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Abstract
Carbonate concretions within tuffaceous mudstones in the Upper Cretaceous Cariblanco Formation of
south-central Puerto Rico that contain solid and liquid hydrocarbons were affected by: 1) Three distinct
events of vein/fracture formation accompanied or followed by sediment in�lling; 2) pyrite formation
throughout the concretion matrix, in foraminiferal chambers, and sediment vein �lls; 3) four events of
larger vein and fracture formation in�lled by distinct calcite cements that postdate sediment in�lled veins;
4) a late quartz void �lling cement; and 5) formation of calcite-�lled veinlets that crosscut all
components. Petrographic and isotopic data suggest early concretion formation and septarian vein �lls,
close to the sediment-water interface, prior to any signi�cant dewatering of in�lling sediments. The δ13C
values of the matrix and sediment in�lls (-15 to -30‰ PDB), their brightly luminescent character, and the
sequestering of Fe into pyrite indicate formation in a sulfate-reducing environment with in�ux of diffusing
methane. Fluid inclusion data, isotopic composition of carbonate cements (13C enrichments from − 18 to
-8‰ and 18O depletion from − 4 to -12‰), and organic matter maturation suggest maximum burial
temperatures of 150 to 200°C. Calcite cements and microspars were formed by the circulation of
progressively warmer �uids, with warming induced by the gradual emplacement of the nearby Los Panes
intrusion. The intrusion probably caused intense normal faulting, induced extensive warm �uid
circulation, and resulted in a high geothermal gradient responsible for early hydrocarbon generation.

1 Introduction
Carbonate concretions and nodules, including the hydrocarbon-bearing concretions reported by Glover
(1957), are found in the uppermost Cariblanco Formation of south-central Puerto Rico (Berryhill and
others, 1960). The middle Santonian to late Campanian Cariblanco Formation is described by Glover
(1961) and additional descriptions are found in Berryhill and others (1960), Berryhill and Glover (1960),
Briggs and Gelabert (1962), Pessagno (1960, 1962), and Glover (1971). The Cariblanco Formation
consists of a sequence of thin to medium bedded siltstones (mudstones) and sandstones intertonguing
with medium bedded to massive cobble conglomerates. Four lenticular members of limited distribution
are recognized these are the Hacienda Larga Tuff, La Guaba Lava, Jobo Dulce Limestone, and Pio Juan
Limestone. In the Coamo area the Cariblanco conformably overlays the Robles Formation, intertongues to
the north with the coeval non-marine Achiote Conglomerate and grades upward into the overlying
Maravillas Formation.

2 Geologic Setting
Puerto Rico ,the easternmost island of the greater Antilles is composed of a Mesozoic and lower Tertiary
deformed insland-arc terrain �anked by middle to upper Tertiary carbonate and clastic deposits(Lewis
and Draper,1990). Since the end of the Eocene ,the regional tectonic of Puerto Rico and the adjacent
virgin island has been dominated by left-lateral slip between the North American and Caribbean
Plates(Fig. 1).
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The island can be divided into three main morphotectonic zones or provinces( Lewis and Draper,1990),
Each separated by two major fault zones that cross the island in a roughly northwest- to south east
direction. These are commonly referred to as the Great Southern Puerto Rico Fault Zone(GSPRFZ) and
the great Northern Puerto Rico Falut Zone(GNPRFZ)(Glover,1971;Meyerhoff et al.,1983)(Fig. 2).These
fault zones divided the island into three areas: the northeast, central and southwest igneous provinces,
and have been periodically active since Cenomanian time. The deformation associated with these fault
zones is primarily strike slip. However ,evidence of shortening is also widespread ,as indicated by folded
and thrust-faulted rocks.

The Cariblanco Formation in the Coamo area was described by Glover(1961)and additional descriptions
are found in Berryhill et al (1960),Berryhill and Glover(1960), Briggs and
Gelabert(1962),Pessagono(1960,1962),and Glover(1971).The Cariblanco Formation covers most of the
Coamo quadrangle whereas volcanic sandstones, siltstones and mudstones dominate the south and
southeast part of the quadrangle. Less abundant lenticlular units of lava and limestone are also present
within the Cariblanco Formation and where given member names by Glover(1961,1971), in ascending
orders: La Guaba Lava Member, Jobo Dulce Limestone Member, and Pio Juan Limestone Member. The
Sabana Hoyos Limestone Member originally included as the top of the Cariblanco Formation by
Glover(1961) was rede�ned by Glover(1971) as the lowermost member of the overlying Maravillas
Formation .Ages for the Cariblano Formaiton range from Late Campanian to Middle Santonian based on
forminiferal biostratigraphy( Glover,1961,1971; Pessagno,1962). The sources for the Cariblanco
Formation were large subaerial dacitic to andesitic volcanoes 15 to 20 km North of the Coamo area,
Conglomerates are of submarine slide origin, and the interbedded mudstones and siltstones were
deposited by turbidity currents under euxinic conditions in a submarine graben or silled
basin(Glover,1971). Reworked tuff and lapilli tuff constitute about 15 percent of the volcaniclastic part of
the Cariblano Formation. The Cariblanco in the Coamo area conformably overlies the Robles Formation,
intertongues to the north with the coeval non-marine Achiote Conglomerate,and is conformably
overlained by the Maravillas Formation(Glover,1971)(Fig. 3).

3 Sampling And Methods
Fieldwork was performed during three �eld seasons in 1997,1999 and 2016.Fieldwork was concentrated
on geologic recognition of previously mapped geologic structures and lithologies of the Coamo
quadrangle(Glover,1961;1971),search/assessment and sample collection of concretion sites and
lithologies showing calcite veins. A total of 165 hand samples were collected(Fig. 4) ,which represent the
most abundant lithologies within the study area. Special emphasis was given to the collection of
concretionary material and any lithologies containing calcite veins.Access to a rather large area
southeast of Coamo quadrangle was denied since it belongs to the Puerto Rico National Guard Salinas
training area. Even though this area holds the type section for the Cariblanco Formation, the author
believes that all the lithologies and structures in the Coamo quadrangle are well represented in the same
units studied outside the Salinas training area.
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Concretions were removed intact from the host rocks after taking their orientation. Each concretions was
cut in two equal pieces along the longest axis. Half of the slabs were polished for macroscopic
observations and the remaining half cut to produce standard 50x76 mm polished thin sections for
standard and cathodoluminescence petrography. After thin-section preparation, chips facing the thin
section surface were then polished and used for micro sampling or further slabbed to produce doubly
polished thick sections(Fig. 5). Powdered samples of representative diagenetic components ranging from
0.2 to 0.5 mg were extracted using a 500 µm tungsten-carbide bit using a microscope mounted dental
drill.

Fluid inclusion homogenization temperatures were determined on doubly polished thick sections in a dry
nitrogen atmosphere using a Fluid Inc. frzzing/heating stage mounted on a Zeiss microscope.
Homogenization temperatures reported here were reproduced at least once and are accurate to at least
0.1℃.

Carbon and oxygen stable- isotope analyses were determined using an ICP-MS at measured ate the
university of Kansas .Samples were extracted using a microsampling device designed for high resolution
milling to recover 200 µg powders. Samples were roasted at 380℃ for one hour under vacuum to remove
volatiele organic contamination. Samples were subsequently reacted with anhydrous phosphoric acid at
72℃ in Carbonate reaction system attached to the inlet of a Finigan MAT-257 ratio mass spectrometer.
All analyses are reported relative to PDB and precision was maintained to better than 0.1‰ for both δ18O
and δ13C.

4 Result

4.1 isotope data
Matrix calcite has δ13C compositions ranging from − 30.5 to -23.6‰ and δ18O values ranging from − 1.9
to -3.1‰. Internal sediments exhibit overlapping δ13C compositions ranging from − 25.2 to -17.0‰. The
�rst generation sediment �ll exhibits δ18O compositions ranging from − 1.1 to -2.8‰, and is slightly
heavier than the second and third generation of in�lls which have δ18O compositions ranging from − 2.3
to -4.1‰(Fig. 6).

The �rst generation of calcite cements (BDC) has compositional ranges of -4.0 to -5.9‰ in δ18O and − 
13.5 to 16.9‰ in δ13C. The second generation of cements (FEC) exhibits compositions ranging from − 
5.8 to -7.20‰ in δ18O and − 11.8 to -13.6‰ in δ13C. Interestingly the recrystallized sediments (MSP)
exhibit compositions intermediate between these two generations of cements and range from − 5.2 to
-6.4‰ in δ18O and − 12.7 to -15.3‰ in δ13C. The last two generations of calcite cements (IRC and CSP)
have distinct carbon isotopic compositions and overlapping oxygen isotopic composition, with IRC
exhibiting slightly heavier δ18O values and lighter δ13C values. IRC has δ18O ranging from − 8.8 to
-10.8‰ and δ13C ranging from − 11.0 to -13.8‰. CSP has δ18O ranging from − 9.1 to -11.8‰ and δ13C
ranging from − 7.2 to -10.7‰.
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4.2 �uid inclusion data
Inclusions are common to abundant in the last two cement phases (IRC and CSP). The inclusions in IRC
are single phasesingle-phase inclusion, many �uoresce bright yellow to orange under epi�uorescence
microscopy suggesting that they are �lled by a low API oil (Burrus at al., 1985; Bodnar, 1990).

Two-phase �uid inclusions are present only in the last calcite cement phase (CSP) and the late quartz
cement present in few concretions. The inclusions within the late calcite cement can be grouped into
three distinct populations based on morphology, abundance and homogenization temperatures. The
most abundant inclusions are small "dancing" inclusion generally aligned with cleavage fractures and
glide twin boundaries. The homogenization temperatures of these inclusions range from 55 to 75°C(Fig.
7). The low temperature and the association with fractures and glide planes suggest leakage during
fracturing and twinning. A second group consists of small isolated inclusions with homogenization
temperatures ranging form 79 to 94°C. These inclusions �uoresce blue under UV �uorescence indicating
that the inclusion are a heavy API hydrocarbon (REF). The last and the least common of these groups are
large isolated inclusions that occur in the distal portions of the CSP cements (late stage cementation
closer to pore center). These inclusions preserve the highest homogenization temperatures ranging form
120 to 190°C. Two-phase inclusions in the late quartz cements are rare and, where present, are isolated
and not associated with any crystallographic feature. Homogenization temperatures in these inclusions
range from 200 to 240°C.

5 Discussion
The diagenetic history of the Cariblanco concerations is complex but readily interpreted in the context of
the known geologic history of the Coamo Region. AS originally suggested by Glover (1971) deposition of
Cariblanco sediments took place in an euxinic basin. This is supported by the lack of benthonic fossils
and any indirect evidence of benthonic organisms in the matrix; and the abundance of early diagenetic
bedding-plane pyrite and pyrite in skeletal chambers of planktonic fossils. The early diagenetic history of
these concretions was controlled by the interaction f advecting seawater with organic matter within the
sediment and gases diffusing from the underlying sediments. The late diagenetic history as suggested by
the oxygen isotopic composition of the vein-�lling calcite was largely controlled by thermally driven
seawater circulation.

The changes in water and sediment chemistry during organic matter oxidation and the precipitation of
diagenetic/authigenic minerals and concretionary carbonates have been the subject of extensive studies
(e.g., Claypool and Kaplan, 1974; Irwin and others 1977; Froelich and others, 1979; Gautier and Claypool,
1984; Curtis and Coleman, 1986; and many others). Extensive reviews of early diagenesis in offshore
basins is presented by Hesse (1990), of burial diagenesis by Surdam and others (1989), and of isotopic
signatures during burial by Longstaffe (1989).
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The presence of pyrite disseminated through the matrix, as distinct layers parallel to bedding, and within
skeletal chambers suggests that Cariblanco sediments had progressed into the sulfate reduction zone
within the �rst few centimeters of the sediment water interface. Two lines of evidence indicate that the
bulk of pyrite formation took place prior to major concretion forming calcite cementation: a) cross-cutting
relationships between pyrite layers and concretion boundaries nucleation of micritic calcite cements
around the pyrite crystals/clusters. The horizontal pyrite seams could be the result of enhanced
precipitation at a boundary between the iron reduction zone and the sulfate reduction zone where Fe+ 2

and HS− availability was optimal for sul�de precipitation. Other alternatives that cannot be disregarded
are that pyrite precipitation was periodically taking place within the water column itself or that these
layers, as well as foraminiferal chambers, were areas of greater sulfate reduction, due to higher organic
matter concentration, resulting in localized pyrite formation.

After signi�cant pyrite formation had taken place cementation of the matrix commenced. The δ18O of the
matrix calcite is within the range of other Santonian marine sediments (cf. Czerniakowski and others,
1983) and indicates that calcite precipitation took place from marine �uids advecting through the
sediment column into the sulfate reduction zone. Although depleted δ13C calcite compositions are
characteristic of concretions formed within sulfate reducing and/or methane oxidation zones, Cariblanco
concretions differ from many other concretions in that they lack any systematic trends in δ13C from
concretion center to concretion exterior (e.g., Gautier and Claypool, 1984; Ritger and others, 1987). The
lack of systematic trends in δ13C of concretion matrix and the absence of siderite and abundant pyrite
indicates that supply of hydrogen sul�de was plentiful and during matrix cementation progression into
the methane generation (fermentation) zone did not occur. The lack of systematic δ13C trends in the
matrix as well as the limited variability of δ13C compositions (7‰) also suggests that the source of
organic or organic derived carbon needed to drive sulfate reduction was relatively constant during
concretion formation.

Since the matrix δ13C composition is several per-mil below that expected for simple organic matter
oxidation through sulfate reduction (-22 to -25‰; e.g., Irwin and others, 1977), an additional source of
13C depleted carbon is required. It is likely that in addition to sulfate reduction bacterially mediated
methane or light weight hydrocarbon oxidation was also taking place (Longstaffe, 1989; Hesse, 1990).
Two possible sources of methane and other lightweight hydrocarbons are a) fermentation reactions
taking place below the sulfate reduction zone or simultaneously within the sulfate reduction zone or b)
thermogenic methane (or light molecular weight hydrocarbons). If signi�cant amounts of methane were
being oxidized it is unlikely that fermentation derived methane (δ13C < -50‰) was a major source as
that would result in extremely depleted δ13C compositions. Either the fermentation derived methane
contribution was minimal, or thermogenic methane (δ13C range of -35 to -50‰; Schoell, 1980) was
being oxidized. It is di�cult to determine which of these alternatives is the most likely; though given the
association of concretion with hydrocarbons, early thermogenic methane generated during early
catagenesis is a preferred alternative.
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With progressive, though shallow, burial the stress heterogeneity due to cementation of concretions and
compacting uncemented sediments led to early �uid overpressuring within the concretions resulting in
the earliest vein formation (Astin, 1986) and in�lling by sediments. The shift toward heavier carbon
isotopic composition of the sediment in�lls (-17 to -25‰) suggests a diminished contribution of oxidized
methane and is compatible with organic matter oxidation through sulfate reduction as the primary or only
source of HCO3-. Although this shift in δ13C could also be attributed to the in�ux of isotopically heavy
bicarbonate produced during methanogenesis, the absence of iron-rich carbonates or siderite suggests
that Fe + 2 was still being sequestered into sul�des and that sulfate reduction was the dominant organic
matter oxidation reaction. The oxygen isotopic composition of SF1 suggests temperatures and �uid
compositions similar to those prevalent during matrix cementation, i.e. Santonian seawater at 15 to 20°C.
This suggests a strong advective transport of seawater that prevented any signi�cant temperature
increase and provided abundant sulfate to sustain sulfate reduction.

With continued burial further fractures and veins developed leading to emplacement of SF2 and SF3. The
similarity of carbon isotopic composition to those of SF1 sediment in�lls and the presence of
disseminated pyrite suggests that sediments were still within the sulfate reduction zone. The shift in the
δ18O values observed in SF2 and SF3 indicates that a temperature increase ranging from 5 to 10°C took
place after cementation of SF1. This minor shift in temperature was probably a result of both a slightly
deeper burial and a decrease in seawater advection allowing �uids to be warmed. Additionally, a change
in geothermal gradient could have been caused by the proximity (within 3 to 4 km) of the ascending
magma that eventually formed the Los Panes Intrusive.

Astin (1986) suggests fractures in concretions is a result of �uid overpressuring during compaction with
the fracture geometry controlled by homogeneity or lack of homogeneity in stress �elds. In normal
compacting basins (i.e. vertical stresses greater than horizontal stresses) vein formation in homogeneous
materials, i.e. ellipsoidal or spherical concretions, should result in septarian vein formation. Under non
uniform horizontal stresses, such as those present during regional doming, asymmetrical or irregular (i.e.,
non septarian) vein formation is expected. The pronounced differences in size and geometry of post SF1
veins and fractures found in nodules and blocks and those in ellipsoidal concretions suggests major
differences in the stress �elds in which these two types of concretions formed. Veins and fractures in
ellipsoidal concretions developed mostly by dilation of the �rst set of veins while in the irregular nodules
and blocks new veins and fractures were formed. These differences indicate that there are differences in
the stress �elds of the different concretion morphologies. These differences are most likely a result of
asymmetries in horizontal stresses induced by the initiation of doming caused the ascending Los Panes
Magma.

Although δ18O depleted calcite cements usually are associated with burial diagenesis (> 1 km) it is
unlikely that signi�cant burial of Cariblanco sediment took place during concretion formation. Shallowing
of the Cariblanco basin occurred and deposition of the Jobo Dulce Limestone Member took place during
the progressive emplacement of the Los Panes Magma and the accompanying doming and faulting of
the area. Glover (1971) attributed the �ne-grained textures of the diorite in the Los Panes Intrusive to rapid
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ascent and cooling. It is very likely that the sharp temperature gradient produced by the rapid
emplacement of this hot magmatic body (within 2–3 km of the sea �oor) resulted in the initiation of
thermally driven seawater circulation (Forster and Smith, 1990; Lewis, 1990).

The active and progressively more vigorous circulation of seawater could have resulted in further
hydraulic and thermal expansion fracturing of veins and followed by the emplacement of calcite
cements. The progressive δ18O depletion of the Vein-�lling calcite resulted from progressive warming of
circulating seawater as magma emplacement proceeded. If calcite cements were precipitated from warm
seawater without modi�cation by rock-water interactions, the earliest calcite cements (BDC) require a
temperature increase of 10 to 20°C. The latest calcite cements require a temperature increase of 30 to
40°C. The �uid inclusion data on CSP cements suggest that a progressive temperature increase was
accompanied by increasing rock-water interaction with the thick sequence of volcaniclastics, pelagic
limestones and igneous rocks underlying Cariblanco sediments. These interactions resulted in an δ18O
enrichment of circulating seawater of up to 10‰ (Sheppard, 1986; Lawrence, 1989; Longstaffe, 1989).
The likely �uid δ18O enrichment implies that a much higher temperature would be required to account for
the δ18O of calcite cement. Precipitation of the late cement phases, IRC and CSP, could have taken place
at temperatures ranging up to 150°C.

There are several possibilities that can account for the observed trends toward heavier δ13C
compositions. These are: 1) an enhanced contribution of heavy (0 to 2‰) marine dissolved CO2; 2) a
reduced contribution from organic matter derived CO2; 3) rock-water interactions resulting in a
contribution from heavy rock carbonate; 4) a contribution from heavy bicarbonate derived from the
carbonate reduction zone (methane formation) in areas through which seawater is �owing into the rock;
and 5) contribution of heavy magmatic CO2 produced by the degassing of the ascending magma body
(Taylor, 1986). With the onset of active seawater circulation and the increase in temperature it is likely
that oxygenated seawater circulated through the system and more "normal" marine dissolved CO2 was
contributed to the system. The iron content of FEC cements requires an increase in �uid Fe/Mn ratios.
The marked difference in δ18O, δ13C, and the reactivity of SF1 with �uids precipitating FEC suggests a
major change in �uid chemistry, involving an increase in Fe/Mn ratios, warmer �uids, and a less 13C
depleted bicarbonate. As the Los Panes Magma moved upward and doming and faulting increased,
major changes in the size, position and the sense of direction of thermally driven convection cells could
have occurred at the site of concretion formation(Forster and Smith, 1990). FEC and MSP preserve a
record of changing �uid chemistry or �ow regime. At or near the peak of convective circulation IRC and
CSP were precipitated. The minor difference in the δ13C composition of these cements may be attributed
to a small decrease in the contribution of oxidized organic matter or hydrocarbons to the dissolved CO2 or
to a slightly higher rock-water ratio for the �uids precipitating CSP.

The last pulses of warm �uids were responsible for the precipitation of the late clear quartz present in a
few concretions. With the cooling of the Los Panes Magma, the local highs subsided and seawater
circulation decreased.
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The latest diagenetic alteration of Cariblanco concretions occurred when the calcite �lled veinlets were
formed. The leaching of iron from matrix and cements by the �uids from which the veinlet calcite was
precipitated demonstrate that there are major differences between these �uids and those that precipitated
cements in the major veins and fractures. As these veinlets cut across all other diagenetic fabrics and
seem to be associated with the strained fabrics observed in the Vein-�lling calcite cements it is likely that
these were formed during the Eocene compressional folding and transcurrent faulting that affected the
area (Glover, 1971; Erikson and others 1991).

Hydrocarbon generation and emplacement.
The limited carbonate data does not allow unequivocal determination of the source of the hydrocarbons
in the Cariblanco concretions nor when migration occurred. The presence of hydrocarbon in the voids
within larger fractures and its survival until modern exhumation indicates that emplacement occurred
prior to void sealing and most likely occurred simultaneously with CSP and/or IRC cement formation. The
intense anaerobic organic matter degradation that affected Cariblanco sediments likely depleted most
organic matter leaving a minor fraction of more resistant terrestrial organic matter.

The emplacement of the Los Panes Magma was the probable cause of a localized elevated geothermal
gradient su�cient to initiate petroleum generation deeper in the sediment column. If indeed the relatively
stable δ13C signature of the concretion matrix re�ects the contribution of thermogenic methane, it is likely
that methane and other light hydrocarbons were produced deeper within the basin. The migration and
emplacement of these hydrocarbons was likely a result of the enhanced solubility/miscibility at
temperatures in excess of 125°C (Barker, 1980) and the large scale convective �ow resulting from the
ascent of the Los Panes magma. Accumulation of hydrocarbons at the site of concretion formation was
a result of decreasing pressure and/or temperature. Most of the hydrocarbon diffused through the
overlying sediments while minor amounts were preserved within some concretions.

Hydrocarbon potential and the tectonics of south-central
Puerto Rico
The presence of volatile hydrocarbons within Cariblanco concretions indicate that conditions for
hydrocarbon generation did exist at depth when Cariblanco and possibly Maravillas sediments were
being deposited. Because of the limited available data it is di�cult to evaluate whether signi�cant
amounts of hydrocarbons were ever generated within the Cretaceous Cariblanco basin and what their
fate was during the intense post-Campanian fracturing, plutonism and volcanism that affected all of the
Cretaceous rocks in the area. It is doubtful that, if generated, any hydrocarbons have been preserved in
onshore Puerto Rico.

If we assume that Cretaceous deformation diminished southward, offshore, then any signi�cant amounts
of hydrocarbons that were generated could have been preserved in the distal
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portions of the Cariblanco Basin provided they survived Eocene faulting and folding. Extensive and
detailed studies of the Cretaceous sedimentary sequence in south-central Puerto Rico are clearly needed
to better de�ne the history of hydrocarbon generation in this poorly understood area of the Caribbean.
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Figures

Figure 1

Generalized tectonic features of Caribbean region with Puerto Rico highlighted in red modify by the
Wayne T,2007 
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Figure 2

Map of Puerto Rico showing major geologic and tectonic features
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Figure 3

Generalized stratigraphic column showing main lithologic units in C oamo quadrangle(Modi�ed ftom
Glover,1971)
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Figure 4

Explain their �eld characteristics

Figure 5

Samples picture
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Figure 6

Isotope data

Figure 7

Fluid oxyenisotope -Temperature Evolution


