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Cenozoic Limestones in Puerto Rico
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Frcure 2. —Ground-water provinces of Puerto Rico (modified from MoGuinness, 1948).
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|:] Extent of North Coast ground-water province

o"®  Well control point
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Well name abbreviations

NC North Coast

IAS Interaqutfer Study

A Abbott

D  Dupont

UC  Unton Carbide

TB Toa Bap

AIO Arextbo Ionosphere Observatory

CPR Kewanee Interamerican Oil Company—
Commormealth of Puerto Rico

ge

Isk do
MAP AREA i
Puerto Rico
kb ®
Vibgues

St
John

St Orax

FicUuRE 21.—Location of cored test holes and other wells that penetrate Tertiary rocks beneath the North Coast ground-water province of Puerto Rico.
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Municipios where Industrial direct withdrawals of
ground water is greater than 1.0 Mgal/d (1995)
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The maijority of industries in these municipios produce chemicals and related products.
‘ http://pr.water.usgs.gov/public/water_use/groundwater/




Industria farmaceéutica en Puerto Rico

« Abbot Barceloneta Box 278- Barceloneta, P.R.-00617 846-3500

* Bristol Myers Box 657- Barceloneta, P.R.-00617 846-3800

* Merck Sharp & Dohme Box 601- Barceloneta, P.R.-00617 846-4100
« Pfizer Pharmaceuticals Box 628- Barceloneta, P.R.-00617 846-4300
o Searle Ltd. Box11247- Barceloneta, P.R.-00617 846-5000

« Up-John Caribe Box 11307- Barceloneta, P.R.-00617 846-4900

* Frito Lay Box 11517- Barceloneta, P.R.-00617 846-6060

« Playtex Box 188- Barceloneta, P.R.-00617 846-2260

* PSG (Planta Tratamiento) Box 2087- Barceloneta, P.R.-00617 846-1126
e Air Master Box 2097- Barceloneta, P.R.-00617 846-1800

o StarCom Calle Tomas Davila #9 Barceloneta, P.R.-00617 846-4000

North Coast Confined Aquifer System

http://www.geocities.com/Heartland/Flats/6766/industrias/farmaceuticas.html
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Stratigraphy of the Puerto Rico North Coast Province
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East-west geologic cross section of northern Puerto Rico
(from Rodriauez-Martinez. 1995).
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Ficure 23.—Thickness of Lares Limestone, northern Puerto Rico (outcrop extent modified from Monroe, 1980).
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Stop #1:
San Sebastian Formation-Lares Limestone Contact




— SEA LEVEL
100

B Gronde de Avecie

ANIACO FAULT

Montebello Limestone Member of Cibao Formation
Lower part mostly chalky fragmental limestone; upper
part is interbedded hard limestone and granular
chalk; about 10 m of marl at the top; mazximum
thickness is 275 m

Lares Limestone
Lower part is thin bedded to flaky and contains grains
of limonitic rock; upper part is thin-bedded pink to
vellowish very hard limestone; thickness ranges from

0to 180 m

San Sebastian Formation
Mostly pale red clay with abundant pebbles of volecanic
rocks; some bedded sand layers present locally; con-
tains numerous grains of quartz and locally contains
iron oxide and manganesé stains; thickness ranges
Srom 0 to 50 m

UNCONFORMITY

Ti

Jobos Formation

Mostly volcanic breccia, includes some conglomerate,
volecanic sandstone, and lava; estimated thickness is

1700 m

Yunes Formation
Pale-green to pale-bluish-green twffs and grayish to
brownish-green quartz-bearing volcanic sandstone
and siltstone; bedding ranges from thin to thick
bedded; includes interstratified light buff-gray frag-
mental limestone and some massive dark brownish-
gray volcanic breccia; a maximum of 1200 m is present
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ANALYTICAL RESULTS OF LOW-Mg CALCITE KUPHUS INCRASSATUS BIVALVES AND DERIVED NUMERICAL AGES FROM PUERTO RICO
(PR) AND THE DOMINICAN REPUBLIC (DR)

o Corrected 13 18 3 Age Age

Lithologic unit, locality/Sample ID R:; r::ls‘:'. value 6D§ ;D(B) (p::n) (p“;) (p::n) (:pl:‘) “(:l: m mean  max

Y5y (FDB) (PDB) ’ ‘ OMa)  (Ma)

-1.82 455 2056 139 4 9.12 9.84 10.49

-1.77 496 3222 115 17 946 10.09 10.77

-1.74 747 3545 39 3 9.77 1041 1114

-1.80 518 2708 62 7 10.10 1080 1185

-160 514 1554 4 5 10.10 1080 1185

-2.10 538 4055 68 1 10.37 11.14 1229

-1.60 932 4478 75 4 10.44 11.20 1237

-247 657 2367 25 B 10.59 1139 1254

-1.82 585 6032 72 5 10.79 11.81 1280

-238 523 3249 58 2 11.21 1237 1336

-0.19 088 4747 4 1 1143 12.58 13.86

251 510 3255 99 9 12.05 13.02 1469

-2.55 515 2146 120 B 12.10 13.07 1472

-1.50 673 2731 455 10 12.20 1318 1478

200 699 4164 57 2 12.20 13.18 1478

-191 700 4255 39 1 12.35 1336 1371

-194 789 4100 54 2 12.40 13.43 14388

205 623 4694 110 11 12.72 1433 1504

243 T4 5197 62 S 13.13 14.74 1523

-1.59 882 3794 34 3 13.44 14.87 1531

Lares Ls, Lares, PR/12 PR111 PS8 0.708147 0.708145 2.74 -247 1497 0165 62 1 2463 2526 2597

Lares Ls, Lares, PR/11-1 PR111 PS6 0.708132 0.708130 052 -238 1602 6984 199 6 25.01 25.70  26.53

Lares Ls, Lares, PR/6 PR448 0.708123 0.708121 0.09 -1.85 1450 5256 794 27 25.27 2597 2683
| Lares Ls-San Sebastian Fm_Lares. PRO PR111  0.708109 0.708107 -048 -356 1683 5081 306 14 25.68 26.51 _27.27 |

San Sebastian Fm, Lares, PR/A27 RG 0.708015 0.708013 -202 -280 916 5992 632 1019 2859 2917 29.77

San Sebastian Fm, Lares, PR/A29 RG 0.707991 0.707989 111 247 1094 6537 43 167 2019 20.78 30.51

Cercado Fm, AB, DR/A4 ABI 0.709003 0.709001 056 -2.11 1076 6159 40 2 5.52 5.88 6.16

Cercado Fm, AB, DR/A24 AB2 0.708998 0.708996 0.03 -1.73 1189 12286 66 16 5.63 5.96 6.27

Cercado Fm, AB, DR/A1-9 ABI 0.708986 0.708984 1.15 -142 1308 5410 119 5.87 6.15 6.59

7
Cercado Fm, AB, DR/A2 ABI 4-7 0.708979 0.708977 -439 -246 938 5253 31 6 5.98 6.31 6.85
Yanigua-Los Haitises Fms, DR/14 DR7 Km124 0.708826 0.708824 -6.18 -3.68 462 3000 659 272 1143 1258 1386
>
6

Yanigua-Los Hastises Fms, DR/A26 DR7 Km87 0.708770 0.708768 -$.78  -250 591 1725 51 14.78 1528 15.57
Yanigua-Los Haitises Fms, DR/15 DR7 Km87 0.708738 0.708736 690 -235 231 1455 67 1541 1575  16.07

Ortega-Ariza, 2016

Table 2.1: Raw Sr data corrected to NIST 987 value of 0.710248 to use the McArthur et al. (2001) look-up curve.
Error results from 2 SEs of mean Sr isotope value and confidence limits of the seawater Sr isotope curve. Estimated
age resolution: Ponce Limestone, ~0.7-1.3 m.yr.; Lares Limestone, ~0.6-0.8 m.yr.;San Sebastian Formation, ~0.6
m.yr.; Cercado Formation, ~0.3 m.yr.; and Yanigua-Los Haitises, ~0.3-1.3 m.yr. Bold analytical data indicate
samples outside the accepted ranges (see "Materials and Methods" and "Results").AB = Arroyo Bellaco; PDB = Pee
Dee belemnite; PQ = Ponce Quarry. * Indicates samples collected from Ostrea haitensis bivalve.
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Fig. 6: The base of the Lares Limestone and its contact with the San Sebastiin Formation
exposed at the PR10-PR6621 intersection (N18°18’52”, W66°41°05").



Stop #1:

San Sebastian Formation - Lares Limestone Contact
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Top of San Sebastian Formation

poorly consolidated sandstone, siltstone, &

conglomerate
well-rounded pebbles to cobbles

beds of lignite or carbonaceous clays

abundant trace fossils (burrows) filled with the Lares

Limestone material




Stop #1:

San Sebastian Formation - Lares Limestone Contact
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* Base of Lares Limestone Stop #1:
* grainstone dominate (some packstone) San Sebastian Formation-Lares Limestone Contact
abundant fine to medium sand composed of quartz & weathered volcanic lithoclasts

layer of cobbles (weathered/oxidized volcanic rocks) aligned 0.6 m above the contact that follow the apparent
dip of the unit

fossiliferous limestone with forams (Lepidocyclina undulosa), red algae (rhodolites) and echinoderms (regular &
irregular urchins)

Lares Lmis 17.8 m thick in this exposure (310 m in the Bayaney Quadrangle)

topographic high in the area (basement Cretaceous & San Sebastian Fm rocks) created a thin L Lm unit




Fig. 8: The base of the Lares Limestone and its contact with the San Sebastiin Formation
exposed at the PR10-PR6621 intersection. Lines of cobbles composed of weathered
(oxidized) volcanic rocks follow the apparent dip of the strata.
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of Lares Limestone Stop #1:

grainstone dominate (some packstone) San Sebastian Formation-Lares Limestone Contact

abundant fine to medium sand composed of quartz & weathered volcanic lithoclasts

layer of cobbles (weathered/oxidized volcanic rocks) aligned 0.6 m above the contact that follow the apparent
dip of the unit

fossiliferous limestone with forams (Lepidocyclina undulosa), red algae (rhodolites) and echinoderms (regular &
irregular urchins)

Lares Lm is 17.8 m thick in this exposure (310 m in the Bayaney Quadrangle)

topographic high in the area (basement Cretaceous & San Sebastian Fm rocks) created a thin L Lm unit
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Fossiliferous limestone with forams
(Lepidocyclina undulosa), red algae
(rhodolites) and echinoderms (regular
& irregular urchins)




Base of Lares Limestone Stop H#H1:
 grainstone dominate (some packstone) San Sebastian Formation-Lares Limestone Contact
* abundant fine to medium sand composed of quartz & weathered volcanic lithoclasts
* layer of cobbles (weathered/oxidized volcanic rocks) aligned 0.6 m above the contact that follow the apparent
dip of the unit
» fossiliferous limestone with forams (Lepidocyclina undulosa), red algae (rhodolites) and echinoderms (regular &
irregular urchins)
* Lares Limestone is 17.8 m thick in this exposure (310 m in the Bayaney Quadrangle)
* topographic high in the area (basement Cretaceous & San Sebastidn Fm rocks) created a thin L Lm unit
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Stop #1:

San Sebastian Formation-Lares Limestone Contact

Interpretations:

* Top of San Sebastian Formation

* fluvial influences and shallow water

e fossils of marine or estuarine
environments not present

* beds of lignite or carbonaceous clays

* 5 beds of lignite (21m bellow contact) in Highway 111 (southwest of the
PR10) reported pollen from Rhizophora sp. (Graham & Jarzen, 1969)

e other lignites from the same area showed dicotyledons (flowering
angiosperms) of tropical environments that live near lagoons or estuaries
with brackish water (Hollick, 1928)

* Base of Lares Limestone
e grainstones dominance suggest deposition in shallow water
* lignite beds suggest deposition close to the shore



Stop #1:

San Sebastian Formation-Lares Limestone Contact

Interpretations:

* Top of San Sebastian Formation

e fluvial influences and shallow water

e fossils of marine or estuarine
environments not present

* beds of lignite or carbonaceous clays

* 5 beds of lignite (21m bellow contact) in Highway 111 (southwest of the PR10)
reported pollen from mangrove (Rhizophora sp.) (Graham & Jarzen, 1969)

» other lignites from the same area showed dicotyledons (flowering angiosperms) of

tropical environments that live near lagoons or estuaries with brackish water
(Hollick, 1928)

 Base of Lares Limestone

e grainstones dominance suggest deposition in shallow water

* lignite beds suggest deposition close to the shore







Stop #1:
Lares Limestone - Montebello Member Contact

* Lares Limestone
e Lares Lmstis 17.8 m thick in this exposure (310 m in the Bayaney Quadrangle)

* Topographic high in the area (basement Cretaceous & San Sebastian Fm rocks)
created a thin Lares Limestone unit at this location

* A change in lithologic character between the Lares Limestone and Montebello
Member units is visible at the contact
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The Lares Limestone

Composed predominantly of thickly bedded, fine-to medium-grained
calcarenite.

Gradational or sharp contact with the underlying San Sebastian.
In some areas the formation rests directly on the basement (transgression).
Crops out in a continuos belt of limestone in the northern coast of the island.

Outcrop thickness ranges from 270-301 m (Bayaney Quadrangle). Subsurface
thickness ranges from 0 to 500 m.

Pinches out in the western and eastern edges of the outcrop belt.

Deposited on a broad 25-km-wide shelf rich in marine organisms similar to
those living in modern reef environments.

Main mass developed as tongues of limestone projecting laterally into clastic
beds (not massive). Western and eastern boundaries dominated by fluvial

deposits.

Interpretations suggest several cycles of reef growth (P.R. 129) composed of
framestones (massive corals) and fringing-reef growth terminated by erosion
(exposure), all developed under tectonically stable conditions. Progradation
with backreef material and skeletal-sand shoals capping the sequence.



Stop #1:
Lares Limestone - Montebello Member Contact

 Contact

* The division between strata's was defined by the presence of a bed 1 to 3 m thick
with abundant Ostrea haitensis (oysters of 5 to 10 cm).

* This oyster layer, at the basal Montebello Member, is present in the unit through the
PR north coast and therefore is used to define the Lares Limestone-Montebello

Member contact.

Montebello Mem.
A } 0str'ea'haitiensis layer
e > “‘tarves Lm.- IR S s by T
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Ostrea haitiensis layer is present at the basal Montebello Member at many locations
through the PR north coast and therefore is used to define the Lares Limestone-




Ostrea haitiensis layer is present at the basal Montebello Member at many locations
through the PR north coast and therefore is used to define the Lares Limestone-
Montebello Member of the Cibao Formation contact
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Stop #2:

Montebello Member of the Cibao Formation

Exposure at the TOP of the outcrop of PR10 / PR6612 Intersection
(N18°18’52”, W66°41’'05”)

o
D3

Framestone
Porites porites
Caulastrea sp.

] foraminifer-, mollusks-, red algae-

Eramestone and rhodolite-dominated packstones
Porites porites
_ Caulastrea sp: o

% ; .‘
foramszef mollusks-,"red algae and rhodollte dominated packstones ]

' M“& |s ‘ ]meevtone J &gj

Posites porlteé‘

‘Monte be"O Mem. ] foraminifer-, mollusks-, red algae- and rhodolite-dominated packstones

5 | . Framestone
Head corals (Causlastrea:sp. dominated)

] foraminifer-, mollusks-, red algae- and rhodolite-dominated packstones

] Ostrea haitiensis layer
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Stop #2:

Montebello Member

* 305 m thick along PR10 (Ramirez-Martinez, 2000)

* mostly of repetitions of coral-dominated boundstones
(framestones) and foraminifer-, mollusks-, red algae- and
rhodolite-dominated packstones (Ramirez-Martinez, 2000).

e lithofacies indicate deposition in shallow-marine
environment (middle shelf or ramp)

e variations in fossil assemblages (and lithology) produced by
either progradation or changes in water depth
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Stop #2:

Montebello Member of the Cibao Formation

Exposure at the TOP of the outcrop of PR10 / PR6612 Intersection
(N18°18’52”, W66°41’'05”)
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Strontium Isotope Stratigraphy for Oligocene-Miocene Carbonate
Systems in Puerto Rico and the Dominican Republic: Implications
for Caribbean Processes Affecting Depositional History

2015

Diana Ortega-Ariza,"** Evan K. Franseen,"* Herndn Santos-Mercado,?
Wilson R. Ramirez-Martinez,® and Elson E. Core-Sudrez’®
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* Bivalves Kuphus incrassatus
* Elongated calcareous tubes - Low Magnesium Calcite

Kuphus polythalamia

SIPHON
Py i

BACTERIA

The giant shipworm Bacteria live The shipworm's
lives in a shell planted in the giant digestive organs
in the mud in shallow shipworm & are small due to
bays in the Phillipines. gills and ‘ limited use.
produce food '
for the worm.

DIGESTIVE ORGANS

MOUTH
R A bt

C
HEALTH

UNIVERSITY OF UTAM : §
Distel, D.L. ot al Wooden Steps to Chemoautotrophy for a Giant Bivalve.

Proc Natl Acad Sci USA, April 17, 2017




.Bivalves  KUPhUS incrassatus

* Elongated tubes composed of Low Magnesium
Calcite

* Abundant in PR North Coast Neogene Limestones

photo/classification by Emily Vokes, Tulane University
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Figure 2.4: Low-Mg calcite Kuphus incrassatus and Ostrea haitensis bivalves. A-B) Kuphus incrassatus (A) and
Ostrea haitensis (B) in outcrop. C) Kuphus incrassatus in thin section. Most inner layers (dark brown) of Kuphus
preserve original internal shell texture, whereas outer layers (light yellow) are mostly recrystallized. D) Ostrea
haitensis in thin section showing alternating constructional layers of lamellae (dark brown, non-recrystallized) and
vesicular shell structure partly recrystallized (light yellow).




Datlng (Stront|um Isotopes from Kuphus incrasatus)
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Four naturally ocurrring
Strontium Isotopes

38 (82.53%)
87Sr (7.04%)
86Sr (9.87%)
84Sr (0.56%)



Four naturally ocurrring
Strontium Isotopes

88Sr (82.53%)
87Sr (7.04%) - radiogenic
86Sr (9.87%) - non radiogenic

84Sr (0.56%)



Four naturally ocurrring
Strontium Isotopes

88Sr (82.53%)
87Sr (7.04%) - radiogenic
86Sr (9.87%) - non radiogenic

84Sr (0.56%)

Produced Radiogenically (= increase)

875/
86 Sr Always the same amount.
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Strontium Isotope Stratigraphy (SIS)

87Sr/ 86Sr conversion to numerical ages (McArthur, 2001)

95% confidence limit
NC 13-526 Aymamon Ls 0.708858 +/- 0.000015 10.91+/-0.34
NC-11 1145-2 Aguada Ls 0.708854 +/- 0.000015 11.06+/-0.37
NC 11-1145-1 Aguada Ls 0.708851 +/- 0.000015 11.18+/-0.46
NC 11-1149-46 Aguada Ls 0.708845 +/- 0.000015 11.45+/-0.54
NC 11-1165-4 Aguada Ls 0.708843 +/- 0.000015 11.59+/-0.51
NC-6 LP 1380-77 -1 Aguada Ls 0.708795 +/- 0.000015 14.60+/-0.89
NC-11 1181-2 Cibao Fm 0.708835 +/- 0.000015 12.07+/-0.53
PR-10 10 3M2 Montebello Mbr 0.708198 +/- 0.000015 24.07+/-0.16
PR-10 2K1-4 Montebello Mbr 0.708128 +/- 0.000015 25.76+/-0.28
PR-10KM67.6 #3 Lares-Montebello 0.708109 +/- 0.000015 | 26.43+/-0.34
PR-10KM67.6 #2 Lares-Montebello 0.708085 +/- 0.000015 27.24+/-0.29
PR1110L-3 Lares Ls 0.708146 +/- 0.000015 25.23+/-0.26
PR 111-OL-2 Lares Ls 0.708171 +/- 0.000015 24.60+/-0.21
PR111-GPS Lares Ls 0.708167 +/- 0.000015 24.69+/-0.22
PR-111T1 Lares Ls 0.708162 +/- 0.000015 24.81+/-0.22
PR-111 M2 Lares Ls 0.708130 +/- 0.000015 25.70+/-0.27
PR-111 M8 Lares Ls 0.708121 +/- 0.000015 25.97+/-0.32

Ortega-Ariza, 2009
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Stop #2:

Montebello Member of the Cibao Formation

Exposure at the TOP of the outcrop of PR10 / PR6612 Intersection
(N18°18’52”, W66°41’'05”)
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Stop #1 and #2:

San Sebastian Formation - Lares Limestone Contact

Lares leestone I\/Iontebello I\/Iember Contact
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Parasequences PR-10 Stop #1
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Ortega-Ariza, 2009
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General Characteristics of the
Montebello Member of the Cibao Formation

Composed largely of foraminifers & fragments of molluskan shells

The most laterally and stratigraphically extensive member unit of the Cibao
Formation

Grades to the west and east into the marly limestones of the undifferentiated
Cibao Formation

Type locality is in the Florida quadrangle where it is composed of pure calcium
carbonate

Subsurface - composed of shoaling-upward sequences with basal units
dominantly shallow middle-to-inner shelf deposits and upper units showing high-
energy near-shore environments

The oyster layer marker probably pinches out downdip because it has not been
found in the subsurface



Intersection of the Highway PR10 and road PR621
(N18°19°58”; W66°40°42")
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Montebello Member- Jobos Formation Contact




Stop #3:

Montebello Member —Jobos Forma;i*q‘n Cpnta{ctt

* Jobos Formation (Tj) k0 )W N
VY ) |
* Upper Paleocene (59 Ma) to Middle Eocene (41 Ma) | \0 b/ ) |
* mostly volcanic breccia ‘ , ¢ /J {
: 8 '.::1 =7
* some conglomerate, volcanic sandstone, and lava W ,"
e 1,700m thick (cores) \,\ — J
\ \\\3\':. ) A Q)
* Contact \
e undulatory with multiple truncations . %m .

Lower part mostly chalky fragmental limestone, upper
part is interbedded hard limestone and granular
chalk; about 10 m of marl at the top; marimum

* Montebello Member gt s 2+
e 26— 24 Ma (Kuphus incrasatus)

» Packstone/ grainstone with scarce forams
(Miocerites sp.) and Mollusks (mostly gastropods)

e Lares Limestone absent
e former presence of a topographic high in the area o
composed of basement rocks of Cretaceous age (145 — 66 Ma)
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Photos showing soritid-rich packstone F2a facies in outcrop (A) and thin section (B). Finger and white
arrow in A pointing at soritids. Yellow arrow points to preserved filled burrow. White arrows in photomicrograph
(B) point to soritids.




Intersection of the Highway PR10 and road PR621
(N18°19°58”; W66°40°42")
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Montebello Member — Coral Boundstone




Stop #4
Montebello Member / Coral Boundstone

e observation Mogote at PR10 - PR621 road intersection
(N18°19’58”, W66°40°42")

e recrystallized corals in growth position with a wackestones

matrix

e part of the repetitions of coral-dominated boundstones
(framestones) and foraminifer-, mollusks-, red algae- and
rhodolite-dominated packstones discussed at the top of the

outcrop visited in Stop 1
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Intersection of the Highway PR10 and road PR621
(N18°19°58”; W66°40°42")
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Montebello Member — Stylophora sp. Mound




Stop #5

Montebello Member / Stlylophora sp.
Mound/Bioherm (Boundstone/Framestone)

0.5 km north and across the street from PR10 - PR621
road intersection (N18°20°15”, W66°40°35”)

* lens-like structure of Stylophora sp. (branching coral)
: e

e feature surrounded by red algal

packstones and grainstones
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Stop #6

Montebello Member / Porites Boundstone
PR10 Km 70.5

‘&é\o ”‘ Fé)

The branching coral Porites is extremely abundant and seems to be in

growth position. This unit is equivalent stratigraphically to the Branching Coral-

Boundstone present at the top of the outcrop visited at Stop 1.




Stop #7

Montebello Member / Miocerites Packstone
N18°21°06”, W66°41’12”

The study of the exposed section of the Montebello Member of the Cibao
Formation in the new PR10 Highway from Arecibo to Utuado revealed cyclicity
in the distribution patterns of coral-dominated, mollusks-dominated,

foraminifers-dominated, and red algae/rhodolite-dominated units (Galluzzo and

Ramirez, 1998). Here we have one of the multiple foraminifers-dominated

packstones present in the section. The foram genus Miocerites is dominant.

Oysters and equinodems are also common.




Stop #8

Montebello Member / Grainstone — Submanne Hardgrou_nd
N18°21'12”, W66°41’12” ‘ y . .-

\ s ‘(/Qv#

o] Bors ¥ g 4~ e

A 0.5 meter thick grainstone unit with abundant rhodolites, equinoderm

fragments and spicules forms a sharp, linear, well defined bed in this area. The
geometry of the bed, texture, and petrography suggest that this unit could have

been a submarine hardground at some moment during the deposition of these

rocks.
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Fig. 22: A 0.5 meter thick grainstone bed interpreted as a
submarine hardground.













Stop #9

Montebello Member / Ancient Water Table or Exposure ?
N18°22'17”, W66°41’39”

A bed of carbonaceous clays is present in between the fossiliferous
limestones in this outcrop. This highly undulatory bed is not associated with
calishe layers, brackish or freshwater fossils, nor it has any other feature that
would suggest that it was formed by subaerial exposure. Several possible

explanations could be suggested to explain the formation of this atypical bed in

the area. Diagenetical explanations seem more feasible than depositional. One
possibility is that this layer could have mark the position of the air-water

interface (water table) present in the area at some moment in time.



~ Fig. 17: PR10 Higway section from Areciboto Utuado plotted
;.,:,_i‘;;,_‘._@' the U. a‘a;ao Quadrangle GeologicMap
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Evidence of SUBAREAL EXPOSURE absent
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Cibao Formation
Te, chalk and marl, light-gray to pale-grayish-orange, commonly thick-

bedded and massive, some guartz-bearing beds; some thick lenses of
Aguada Limestone very pale orange to yellowish-gray, very fine grained limestone. Chalk
Medium- and fine-grained, locally very fine grained, very pale gray to gray and marl typical of the Cibao Formation in most of northern Puerto
and pale-yellowish-orange, yellowish-brown, grayish-yellow, and dark- Rico (Zapp, Bergquist, and Thomas, 1948; Monroe, 1963) grade and
gray limestone interbedded with subordinate grayish-orange and light- interfinger progressively eastward into the Montebello Limestone Mem-
gray chalk and marl that increase in incidence downward, commonly ber (Nelson and Monroe, 1966) to a point on the east side of the canyon
thick-bedded, but uppermost 2-5 m i thin bedded at most localities  of the Rio Grande de Arecibo where less than 10 m of the typical Cibao
and near the west edge of the Avecibo quadrangle the upper 30 mis oo nin between the underlying Montebello Member and the overlying
‘:f‘r“:"x‘:":‘";"‘:;"* beds and "‘.""::'“ 'wm‘ ": Aguada Limestone. From this point eastward all Cibao strata in the
thie ~3m of porcelameons limen com y ocours. = - bell N Memb
Quartz grains are rare in most of the Aguada Limestone, but commonly %M:‘M:l'h are assigned to the Monte Limestone )
are minor constituents of thin beds. In test well §CPR, chalk and marl - ickness 0-50m 3 3 .
JSorm only a very small part of strata assigned to the Aguada Limestone, 1™, Montebello Limestone Member; fine- to very fine grained, white,
Thickneas 90-150 m; 177° m very pale orange, grayish-orange, and grayish-yellow nearly pure lime-
stone, most commonly thick-bedded or maswive, locally highly fossilif-
erous.  Most of the Cibao Formation in test well §CPR, where it is 305
m thick, is similar to the Montebello Limestone Member, but some mari,
clay, and sandstone also are present. In the Barceloneta quadrangle
to the east, strata now assigned to the Montebello Member were referrved
to as limestone of Cibao age (Briggs, 1965). Thickness 200-260 m
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Aymamén Limestone
Very fine and fine-grained, white to pale-gray and moderate shades of
orange, yellow, and pink, essentially pure limestone, at many localities
mottled and streaked light brown, light gray, and pale reddish brown;
commonly thick-bedded; commonly chalky; locally coarsely fragmental.
In test well §CPR, about 67 m of caleitic dolomite ocours in the top of
the Aymamén Limestone, but no dolomite is known to crop out in the
Arecibo quadrangle. In most outerops a hard carapace has formed
over the commonly saft chalky limestone by surficial solution and repre-
cipitation of caleite. This “case-hardened™ aspect has misled observers
into assuming that the limestone is equally indurated at depth. Thick-

ness 190-205 m; 216* m

Aguada Limestone
Medium- and fine-grained, locally very fine grained, very pale gray to gray
and pale-yellowish-orange, yellowish-brown, grayish-yellow, and dark-
gray limestone interbedded with subordinate grayish-orange and light-
gray chalk and marl that increase in incidence downward; commonly
thick-bedded, but uppermost 2-5 m is thin bedded at most localities
and near the west edge of the Arecibo quadrangle the upper 30 m is
composed of interlayered thick beds and thin-bedded units about 3 m
thick. At the base 2-3 m of porcelaneous limestone commonly occurs.
Quartz grains are rare in most of the Aguada Limestone, but commonly
‘ are minor constituents of thin beds. In test well ACPR, chalk and marl
—il Jorm only a very small part of strata assigned to the Aguada Limestone.

Thickness 90-150 m; 177° m

Cibao Formation
Tc, chalk and marl, light-gray to pale-grayish-orange, commonly thick-
bedded and massive; some quartz-bearing beds; some thick lenses of
very pale orange to yellowish-gray, very fine grained limestone. Chalk
and marl typical of the Cibao Formation in most of northern Puerto
Rico (Zapp, Bergquist, and Thomas, 1948; Monroe, 1963) grade and
——— interfinger progreasively eastward into the Montebello Limestone Mem-
ber (Nelson and Monroe, 1968) to a point on the east side of the canyon
of the Rio Grande de Arecibo where less than 10 m of the typical Cibao
remain between the underiying Montebello Member and the overlying
Aguada Limestone. From this point eastward all Cibao strata in the
Arecibo guadrangle are assigned to the Montebello Limestone Member.
Thickness 0-50 m
Tem, Montebello Limestone Member; fine- to very fine grained, white,
very pale orange, grayish-orange, and grayish-yellow nearly pure lime-
atone, most commonly thick-bedded or massive, locally highly fosnilif-
erous. Most of the Cibao Formation in test well {CPR, where it is 305
m thick, is similar to the Montebello Limestone Member, but some mari,
*lay, and sandstone also are present. In the Barceloneta quadrangle
0 the east, strata now assigned to the Montebello Member were referred
‘0 as limestone of Cibao age (Briggs, 1965). Thickness 200260 m
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Stop #10

N18°22°47”, W66°41’56"”
The Kuphus belong to the super family Pholadacea, suborden, Dufinae,

Orden Muyoida, suborden Proladina, familia Teredinidae, subfamilia Kuphinae
(Moore, Editor (n) Mollusca, 6 1969). The Kuphus have an elongated tube that

is mostly composed of low magnesian calcite (Fig. 27). The animal produces

secretions of calcite for the protection of depredators. Most characteristic is the
presence, in the upper smaller end of the tube, of two small tubes, one slightly
larger than the other, that are encased in an extensive development of
supplementary calcareous deposit (Vokes Tulane University). = The smaller
tubes house the inhalant and exhalent siphons of the animal, the one for the
inhalant siphon being somewhat larger diameter than that for the exhalent one
(Vokes Tulane University). Kuphus tubes are common in the North Coast
Limestones and are composed of low magnesian calcite (high potential
preservation). Sr isotopes have been used to obtain dates of fossils shells
composed of low magnesium calcite based on well documented variations of Sr
isotopes in marine water through geologic time. The former method can be

applied to the Kuphus incrasautus tubes since they are made of low magnesium

calcite. "Absolute ages" of the Kuphus tubes can help approximate the "absolute
age" when a Limestone was being formed. This "absolute age" information can
probably help to establish a better stratigraphic chronology of the Puerto Rico
Tertiary Limestones providing that the Kuphus tubes have not being altered.
Ramirez-Martinez et al. (2006 and 2008) has demonstrated they are a promising
prospect to establish absolute dates along the North Coast Limestones.









Fig. 24 Thered arrow points to a layer could mark the position of the air-
water interface (water table) presentin the area at some momentin time. The
blue arrow points to a grainstone surface with a high abundance of Kuphus

fossils in growth position. N 18022'17”, W 66041'39"
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Strontium Isotope Stratigraphy (SIS)

87Sr/ 86Sr conversion to numerical ages (McArthur, 2001)

95% confidence limit
NC 13-526 Aymamon Ls 0.708858 +/- 0.000015  10.91+/-0.34
NC-11 1145-2 Aguada Ls 0.708854 +/- 0.000015  11.06+/-0.37
NC 11-1145-1 Aguada Ls 0.708851 +/- 0.000015  11.18+/-0.46
NC 11-1149-46 Aguada Ls 0.708845 +/- 0.000015  11.45+/-0.54
NC 11-1165-4 Aguada Ls 0.708843 +/- 0.000015  11.59+/-0.51
NC-6 LP 1380-77 -1 Aguada Ls 0.708795 +/- 0.000015  14.60+/-0.89
NC-11 1181-2 Cibao Fm 0.708835 +/- 0.000015  12.07+/-0.53
PR-10 10 3M2 Montebello Mbr 0.708198 +/- 0.000015  [F24107+F0:6" |
PR-10 2K1-4 Montebello Mbr 0.708128 +/- 0.000015 [ 25.76+/-0:28" | -
PR-10KM67.6 #3 Lares-Montebello™ 0.708109 +/- 0.000015 | 26.43+/-0.34
PR-10KM67.6 #2 Lares-Montebello  0.708085 +/- 0.000015 | 27.24+/-0.29
PR1110L-3 Lares Ls 0.708146 +/- 0.000015 25.23+/-0.26
PR 111-OL-2 Lares Ls 0.708171 +/- 0.000015 | 24.60+/-0.21
PR111-GPS Lares Ls 0.708167 +/- 0.000015 | 24.69+/-0.22
PR-111 T1 Lares Ls 0.708162 +/- 0.000015 | 24.81+/-0.22 [
PR-111 M2 Lares Ls 0.708130 +/- 0.000015 | 25.70+/-0.27 |
PR-111 M8 Lares Ls 0.708121 +/- 0.000015 | 25.97+/-0.32

Ortega-Ariza, 2009
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Axuada Lameltone
Cibao Formation
" Tc, chalk and marl, ltglu-gray to pale-grayish-orange, commonly thick-
bedded and massive; some quartz-bearing beds; some thick lenses of
very pale orange to yellowish-gray, very fine grained limestone. Chalk
and marl typical of the Cibao Formation in most of northern Puerto
Rico (Zapp, Bergquist, and Thomas, 1948; Monroe, 1963) grade and
interfinger progressively eastward into the Montebello Limestone Mem-
ber (Nelson and Monroe, 1966) to a point on the east side of the canyon
of the Rio Grande de Arecibo where less than 10 m of the typical Cibao
remain between the underlying Montebello Member and the overlying
Aguada Limestone. From this point eastward all Cibao strata in the
Arecibo quadrangle are assigned to the Montebello Limestone Member.
~ Thickness 0-50 m
Tcm, Montebello Limestone Member; fine- to very fine grained, white,
very pale orange, grayish-orange, and grayish-yellow nearly pure lime-
stone, most commonly thick-bedded or massive, locally highly fossilif-
erous. Most of the Cibao Formation in test well 4CPR, where it is 305
m thick, is similar to the Montebello Limestone Member, but some marl,
clay, and sandstone also are present. In the Barceloneta quadranalc
to the east, strata now assigned to the Montebello Member were refe
to as limestone of Cibao age (Briggs, 1965). | Thickness 200-260 m

Measurement of
Montebello Member

at PR10 = 305 m thick
(Ramirez-Martinez, 2000).




Stop #11
Stratigraphic Top of Montebello Member Exposure at PR10

Sequence Boundary evidenced by: paleosoils/roots/ paleokarst/ freshwater gastropods

N18°22°52”, W66°41°16” - across the highway from the first scenic overlook at
PR10 (northward direction)

Stratigraphic Unit 1 (base) - pedogenetic calcrete profile

Strat. Unit 2 - carbonaceous clays intercalated with brecciated units, separated
by undulatory contacts with pinching out beds. These units reach meter-scale
circular cavities at some places and are filled with fine carbonaceous mud and
carbonate breccias

* solution collapse associated with subaerial exposure
Strat. Unit 3 - elongate structures that suggest rhizoliths

Strat. Unit 4 - bed 0.5 m thick composed of carbonate mud with abundant
Pomacea sp. and Physa sp. gastropods

* both genera are freshwater taxa with no tolerance for salinity and are very common in
freshwater units of Tertiary age throughout the Caribbean

Strat. Units 1 to 4 — Tip of the Montebello Member (Sequence Boundary)
Strat. Unit 5 — Undifferentiated Cibao Formation
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Stratigraphic Unit 1 (BASE)
Pedogenetic Calcrete Profile




~ Non-gravelly soils Gravelly soils

Stage | Stage Il Stage lll

High gravel content

Calcrete el
e A

/ Stage IV

ZI Micritic filaments @ Carbonate nodule EI
E Underside coatings Laminar horizon

Continuous coatings Coated calcrete
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(<20% gravels)

Gravelly host
(>50% gravels)
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Strat. Unit 2 - carbonaceous clays intercalated with brecciated units, separated by undulatory
contacts with pinching out beds. These units reach meter-scale circular cavities at some places
and are filled with fine carbonaceous mud and carbonate breccias. Solution collapse associated
with subaerial exposure present.




Strat. Unit 2 - carbonaceous clays intercalated with brecciated units, separated by undulatory
contacts with pinching out beds. These units reach meter-scale circular cavities at some places
and are filled with fine carbonaceous mud and carbonate breccias. Solution collapse associated

with subaerial exposure present.




Strat. Unit 2 - carbonaceous clays intercalated with brecciated units, separated by undulatory
contacts with pinching out beds. These units reach meter-scale circular cavities at some places
and are filled with fine carbonaceous mud and carbonate breccias. Solution collapse associated

with subaerial exposure present.




Strat. Unit 2 - carbonaceous clays intercalated with brecciated units, separated by undulatory
contacts with pinching out beds. These units reach meter-scale circular cavities at some places
and are filled with fine carbonaceous mud and carbonate breccias. Solution collapse associated

with subaerial exposure present.
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Strat. Unit 2 carbonaceous clays intercalated with brecciated units, separated by undulatory
contacts with pinching out beds. These units reach meter-scale c1rcu1ar cavities at some places

and are filled with fine carbonaceous mud and carbonate breccias. Solution collapse associated
with subaerial exposure present.
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Strat. Unit 2 - carbonaceous clays intercalated with brecciated units, separated by undulatory
contacts with pinching out beds. These units reach meter-scale circular cavities at some places

and are filled with fine carbonaceous mud and carbonate breccias. Solution collapse associated
with subaerial exposure present.
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Stratigraphic Unit 1 (BASE)
Pedogenetic Calcrete Profile
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Sfrat. Unit 4 - bed 0.5 m thick composed of carbonate mud with abundant Pomacea sp. and

Physa sp. Gastropods. Both genera are freshwater taxa with no tolerance for salinity and are very
common in freshwater units of Tertiary age throughout the Caribbean.
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Fig. 12 Gastropods identified as belonging to the genera Pomacea and Physa
(Galluzzo, personal communication, 1998) present above an erosional surface
located at about 295 meters from the base of M ontebello M ember section on
ey 1 : t < PR10. Both genera are freshwater taxa with no tolerance for salinity and are
Lo, e W ) S very common in freshwater units of Tertiary age throughout the Caribbean
oAl Y A (Vokes, personal communication, 1998).

T




SEQUENCE
SERIES STRATIGRAPHIC UNITS BOUNDARY

|

Aguada Limestone UPPER

5
w
- Aymamén Limestone
o MIDRQLE
O | N 4
= Sa Aguada (Los Puertos)
Limestone
- Undifferentiated Cibao
e kel
M Montebello Quebrada Arenas =
Limestone  Mudstone and Rio Indio

o Member unit Limestone Members

\

Lares Limestone

UPPER
g San Sebastian
(=} Formation
(@]
[ I 1
-
(@]
“MIDDLE" "San Sebastian Formation"
of No. 4CPR

Montebello Member
of the Cibao Formation




Legend

B8 mudstone

] wackestone
wackestone to packstone

3 packstone
packstone to grainstone
grainstone
rudstone

B boundstone

3 marls

B clay/ shale

3 sand

Ms - mudstone

W - wackestone

P - packstone

G - grainstone

B.R - boundstone &

rudstone

Ma - marls

C - clay

S - sand

& lignite, black intraclasts

Ortega-Ariza, 2009

Sequence Stratigraphy

SEQUENCE
SERIES STRATIGRAPHIC UNITS BOUNDARY
UPPER
5
w
zZ Aymamén Limestone
o MIDDLE
9 i T R o R O T o - 4
= Aguada (Los Puertos)
Limestone
Undifferentiated Cibao
LOWER I Montebello Quebrada Arenas =
Limestone M“d9$°"° and Rio Indio
Member unit Limestone Members
2
Lares Limestone
UPPER | LTI !
g2 San Sebastian
3 Formation
o
9 ........
-
o
“MIDDLE" "San Sebastian Formation”
of No. 4CPR







