates probably were reset by some later event, assuming that
the Bermeja complex represents a single disrupted sequence of oceanic crust. The serpentinite was
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(From Frost and others, 1983)
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probably formed by the metamorphism ot ultramafic rocks from the mantle underlying the oceanic crustal
section. Note that the crystallization ages of the serpentinite and amphibolite are unknown, and are
perhaps at least Jurassic, based on the hypothetical reconstruction of stratigraphy.

Basement rocks of central Puerto Rico are dissimilar to those of southwest Puerto Rico, though ages
overlap (Joyce, 1985). In central Puerto Rico, lower Cretaceous rocks are tufts and volcanic rocks of clear
island arc volcanic affinity. That is, while cherts were being deposited in southwest Puerto Rico in an
environment far from any significant source of volcanism, in deep water below the CCD, in central Puerto
Rico, turbidites derived from a nearby island arc were deposited. This strongly suggests that some
topographic/sedimentation barrier existed between southwest and central Puerto Rico, or that the two
basement rock assemblages were later juxtaposed by tectonism. We believe that between southwest
and central Puerto Rico, there lies a suture between these two fundamentally different basement rock
assemblages. The location of this suture may be in one of two principal locations, or may be a zone of
distributed deformation spread between southwest and central Puerto Rico (Joyce, 1985). The general
range in positioning of this suture or sutures is the Great Southern Puerto Rico Fault zone, and the
easternmost exposures of serpentinite in southwest Puerto Rico.

Late Cretaceous to Early Tertiary Island Arc

The nature of the contact between the Bermeja complex and overlying limestones and volcanics of
the Late Cretaceous island arc is not clear. There have been reported sightings of pebbles of Bermeja
complex in the overlying Late Cretaceous Parguera limestone (Mattson, 1960; Almy, 1965), but upon
reexamination of these critical sites, we see little indisputable evidence that reworked Bermeja Complex
clasts are present in the Parguera Limestone. Therefore, we do not believe it can be easily shown in
outcrop that the contact boundary is an angular unconformity and not a structural contact.

On the other hand, the presence of andesitic dikes and sills cutting the Bermeja complex, which are of
similar composition and metamorphic state to volcanic rocks in the overlying island arc sequence,
suggests that the Bermeja complex was indeed basement beneath the Late Cretaceous and Early Tertiary
island arc. We have not as of yet been able to study the alleged unconformity that lies between Lower and
Upper Cretaceous rocks of the central block, which is presumably of a similar age.

This hiatus is indeed drastic in the southwest, separating cherts which were probably deposited below
the CCD on oceanic crust, and limestones which, as is discussed below, were deposited in a sheli/slope
environment on an island arc platform. That is, on the order of 2 to 4 km of uplift probably occurred in the
area, in the Santonian.
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Late Cretaceous rocks of southwest Puerto Rico include both limestones and andesitic volcanics.
The most volumetrically important limestone unit is the Parguera limestone, locally as thick as 400m
representing deposition in a shelf/slope environment. Limestones equivalent in age to the Parguera
were deposited mostly in shelfal conditions, and are interstratified with volcanic flows, some of which may
be sills. The Parguera limestone is notable because it records relatively continuous deposition from the
Santonian to Maestrichtian, and thus contains a nearly complete history of sedimentation on and near an
istand arc platform.

Almy (1965) divided the Parguera limestone into 3 units. The lowermost unit represents deposition in
shallow to deep water, whereas cherly limestone of the second unit represents base-of-slope deposition.
Overlying the cherty unit are limestones deposited in a slope apron facies in the third unit. This sequence
thus records changes in relative sea level. Age equivalent rocks a few miles to the north of the Parguera
limestone exposures are exclusively shallow water deposits of limestones and interstratified volcanics.
This demonstrates that local topography existed on the arc platform during limestone deposition. Actual
positions of depocenters and shelf/slope breaks are difficult to assess because of possible structural
complications.

An extremely important stratigraphic problem exists in southwest Puerto Rico. The Laie Cretaceous
Parguera limestone Is in part age equivalent to the Yauco Formation, consisting of turbiditis materials
derived from an island arc. The Yauco consists of great amounts of volcaniclastic detritus, yet the
Parguera contains essentially none. The coexistence of the two drastically different formations over such
a great period of time (perhaps at least all of the Maestrichtian), suggests either a long-lived topographic
barrier, which seems unlikely, or the two units have been juxtaposed by faults with kms of displacement.
We are trying to isolate the exact position of this change in the Upper Cretaceous stratigraphy, 1o see if it
can be related to a major tectonic feature. We believe at present that the northernmost and easternmost
exposures of serpentinite may be the location of this tectonic boundary.

A complete continuum of turbidite facies in Late Cretaceous rocks can be traced frem thie Yauco
Formation eastward, from basinal deposits near the towns of Yauco and Pefiuelas, to inner fan facies near
Coamo, and subaerial facies near Orocovis. This suggests that there has not been significant tectonic
translation of these strata since the Late Cretaceous, or that tectonic transiations have foriuitously
juxtaposed similar stratigraphic units. To summarize then, apart from the clean limesiones of southwest
Puerto Rico, Late Cretaceous strata of the Southwest block, Central and Northeast klocks are mostly
volcaniclastic turbidites indicating deposition in basin plain, submarine fan, slope. Locally shelfal facies
rocks occur interstratifed with welded tuffs near Orocovis. Although limestone bodies cccur locally, they




are of uncertain origin (for example, deep water deposits, slide biocks, fault blocks?).

There was an apparent break in sedimentation between the Late Cretaceous and the Early Tertiary.
Paleocene to Eocene rocks are dominated by volcaniclastic turbidites, volcanic flows and intrusives, and
many occur in the "Eocene belt”, which is contained within the Great Southern Puerto Rico Fault Zone,
and is perhaps genetically related to it. Although ostensibly similar to the Late Cretaceous volcaniclastic
strata, the Early Tertiary rocks seem in many places to be less reworked, that is, probably had a shorter
residence time in a shelf setting before being redeposited into deep water. Whether the Early Tertiary
turbidite deposition occurred in an intra-arc basin or basin flanking the arc platform is unknown, Near the
contact between the Eocene belt and the overlapping Middie Tertiary strata, Middle Eocene stra;a are
locally composed of reworked materials including blocks of Late Cretaceous limestones. This indicates
uplift in this period.

The change in the nature of sedimentation between the Eocene and Late Cretaceous strata occurred
at a period in time when the Caribbean plate was moving from a bottleneck between North and South
America (in the latest Cretaceous) , into relatively clear sailing in the Paleocene followed by collision in the
Eocene (Fig. 5). Perhaps this accounts for the change in nature of sedimentation near the arc platform.

Contact With Middie Tertiary Strata and Significance

The contact between the Late Cretaceous and Early Tertiary island arc rocks and the Middle Tertiary
strata (the oldest ages documented are Middle Oligocene) is clearly an anguiar unconformity. Locally,
some normal displacement on this contact may have occurred, but for the most par, it is a simple
unconformable contact. The unconformity is profound, and records the transition from arc volcanism and
collisional tectonism to virtual tectonic quiescence.

Plate reconstructions attribute this drastic change in geologic activity to the collision of the Bahamas
and the Greater Antilles volcanic arc (Pindell and Dewey, 1982). Such an event explains the termination of
volcanism on Puerto Rico, as well as the contrasting style of deformation between the highly deformed
island arc sequence to the mildly deformed Middle Tertiary overlap sequence.

Middle Tertiary Overlap Sequenca

Exposures on land on Puerto Rico indicate that the overlap sequence consists of a sequence of
terrigenous sediments overlain by interstratitied terrigenous and carbonate sediments (Figs. 6, 7). Ages
range from Middle Oligocene to Recent. Terrigenous sediments are dominant in the lowermost part of




Fig. 5 The Pindell and Dewey (1982) interpretation of
Caribbean tectonics.
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the sequence, and these sediments were apparently derived from the erosion of the underlying
sequence of island arc rocks. Overlap strata exposured on the north and south coasts of Puerlo Rico dip
gently, about 5 to 10° seaward. Previous studies of these rocks indicated occurrence of facies changes,
but the significance of these facies changes has not been addressed in detail.

Onshore seismic data has shown that the overlap strata were not simply deposited on homoclinal
seaward-dipping surfaces, but rather, filled Late Eocene (?) through Oligocene basins (Birch,1985;
Moussa and others, 1987). Several basins have been proposed to exist on the North Coast of Puerto
Rico, and are subdivisions of what is generally called the North Coast Tertiary basin. Only the southern
margin of this larger basin is recognized, the northern margin may lie on the Puerto Rico shelf, or may in
fact be truncated by faults of the Puerto Rico Trench. The age and lithology of these basinal sediments
can only be inferred at present, by studying outcrops exposed on Puerto Rico. These basin filling

sediments are probably Oligocene (perhaps as oid at Late Eocene) and younger, and consist of
carbonate and terrigenous strata.

On the South Coast of Puerto Rico, an Qligocene basin is exposed in outcrop. The evidence for this
basin is a facies change from southwest to northeast. In the southwest, the sequence consists of the
Eocene unconformity, overlain by coastal and shallow-marine facies strata, overlain by a chalk unit, and
capped by Miocene reefal facies. East of Ponce, near the town of Juana Diaz, the basa! shallow water
sequence is overlain by a thick turbidite sequence, consisting of terrigenous mudstones representing
hemipelagic sedimentation, and sandy and conglomeratic carbonate materials deposited by turbidity
currents. Locally slide blocks of reefal materials are found enclosed in the terrigenous mudstones

(Moussa, 1975). Further 1o the east, fluvatile strata are observed, but there stratigraphic position is
indeterminate.

Sedimentation in the Middle and Late Tertiary basins was influenced by basin subsidence and sea
level changes (Fig. 8). Basin subsidence seems to have decreased with time, and probahly individual
basins ceased differential subsidence by Miocene time. That is, the small basins on the North and South
Coasts probably formed in the Late Eocene (?) and Oligocene, and the basins were completely filled by

the Miocene. Miocene and younger sediments were then deposited in the broader North and South
Coast basins.

Seiglie and Moussa (1982) have made detailed studies of sea leve! fluctuations based on
paleontologic studies of North Coast strata(Fig. 8). They concluded that sea leve! fluctuations can be
recognized in Middle Tertiary strata. These fluctuations correlate well with the sea level curve of Vail and
others (1877). However, in the Pliocene, the Quebradillas limestone was deposited in water deeper than
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precicted by the Vail curve. Furiiiermore, Moussa, Seiglie and Meyerhoff {(1987) have noted that
Quebradilizs cquivalent strata can be traced into the offshore multichannel seismic records, and that the
Guebracillas-scuivalent formation is present at water depth of about 4 km (Fig. 8A). They argue that an
intense tectonic avert, sometime in the post-Late "iocene resulted in the subsidence of the Puerto Rico
slope of over 4 km. Such subsidence probably is related to some tectonic event in the Puerto Rico
trench, such as tectonic erosion, or subduction of anomalous crust (Fig. 9, 10).

Petroloum Patential

Based on plate reconstruction of the Garibbean (for example, Pindell and Dewey, 1982), Puerto Rico
was part of the "Black Arc” in tha Caribbean, that ring of petroleum production that rims northern South
America to eastern Mexico. Thus, it is possible that Late Cretaceous rocks on Puerto Rico have
corsiderable petroleum potential.  Studies by Hayes and others {1985) confirm that Late Cretaceous
turbiditic mudstones contain significant amounts of organic carbon, but vitrinite reflectance data indicate
that most samples are in or below the Oil Window, and thus subsurface prospects are not great exéept for
gas. On tha other hand, the only known seeps of petroliferous materials are in Cretaceous rocks, of the
southceniral portion of Puerto Rico.

- Because the nature of the Middle Tertiary basins on Puerto Rico was poorly understood up to the
present time, most workers concluded that these strata had not undergone sufficient maturation to
produce hydrocarbons. However, with the discovery that the Tertiary basins may contain more than ten
thousand feet ¢f strata {Moussa and cthers, 1987; Birch, 1988), this prejudice must be reconsidered.
Based on: 1) tha observation that the Middle Tertiary strata are of significant thickness; 2) outcrop studies
of the organic matier; 3) avaitable cata on heat flow; 4) Lopatin diagrams using the above information, we
believe ihat there is a significant possibility that gas and some oil is trappad in the subsurface of the North
and South Coasts of Puerto Rico, although it is somewhat problematic that no petroleum seeps have
beon observed in these areas. There is no evidence that the Atlantic Ocean in the vicinity of Puerto Rico
was highly productive in the Middle Tertiary, therefore we do not expect to find extensive development of
facies associated with upwelling, including anoxic facies, or the preservation of oil-prone organic matter.

Purpose of the Field Trip

Thecs o and a half days o! field trips attempt to describe some of the features of the geology of
Fuerie Fico, and their relationship io the petroleum potential and iectonic evolution of the region. The
lirst half day field trip locks at geologic features of southwest Puerto Rico, including the Bermeja Complex,
e Parsjuers Limastone, 2nd the contac: between ihe two assemblages. The second field trip lasts the




whcia ¢ay. and considers the geology of the South Coast of Puerto Rico. On this field trip we will examing
orons seciions through the Middle Tertiary section that help define the basin on the South Coast. We will
slso see doformad Lale Cretaceous volcaniclastic turbidites. On the third day of field trips we will examine
ine stratigraphy of the North Coast of Puerto Rico, including Cretaceous rocks, the Middle Tertiary
secticn, and the infamous Quebradillas limestone recording Pliocene tectonic subsidence.

wAY 1 FHELD TRIP:
SOUTHWEST PUERTO RICO (Fig. 11)

LVOP 1 Eermeja Complex (Ramal 303 SW of intersection with 305, near Dump)

Az mettionad above, the Bermeja Complex of Jurassic through middle Cretaceous age consists of
sorpaminite, emphibolite and chert. 1t is cut by intrusions of Late Cretaceous age. Outcrop 1 exposes
“sivted sorsentinite melange with blocks of chert and silicified volcanic rocks. Silicification is believed to
b roieed 10 @ nearoy intrusion. From the hilltop we can see the Parguera hills to the south. To the north
e Lajas Valley separates the Bermeja and Parguera hills form highlands composed of Cretaceous

hasaemarnt rocis.
STE 20 Porguera Limestone (Punta Papayo, off 324 near La Parguera)

in his 19685 M.5. thesis, Almy divided the Parguera Limestone into three members. The lowermost
mamber i 2 fining upward seguence, consisting of possible shallow water facies deposits overlain by
chalks, The sosond unit contains laminated fine-grained calcilutites and chert. The third unit contains
Ting-grained carbonate mudstones and turbidites.

4 vlop 2, we ses the second and the third members: the cherty facies and overlying turbiditic
imestonas. Tha chedy facies is interesting for two reasons. First of all, what is the origin of ihe silica? In
"in Cactions we se3 the occasional radiolarian test, suggesting that we are dealing with biogenic silica
‘rom radiolarians. Diatoms could alse have been contributors, but when diatoms diagentically alter, they
usuaily tose their distinctive morphelogies. We suspect that all of the silica in the cherty layers is from
radialaria, with minor centributions from siliceous sponges.

Sanondly, why is the cherty unit laminated? Sediments underlying oxygenated waters are
sisturkate d by benthic communities unless rapidly deposited. These sediments, however, do not appear
to hoose been repidly deposited. Alternatively, if the overlying waters were anoxic, a benthic community
oo not A weli developed. A problem with this idea is that organic carbon is usually preserved in great
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N Serpentinite Melange

Greenish to greenisn gray fine grainred, well foliated
and bipcky serpentinitetunit contains blocks of
amphibelite, green arnd kilack, fine to medium grained
ranging in site from the cwe to the = scale.containing
plagicolase and grae-nornablerde. The Anphisbolite
blocks are man-folilated to highly foliated including a
gneissic Amphicbolite, bluish green with

altered layers of hornablende and plagioclase.

Greenstone

Gray brown green and yellowish green greenstone. The
,unit outciops as metamorphosed pillow basalis in the
arroye cajul. Kighly fractured and spidotized.

Chert

Black, red, white, and bluish grren, massive, thickily to
medium bedded chert. Belts are commonly faulted,
fractured and folded (a small syncline was recognized on
a valley east of Rancho Cabassa).

Volceaniclastics and Cherts

Interbedded sequence of purple and grayish brown
feldspathic sandstones and cherty conglomerates

sandstones are medium to course grained commonly
composed of feldspars (30%) and amphiboles in a

silicious matrix.

Hydrothermeliy Altered Rocks

This unit is compossed of metabasalts cherts and blocks
of metalimeston. Blocks of recrystallized limestone,
red brown to gray black in color range in size from 10
cm to 2m. Metabasalls are mappable units, purple to
reddish brown in color and cut by calcite veins. Cherts
are laterally continous bodies with bedding thicknesses
of z~10cm., The cherts are bleached red to grayish white
in color.

Valcanics -

Volcanics are hasaltic andesites, basalis and andesites,
ranging in color from gray to purple ang green.  Some
small mappable volcanic units clearly are tabular
discordant intrusive bodiess; that is dikes.

Porphyritic Intrusive Complex

Con§zsts of twe sepsrate mapable ell
boedies one rhvolite
west) .,

Frg -1t Trsert
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quantities in anoxic facies: usually greater than 1.0%, rarely up 1o 30%. Rock-Eval studies of these rocks
show that organic carbon is lacking (less than 0.5%). Thus, the answer to this problam remains
unresolved.

The turbiditic facies of the Parguera Limestone is beautifully developed. Graded beds, Bouma
sequences are all present, as are associated features such as siump folds and slump scars. Note the
abundance of bioturbation structures.

Deformation of these rocks includes open folds with NW-trending axes, and a weakly developed
pressure-solution cleavage.

A general model for deposition of the Parguera Limestone is based upon recent concepts of
carbonate slope aprons. Carbonate slopes rarely develop submarine fans because carbonate sadiments
are commonly derived from a line source such as a barrier reef rather than a point source such as a river.
Slope facies on carbonate aprons include fine-grained carbonate muds draping the slope, and turbidites
and slump folds at the base of slope.

STOP 3: Glauconitic Facies of the Parguera Limestone (iake 324 E to cross over road near salt pits to 118
E 2 miles to green rock)

Inthe lower member of the Parguera limestone is a glauconitic unit. Glauconite is a mixad-layer clay
mineral, composed of Fe-rich smectile layers and illite layers. As you can see at this outcrop, there is a
great quantity of glauconite present in this member. Locally, diagenesis of this galuconite has produced
jasper beds. This is presumably because the Fe-rich smiectite breaks down to illite upon heating and burial
over time, and produces probably illite and chlorite, or biotite at higher temperatures. With diagenesis, the
glauconite loses its Fe and Si, and this is used in the formation of the jasper.

STOP 4: Paleocene of Southwest Puerte Rico: Beiween Guanica and Route 2

Paleocene rocks occur in southwest Puerto Rico, and the nature of the contaci between them and
the underlying Cretaceous rocks is interpreted to be an unconformity, however it is nowhere exposed
(Mattson, 1966).

The Paleocene rocks consists of fine- to coarse-grained volcaniclastic sediment. It has been
suggested by Matison (1969) that in the offshore realm, this unit would make an admirable reflector, and is
probably the origin of Horizon A" in the Caribbean. (Horizon A" being a highly reflactive unit seen in most
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single- and multi-channe! seismic lines in the Caribbean basin and also in the North and South Atlartic
basins.)

OPTIONAL STOP: Contact between the Parguera limestone and underlying serpentinite, Highway 2

This is an exposure showing the contact between the serpentinite of the Bermeja complex and the
overlying Parguera limestone. It has been argued, mostly by Mattson (1960), that the serpentinite is
diapiric, and this contact therefore represents the margin of the diapiric body.

FIELD TRIP NUMBER 2 (Fig. 12)
STOP 1: Juana Diaz Formation near Yauco (on 2 0.6 mi E. of intersection with 116)

This stop shows some of the clastics near the base of the Middle Tertiary sequence, and some
examples of normal faults. The clastics are mostly massively bedded fine "grained” deposits. Carbonate
concretions locally contain shelly material, indicating marine or possibly estuarine deposition. The
environment of deposition was probably offshore, in relatively quiet waters. The local gravel deposils
indicate abrupt incursions of flow. If the setting was indeed offshore, this might indicate sediment gravity
flows into the offshore setting. On the other hand, if fossil studies indicate a more brackish water
environment (no such studies have yet been made), then perhaps we are dealing with an estuarine
environment with periodic incursions from nearby streams.

The pebble composition indicates a mostly volcanic provenance, probably the hills behind Yauco. Do
you see any pebbles of chert, serpentinite or sedimentary rock?

The style of faulting is interesting. Obviously, the faults are normal faults. ShckenSIde striaticns
indicate mostly dip-slip motion. The draping effect of the fault with greater displacement is probably a
function of drag on the fault wall.

A general model for deposition of the Juana Diaz Formation may be a fan-delta, or an alluvial fan
prograding into a marine basin. This wouid fit the style of tectonics thought to have been present during
this time, as well as the sedimentary facies.

STOP 2: Basal Juana Diaz Clastics (First exit to Yauco, on right}

At this second stop, a well-exposed section of these basal clastics can be seen. Near the top of tha
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section, the transition from clastics into a carbonate reefal facies complete with attached coral heads is
observed.

Interesting features of this cutcrop include the local presence of organic rich layers (the most organic-
rich layer is laced with gypsum veins oriented quasi-vertically to the bed), and various beds indicating
offshore deposition (bioturbated, shell-rich). Conglomerate beds representing channel filis are present
near the base of the section. Fine-grained sandstones are locally plane-laminated and bioturbated.

The transition from clastic to carbonate may be due to a proximal to distal transition (note the outcrop in
general fines upward), or, possibly, dua to a sea level change. The age of the Juana Diaz Formation is
peorly constrained, but is mostly upper Oligocene. There is a huge sea level drop in the Upper
Oligocene, foliowed by a gradual rise. | believe that this clastic to carbonate transition may actually be
unconformable, with the clastic deposited below or during the sea level drop, and the carbonates
deposited during the transgression.

STOP 3: Reetfal Cycles in the Juana Diaz Formation (int. 132 arxd 2. N. side of r0ad)

Qverlying the basal clastics of the Juana Diaz Formation sra a series of reef cycles (Figs. 13, 14, 15).
Frost (1978) has recognizer! four principal reel cycles in thess outcrops, each cycle indicating shallowing
upward.

it is important just to siate the basic facts about these outcrops. The best way o look at the reefal and
other debris in cutcrop if you don't know the names of the various organisms is to describe their shapes,
and whether they are in growth position or not (Fig. 13). Coral types include finger corals, massive head
corals, branching cera's, tabular corals and encrusting corals. In genersl, the order of occurrence of coral
types on a reef is a funciion of their durability. Encrusting corals can withstand any wave attach, then head
cora’s, followed by branching corais in deeper water, and tabular corals in deeper water still. Tabular corals
are lrying to make the most of the light in the deeper waters.

On the Ofigocene slopes, the dominate fossil type was 4 large foraminifera known as Lepidocyclina.
Slope {acies are made almost whally of this fossil type.

About 80 species ¢f corals have been observed in these racks: less than 390 coral species have heen
observed in Miocens raef ineslones.
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STCP 4: Reefal cycles {cuesta on 2 at intersection with 132)
Stop 4 is a continuation of the cycles seen at 8top 3 (Figs. 16, 17).

STOR &: Santa Elena Chaks: The Angola Limestone (continue on road from stop 4 into development)
{Fig. 18)

With continued sea level rise in the latest Oligotene and Early Miocene time, growth of the coral reef
facies could not keep pace with the rising sea and subsiding land (probably both were occurring together).
As a result, the coral reefal facies pass vedically upward info chalk facies of the Angola Limestone.

Here at the Sta. Elena housing development, we ¢an see exposures of the chalks, unfortunately they
are difficult io get to.

The section is divided into a lower, more mgriy calcareous mudstone, and an upper, creamy chalk.

These calcareous mudstones and chalks consist of calcareous nannofossils (mostly large coccoliths),
planktenic toraminifera and detrital clay. The fossil assemblages in the lower hali of the section indicate a
iate Qligocene age corresponding to an absolute age of about 26 my. The upper part of the section,
consisting of creamy chalks, is of early Miocene age, and is separated from the lower part of the section by
an unconformity with a hiatus of perhaps 1to 2 m.y,

Based on faunal evidence, deposition nccurred at hathyal depths for both lower and upper units,
Locally, bioturbation is pronounced, and the beds are only coarsely layered, suggesting deposition in an
oxidizing water column not prone to preservation of organic matter. 1 it had not been for this lack of
organic matter, this unit could have made a great source-rock andfor reservoir.

5TOP 6: Ponce Limestone (Rt. 2, km 217.7, Pefion de Ponce)

Outcrop of middie to upper Miocene Ponce Limestona. The section is composed of four units. Unit 1
is composed of large coral heads in a muddy fossiliferous matrix. Unit 2 is composed of celumnar and
{inger corai accumulations of a single species of Porites, Unit 3 is a laminated mud layer which is burrowed
but lacks macrofossils. Unit 4 is like unit 1 but lacks coral heads. A large foraminifera Miosorites is present
throughout this unit. On the west end of the outcrop, ¢ioral heads are found in Unit 4. The four unils
represent changes in the environment of depositicn. The change of coral types from Unit 1 to 2 may be




ROCK COLUMN

~ 100 —

FEET COVERED

GUAYANILLA SECTION
DESCRIPTION OF UNITS
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Siylocoenio o Astrecpora, Corathine glgne is very abundan?, including some
thouolite moyses: skelttal pocksions matrie 13 unsorted,

Coral, algot ond lithaclost congfomerate. Coral fragaents are bioeroded ond
extensively encrusted by coraliing argae, Lithoclasts include devitrified tutfy and
deeply weothered andesites, Whole large foramimiinra ond hroken coralline oigae
daminare the matrix.

The upper 374 of the unit tomprites o toose reel frarmework of diverse encrusting,
nodulor ord massive corals with variobie amounts of in.sity heonching corois and
pockeis of grovel-size reef rubble in an ynsarted coarse pockstone motrix, odrse
sond and granuie-size valconogenic lithoclasts oncur in the upper meler of the
uht,

Reinitiation of raef growth begins with g bored hardground surfoce encrusted by
reef oysters. This is overloin by prolific growth of ¢ pionesr commumty of
mossive ond encrusting Porites ong corglline algoe in an uesorted porous skeletol
packstone matrix in which the grains ore rounded.

Cocol boulder rudslone, consisting of o diverse ossermbioge of rolfled and broxen
massrve corals, smoller pieces of corol branches, mollush ond echingid debdris and
whale Lepidatycling in @ comminuted but unsorted pockstone malrin. Skelern!
debris oppenrs 10 have come From voper reefl Tront,

Cyrle as v unit below consisting of bronching Porites and Stylocoenia thickets in
on unsorted rubble pockstone nonoorous motria  with  reiotively  unbeoken
Lepidacytting, coroliine algoe ond smaller foroms. Graded upward into a corol
patkstone consisting of nodular 1o mossive heods of ‘Porites in a winnowed
packytone matrix 0 which he skeierol debris i3 rounded, comminuted ond
modergtey sorted,

Reed boundstone orid rubble conmisting of plale-tike 1o massive corals 1uch oy
Parites ong Antiguasires which are encrusted ond bownd by red algoe. Associated
are bronching corals, rhodoitfes. Lepidotycti P whi i cotcitized
ponge spiciles ong mollusik fragments wn a crurned packsiore Totrix which
Secames COOrsar LOWAras in the vmt, Porasiy is occluded by sparry colcrle.

Branching corg] ond Lepidocycling pockstone to baflieatone, consisting of romose
Porites ond lorge Lepidocycting (E.) undoso in on unioried medivn 1o coorse
matrix of Yroken red gigoe and loege forarnwitera in 3111 size skeletol debris.

Skelela! packstone 10 groinstone, consrshing of lorge Lepidecyciing, Amphisteging,
Eorpertic ond Qperculinoides as weli oy encruiting red olgoe ong folincrous
corals in a matrex o! comminvied debris of algae, smoll benthic foroms ond
Lepidocycling. Small miliolid forams became more cbundont in the upper port of
the umd,

Lepigocycting packstone 1o batflestone with Lepidocycting os below in addition to
teny bianching $tylophora ond Perites and moliusk frogments. -Abundon! exampies
of hiling of sheltrr porosity by fime matrix,

Lepidocycling pockstore, composed of rock building cbundonce of L, (€] undosa,
with less common Operculinoidas ond cther species of Lepidocyclina o3 weil as
echinoid dehbris in an unsorted, reworked motrix of silt size Lepidocyciina ond
cattered smalier forom ond red oigal debris. The fine matrix is rich n nrgonic
moteriol, Grain breokoge, intecpenetrotion ond rwcrostylolites suggest o
meogerale level of compaction. Matrix coaryens wpward.

Fig. 16, Frost and others

(1983) section B of Fig. 14
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DESCRIPTION OF UNITS
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GUAYANILLA SECTION
ROCK COLUMN DESCRIPTION OF UNITS

FOORLY EXPOSED.

ramstone with scaltered insoloce massive Stylacomia ¢ olonies and Antiquastiea.
Top ol unt) s tharked by thin clay layer,

CorGiline qrnragtonm with scnthermd wi-pplext s coniaasme « feesh Somn iy,

Focites thicvts ond Lepidocyciing pocktione airermy ni with artctons,

Welteor tmel roniese qrainstane of doeae Becbie fnrerns, conthine aliewm ol cneai,

Few! framewnre comoaserd of laras neods of Poriles parcmensis,

v
(o8

’.
Fackstone al Lepidocycling. bronching coralline olgae and Poriles with scottered
mzads of Montastreo intermedia, Porites panomens: 1 and Mydnophore.

L epidocycling and Porites packstone. Porites oceurs in thin bronches.

l.de:g:ycli|1a packstone, locaily o hafflestone, with minor coral rubble ond
wfunoids. 3ecomes a Lepidocycling ong corgllime algoe groastone towcrd The
o,

Lepidocycling ond finger Porites mar) olterncting wiih calcoreous mudstone.,

Corolline Limestone intersedded with colcareous rmucstone ond mart cortcining
lenses of Parites. The Porites occurs os massive, bwigs or Ihin plates that are
igned poraitel 1o bedding,

Flubdty w»:tk»:tsfmt with scgtiered Lepidocyching, costs ond moldy of soutary
cararx and delicate branches of Poeites.

Lepidocyclimg wockestore ond pockstore with roiles Poriles and other corais o3
ruebie, Cree whibe 10 ton bed of coicareous clay wren smail broxen Porites twigs
in tenses,

QFFSET MEASURED SECTICN 200 FEET TO EAST

Weli-sorted foram grainstomne and pocksione with scat ered pectens, echinoids ond
Lepidocycting, Matrix is mycdier where Leprdacyclimg ore obumdant,

Fig. 16 cont,
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POSITION OF GUAYANILLA

l
STAGE 5. REDEVELOPMENT OF SHELF MARGIN TO BARRIER REEF.
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STAGE 4. EMERGENCE FOLLOWED BY
PERIODIC DESTRUCTION OF REEF.
PLATFORM BOUNDED BY COR.IAL AND ALGAL PAVED RAMP.
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STAGE 3. ESTABLISHMENT OF SHELF MARGIN
FRINGING REEF I

d

STAGE 2. FLOCDING OF REEF TRACT
ONLAP OF DEEP SHELF AND ISLAND SLOPE DEPOSITS

Fig. 17. Frost and others
(1983} model of reefal stagesa

S

STAGE 1. INITIAL FLOODING AND SUBSEQUENT
DEVELOPMENT OF SHELF REEFS,

SEA LEVEL e L

INITIAL FLOODING OCCURRED
AT ABOUT 21 Ma

CRETACEQUS—EQCENE
COUNTRY ROCK




POSITION OF GUAYAMILLA
!
STAGE 14. PLEISTOCENE AND HOLOCENE EUSTATIC FLUCTUATICNS ’

STAGE 13. PLIDCENE TILTING AND EMERGENCE.

STAGE 12. MIDDLE MIOCENE SUBMERGENCE, ONLAP OF PONCE
CARBONATE SHELF.

STAGE 11. UPLIFT AND EMERGENCE IN LATEST EARLY MIGCENE.

STAGE 10. DEEP SUBMERGENCE TO BATHYL DEPTHS IN EARLY
MIOCENE

STAGE 9. UPLIFT AND EMERGENCE IN LATEST CLIGOCENE.

STAGE 8. TECTONIC DEPRESSION OF SHELF, ONLAP OF ISLAND
SLOPE FACIES. I

{ PRESENT DAY
LIMIT OF ONLAP OCCURRED
| PRESERVATION AT ABOUT 26 MA
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STAGE 7. SEAWARD PROGRADATION OFITHIN SHOAL REEF.
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STAGE 6. TECTONIC TILTING AND RETREAT OF REEF SHELFWARD.
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ORAMGE, RUBBLY WEATHERING LIME WACKESTONE,
BUFF TC CREAM, HEAVILY WEATHERED TO A
CHALKIFIED STATE; WITH CASTS AND MOLDS OF
MOLLUSKS AND CORALS

UNCONFORMITY

POORLY EXPOSED. YELLOWISH CREAM TO TAN
ARGILLACECUS CHALK OR CALCAREQUS MUDSTONE,
HEAVILY WEATHERED

RHYTHMIC ALTERNATIONS OF WHITE TO CREAM

LANKTONIC FORAMINIFERAL AND NANNO FOSSIL
CHALK WITH TURBIDITE GRAINSTONES AND
PACKSTONES COMPOSED OF SAND SIZE SKELETAL
DEBRIS

40 FEET
® SAMPLE 20
LOCATION
= 20
= 10
b

APPARENT EROSION SURFACE

BUFF TO ORANGE WEATHERING, MED. GRAY
CALCAREQUS MUDSTONE AND MARL WITH ABUNDANT
PLANKTONIC FORAMINIFERA AND CALCAREQUS
NANNOFOSSILS. THIS IS INTERBEDDED WITH

LIGHT COLORED TURBIDITE AND DEBRIS FLOW LIME~—
STONES WHICH ARE COMPOSED OF REEF RUBBLE,
INCLUDING LARGE CORAL HEADS AS MUCH A8 A
METER IN DIAMETER, CORALLINE ALGAE AND LARGE
Lepidocyclina.

from Frost and others
{1983)

MOSTLY COVERED, A FEW WEATHERED EXPOSURES
OF GRAY, CALCAREQUS MUDSTONE WITH REEF
SKELETAL DEBRIS

CONTACT POQRLY EXPOSED GRAINSTONE WITH
SCATTERED MASSIVE AND BRANCHING CORALS.
MOST IN PLACE

Fig.

16.
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caused by a change i wave eneigy or sedimeriation rate. Eoth units were probably deposited in a
shaliow shelf environment. The mud in Unit 3 was probably deposited during a storm event. The lack of
corals in Unit 4 may have resulted from this influx of mud that ended reef development.

STOP 7: Deep-water clastics in the Juana Diaz Formation (2.1 miles E. of start of 52)

As we proceed to the eastern part of the exposed Middle Tertiary basin of the South Coast of Puerto
Rico, we note an amazing change in the nature of the basal clzstic sediments. Whereas the basal clastics
of Stops 1 and 2 were predominantly shaliow water facies, toward the east, a great thickness of deep water
(bathyal) sediments are observed. Unfortunately, the basal contact between the Juana Diaz Formation
and the underlying basement is everywhere a fault, so we cannot easily correlate across the basin.

At Stop 7, we see a slide biock of shallow water reefal material that has slid into thin to medium bedded
sandstones and mudstones that cantain foraminifera indicative of bathyal deposition. Based on what little
is known about the paleogeography, we might guess that the direction of the slide was from the north or
northwest, down a regional paleosiope (see Moussa, 1878).

STOP 8: Type section of the Juana Diaz (0.4 mi N of 14N out of Juana Diaz)

Exposed in the Jacaguas River valley are a sequence of wibidites. Notice that bedding dips to the
north, opposite the regionai din, awing undoubtably to listric faulting.

This section of turbidites congists of sandy beds rich in Lepidocycling, and massive silty beds, locally
bearing concretions. Bedding is extremely tabutar, indicating deposition of the turbidites in non-
channelized facies. Foraminifera in ihe sity and muddy units indicate bathyal deposition.

STOP 8. Conglomeratic Fiuvial Fed Bed Facies (52 several miles £ of stop 7)

In the extreme eastern area of deposition of Middie Tertiary sedimants is an outcrop of conglomeratic
materials, indicating deposition in a fluviat environment, This unit is extremely difficult to assign to the
basir stratigraphy. s this the missing basal unit of the turbiditic Juana Diaz Formation? Or is this the other

side of the basin? We can't be surg until some good seismic reflaction evidence is available.

GENERAL THOUGHTS ON FIELE TRIP NUMBER 2
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On Field Trip Number 2, we have defined as best we can the South Coast Tertiary basin. We have
shown something about the nature of its fill, how the stratigraphy relates to global eustacy, and the
deformation of the sediments in the basin, but we still know very little about the basin itself. What were the
margins of the basins? Was the flank of the Central Mountains of Puerto Rico one margin, such that the
basin strikes East-West? What caused the basin to form? We have seen widespread evidence of normal
faulting, yet the tectonics people teli us that the tectonic environment was one of strike-slip deformation.

To the south of Puerno Rico is the Muertos Trouygh subduction system, a subduction system that
some people argue started in Micddie Tertiary time. f this is so, is the South Coast Tertiary Basin a "forearc”
basin (sans arc, of course. since the subduction is avolcanic)? I this is a forearc basin, what is the
significance of all the evidence of normal faulting? And so on.

OPTIONAL STOF, TIME PERMITTIMNG: A drive up Highway 139 to see the Eocene Belt

FIELD TRIP NUMBER 3:
North Coast Middle Terttary

STOP I: Basal clastic facies of the San Sebastian Formation {Hwy 111, Lares, behind Mr. Special
supermarket) (Fig. 19}

Exposed at this outcrop are fiuvial-deltaic sediments of the San Sebastian Formation. The San
Sebastian Formation is the Norh Coast equivalent of the Juana Diaz Formation on the South Coast.

At this outcrop, we can see mostly fine-grained facias, with g few prominent sandstone beds standing
out. Within the fine-grained facies are at least three traceable coaly fayers, filled with plant fragments.
Locally these organic rich beds show evidence of being reworked by currents, as the organic matter is
present in plane-laminated and rippled beds.

Congcretions are also relatively common, and are typically a pale orange yellow in color. The carbonin
these concretions we suspect was derived from the oxidation of methane during early diagenesis of the
coaly materials. {Fiy. 20)

STOP 2: San Sebastian Formation (129, at int. with 111)

At this outcrop, we observe a channel facies of the San Sebastian clastics, overlain by an overbank
facies (inter-distributary?). Coaly sediments are also present at the top of the overbank facies.




LEGEND

CiBAD FM.

LARES FM.

SAN SEBASTIAN F#,

MATILOE AND
MILAGROS FM.

SCALE

COMTOUR INTERY AL J%m

KILCMETER

(198%) geologic location map




A

IORTH CENTRAL F.R SOUTHWESTERN P.R.
LARES AREA PENUELAS—GUANICA AREA
§9)
z
8 4
co ¥
S50 J—
5 a iz é ] 50m
Tofys SHALLOW TO DEER SHELF LIMESTONE
f, S5 > UNCONFORMITY WITH PALEQOKARST
r\-l'\/ a— 5
200m ™,
Cuwlw
ZF 5
W = OUTER PLATFCAM .,
o) v
2814 ¢ REEF FACIES ™,
o= 2 AND INNER FLAT— ™
S= FORM LIMESTONE N,
lwt © DEEPENING UPWARD ™
— < W P L e
g 3 Rl 300m
-~
3 z
> “ LTI N C':. 70m
o) :
of t 82 i T ! T INNER PLATFORM = w g
E e v o LIMESTONE o] Z
= &Py = w O
= : J pi— < ¢ o
T e o \ s SHALLOW TO 3
s ) . i OPEN SHELF s
w g ~ O CARBONATES w
Z o MARGINAL MARINE TO . - F
s < MARINE MUDSTONE, MARL w Qg
& f AND LIMESTONE = 2 w
= o) @]
= mrsin =
-~ 50 - 100m s ,\\ &
. AN
< —
x — < ;leN REEF w
INNER PLATFORM — N0 = ACIES > Z
. Lo LIMESTONE < a '55?? — Z0
?{‘w ({‘_;"l'" T (;;T'"I QYSTER BIOSTROME 0 }ISLAND- SLOPE < Q
= ﬂ g e m—" CHALK - WS
= g 185m 25m <
/ z —ISLAND SLOPE
C
4 ! [ L\, 4> SHELF REEF >
w z + ¥]¥ ~r SHELF REEF ! z
z = "F 7 AND PLATEQRM zZ AND SLOPE w
5) w \m LIMESTONE o LIMESTONE O
C 3 ’ " . : ’/ - » g
< “ o7 Praba ‘-—f{ "‘\“’ R ]
) & .‘ny]n'd ;,qu ‘,H,vpi, . 130m (@]
O < - ~ oz L
5] <0 -
— 2P <
= > - MARINE CLASTICS i
— <3 ¥ WITH SCATTERED
z 25 PATGHM REEFS AND
2 MOST LY NONMARINE 20 THICKETS
Zo. FINE CLASTICS 2
Z‘éﬁ . P BASAL CONGLOMERATE
“
LA “BASAL CONGLOMERATE
CRETACEDUS
CRETACEOU -
SRETRES® TO EARLY
AN o= e s :
£ TERTIARY
TERTIARY
Fig. 20. Frost and others (1983) Stratigraphic correlations




3 !
COVERED BY
LIMESTONE RUBBLE

ABOUT 50 FT. MORE SECTION OF LIMES"ONE UNDEFLIES
THE CREST OF THE HiLL

BASE, LARES FORMATION,
TOP, SAN SEBASTIAN FORMATION ¢oRAL THICKET
WITH QYSTERS

Argitioceous Timestone and mext, creom So tin,

wlt:c obundart  dronching Porites wnc (o ge SHOAL TO

oysers.

Poorly exporsd groy 1 ton sandy mudstane and OFFSHORE BARS
orgiiinerous sandstone.

ml:::“ .-h.n hosh coquinite limestone, oy, SHOAL

Flot pébble congs o

o coaiitied plant debris.

Pootly azpored gray 18 dork qroy mucstane o
claysione, port wilh fimonitic turfew.
13 o3 in Lorws Eoat seshon.

MANGROVE SWAMP

BRACKISH SWAMP
TC ESTUARINE
Grey 10 cream calcoreous quartzose sandsione. SHOAL TO BEACH

Frickle, gtay to ton sondy chaystens, poorly
emposed.

BRACKISH SWAMP
TO ESTUARINE

Renstant, groy cherty limestone ond crert. navy
weqthering, weah  poorly preserves marae
mobkuski

CARBUONATE SHOAL

Brown to reddish-purpie, argifioceovs sendstone
with coatifled twigs ond 21ems,

BRACKISH SWAMP
TO ESTUARINE

-~ 80

ST S
iron-s10ines calcaraent
sondstone or sgndy lime.
stone o3 below, vl
with nburviord ¢vciostome
beyazeo in thin bronches. 8

A

J—

White 1o creom, cross-rominated quor’2ose sond- BEACH
tone.
_ INSHCORE CLASTIC
ﬁm‘v’:«h;n::':;v rmudstone M‘;‘ Tl:rto;l m: w F
Bone, Lower 5t hot covmdont extonatd Sebr i SHEL
ey fo ton, moderately well sorted guertzale SAND SHOAL

/fu'nduone with metissk orxt echinoid debris.

lue-groy. tusty woathering, cherly coro e
iimestone, conusting of massive ond encriust ng
Porites, My 3. Goniopore, An!?ugn'r*q o
Wonigites  wiF Tems 1 Frardese

037 ond browhing Porites ir o sundy
pockstone masrix.

Bloe-groy colcoreous sondstone with abundor |
morine mollusks ona ethinoios. Top purt grode:

CORAL COPPICE

THICKET

Blue-gray, ehurty, sondy ..
packtone a3 below. with }°
ahundort mothsk debris,

COVERED

LARES WEST
SECTION

atundon’ coolifing
\ plant dehris.
\

Cc
fron sroined, sondy, heovily zkdturbated fine
pockstone with chundont pectens, orsiecs, ond
torge toramunifera Seterasteging,

”’m“"‘!!ﬁ ad Cyclorbmgling o weil a3
abundont small milielids. -

Grey mudstore with large, compiex domiciie
durrews of cres of burrewing thrirms. This o
everioin by @ flot.prbbie lIthoclas! conglormerate
formed of induroted groy rwitione ahich i

1 inte g thcaet of Por ies douvilie! finger corols.

SANC SHOAL
BEACH

FHESH WATER TO
BRACKISH SWAMP

Dorle gray, rusty weathering graywxcee sond-
store with thin cgicorevns nyers: muc coolified
wood ond sterns.  Top pard comsists of crmix.

k’:minured. well sorted, Iight gray sworiz semd-
tone. .

IKSHORE
CARBONATE

SHOAL

MANGROVE SWAMP

BRACKISH SWAMP
ESTUARINE

FeeT LARES EAST SECTION
ALONG P.R. 129

AN ADDITIONAL 150 FT. OF SAN SEBASTIAN FM
RED BEDS ARE EXPOSED BETWEEN THE BASE
QF THiS SECTION 4ND T+E JUNCTION OF

PR 129 AND PR RAMAL '

Fig. 21.

Frost and others {(1983) section in Lares area
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The channelized deposits contain abundant corse grained materials, and beautiful examples of
trough cross-bedding are observed.

STOP 3: Middie Tertiary Carbonates (Taken From Frost, 1983) {Hwy 129, proceeding N)
See accompanying figures (Fig. 21).
STOP 4: Pliocene Quebradillas Limestone (Rt 2, Quebradillas)

The Quebradillas Limestone is of great importance because it records the Pliocene subsidence of the
Puerto Rican shelf to become the Puerto Rican slope. The Quebradilias limestone was deposited at
about 200 m water depth, much too deep to related to a Pliocene global sea level change. It has therefore
been concluded by Birch (1986) that a massive tlexuring event of northern Puerto Rico occurred at this
time, uplifting Puerio Rico and submerging the slope. Such a flexure my be related to tectonic erosion in
the Puerto Rico trench, according to Birch.
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